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ABSTRACT
The Turonian-Coniacian Cardium Formation of southern Alberta consists of
marine sandstone and mudstone, deposited in a foreland basin over ~2.3 m.y. The
formation thins from 150 m in the western foredeep to 50 m 350 km to the east.
Correlation of 10 regional flooding surfaces in >1200 well logs and 25 outcrops provides
an allostratigraphic framework. Mapping of two previously-unrecognized erosion
surfaces (E5.2 and E5.5) reveals additional complexity within sandstone of the Raven
River Member.
Facies successions coarsen upwards from thinly-bedded and bioturbated mudstone,
to heterolithic facies (either bioturbated or bedded), to clean sandstone. Where
conglomerate unconformably overlies this succession, the base of the conglomerate
marks a regional erosion surface. A tabular geometry, and wave-formed sedimentary
structures even in distal settings, indicate deposition on a very low gradient shelf within
the mud accommodation envelope (~70 m), and at times, within effective wave-base for
sand (~40 m).
Isopach maps reveal two pulses of isostatic subsidence that were separated by a
period of tectonic quiescence. The locus of flexural subsidence shifted southward
by >200 kilometres in <1.2 m.y. during the first pulse of subsidence, indicating a
southward shift in the position of the active load. Basement structures, including the
Vulcan Low, Bow Island Arch, Red Deer High, and faults, caused differential subsidence
and localized thickness changes in several allomembers.
The relative sea-level history of the Cardium Formation is characterized by two
major relative sea-level falls (Late Turonian and Early Coniacian), separated by a major
transgression (latest Turonian, Niobrara transgression). Higher-frequency relative sealevel changes are superimposed on this long-term curve.
Three regressive-transgressive cycles in the Cardium Formation can be correlated
to similar cycles in the Bohemian Basin of the Czech Republic, based on biostratigraphic
evidence, indicating a probable eustatic mechanism. In combination with previous studies,
flooding surfaces that define Cardium allomembers have now been correlated >900
kilometres along strike, ~300 kilometres offshore, and between depocentres, suggesting a
eustatic mechanism. Facies relationships across flooding surfaces suggest that eustatic
iii

fluctuations had a magnitude of ~12 m and a frequency of ~250 k.y., and are therefore
best explained by glacioeustasy.
Keywords: Cardium Formation, Turonian, Coniacian, southern Alberta, allostratigraphy,
tectonics, eustasy, foreland basin
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1
CHAPTER 1— INTRODUCTION
1.1 Introduction
The Cardium Formation of the Western Canada Sedimentary Basin is part of the
Upper Cretaceous Colorado Group. It was deposited in the Western Interior Seaway
during the Turonian-Coniacian, and occupies a retroarc foreland basin.
The Cardium Formation has been intensely studied because of the significant oil
and gas reserves that it contains. Initial recoverable oil reserves in the Cardium total 305
million cubic metres, and initial recoverable gas reserves total 88.3 billion cubic metres
(Krause et al., 1994). While many of these reservoirs have passed peak production, new
technologies are currently reviving production in mature fields.
In southern Alberta, approximately south of the latitude of Calgary, the Cardium
Formation is dominated by mud-rich facies that do not form conventional reservoirs. As
such, detailed subsurface stratigraphic analysis of the Cardium has been neglected.
Additionally, previous studies have been restricted to the western portion of the basin,
where near-shore, sand-dominated facies form hydrocarbon reservoirs. The present study
aims to extend the well-described allostratigraphic framework of the Cardium Formation
southward and eastward into previously poorly understood areas.
1.2 Cardium—A History of Ideas
1.2.1 Early Investigations
The earliest description of rocks of the Cardium Formation was by Whiteaves
(1885), based on the work of James Hector who, during the British North America
Exploring Expedition between 1857 and 1860, described Cretaceous rocks along the Bow
River containing fossils of the bivalve genus Cardium. Later, Cairnes (1907) used the
name Cardium Sandstones to refer to the sand-rich zone within the Claggett-Benton
shales (Fig. 1.1). The name Cardium Formation was formally defined by Rutherford
(1927) for the same sand-rich unit described by Cairnes (1907). The Bighorn Sandstone
was described further to the north (Malloch, 1911) but it was later shown to be equivalent
to the Cardium Formation, and the name Cardium Formation was applied throughout the
basin (Harding, 1955).
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Figure 1.1— Early stratigraphic log of the Cardium sandstones on the Bow River near the
confluence of Oldfort Creek. Cairnes (1907).
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The discovery of oil in the Cardium Formation at Pembina, Alberta in 1953
sparked an economic interest in the unit. Walker (1983a) provides a good summary of the
history of work on the Cardium Formation between 1955 and 1983. Beach (1955)
interpreted the chert pebbles found in an otherwise shale-dominated succession as
evidence for deposition by turbidity currents, based on the argument that pebbles are “too
coarse for pelagic sedimentation” (Beach, 1955). The turbidite interpretation was disputed
by others, such as De Weil (1956), who thought this process was unlikely, stating that the
paleobathymetric slope was probably too low for turbidity currents to be initiated. No
consensus on the depositional process was reached at that time.
Depositional cyclicity in the Cardium sandstones was described by Michaelis
(1957). He recognized five coarsening-up packages within the Cardium in outcrop, and
attributed this cyclicity to regressions. The top of each cycle was correlated as a timeequivalent surface between outcrops, and these surfaces were even correlated into the
Pembina field in subsurface. The depositional environments interpreted by Michaelis
(1957) included lagoons, deltas, and tidal flats.

1.2.2 Lithostratigraphy
Six lithostratigraphic members of the Cardium Formation were defined by Stott
(1963), based on outcrops in the Rocky Mountain Foothills (Fig. 1.2). Members were
largely characterized by major coarsening-up successions that in some cases contained
nested, higher-frequency successions. Coarsening-up successions were interpreted to be
the result of periods of shoreline regression (Stott, 1963). Sandstones were interpreted as
shoreline, beach, and near-shore deposits, whereas conglomerates were interpreted as
beach concentrates (Stott, 1963). The non-marine portion of the Cardium Formation was
named the Moosehound Member. The outcrop lithostratigraphy of Stott (1963) is still
used by some modern studies (e.g. Braunberger and Hall, 2001a,b).
Even early lithostratigraphic studies attempted to understand the depositional
processes that created the linear sandstones of the Cardium Formation that formed major
reservoirs in subsurface. Berven (1966) studied the subsurface stratigraphy of Cardium
sandstones, as well as their petrography and diagenesis. He interpreted the linear
sandstones in the Crossfield-Garrington area as offshore bars, deposited by waves and
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Figure 1.2— Stratigraphic chart showing the stratigraphic interval, with unit names from
key authors in different geographic areas. The Moosehound Member of Stott (1963) and
the Musreau Member of Plint et al. (1986) are non-marine members, indicated here by a
root pattern. The remaining members are marine. The E and T surfaces of Plint et al.
(1986) commonly merge into a composite E/T surface. Further details of the Plint et al.
(1986) nomenclature is shown in Figure 1.5. The Kakwa Member of Plint et al. (1986) is
the sandstone-dominated facies within the Nosehill, Bickerdike, and Hornbeck Members.
Age of Turonian-Coniacian boundary from Siewart et al. (in press).
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near-shore currents and preserved by widespread transgression. A detailed description of
sedimentary structures in the Cardium was presented by Michaelis and Dixon (1969),
who provided a simple facies scheme and described common facies successions, noting
that facies were not randomly distributed. Michaelis and Dixon (1969) did not focus on
specific interpretations of depositional environments, but concluded that previous
interpretations of offshore shoals in a shallow sea were possible, given the suite of
sedimentary structures. These discussions provided evidence for a shallow marine setting,
and the turbidity current model was largely dismissed.
Wright and Walker (1981) used ichnology and foraminifera to interpret that the
entire Cardium Formation was deposited below fair-weather wave base. Storm-generated
density currents were interpreted to be the mechanism responsible for delivering pebbles
below wave-base. This interpretation resurrected the turbidity current model, and was
reinforced by Walker (1983a) in a historical review.
Notwithstanding the importance of the Cardium as a major hydrocarbon reservoir,
the subsurface stratigraphy of the Cardium remained poorly described for many years. In
industry, sandstones were informally termed Cardium ‘A’ (stratigraphically higher) and
‘B’ within a field, but these units were not necessarily correlative between fields, and the
names had no genetic significance. Walker (1983b) proposed that the ‘A’ and ‘B’ sands
could be correlated between the Garrington, Caroline, and Ricinus fields. The thickness
of the two sandstones varied from 0 to 6.5 metres, prompting (Walker, 1983b) to describe
the sandstone bodies as a “ragged blanket”. A formal nomenclature for the Cardium in
subsurface in the Garrington-Caroline area was proposed by Walker (1983c), who named
the lower (B) sandstone the Burnstick Member and the upper (A) package the Raven
River Member (Fig. 1.3).
Another lithostratigraphic nomenclature was proposed by Krause and Nelson
(1984) for the Cardium in subsurface, based on their work in the Pembina area (Fig. 1.4).
The Pembina River Member incorporated the Raven River Member of Walker (1983c),
and the interval above the Raven River Member up to the Wapiabi Formation was
assigned to the Cardium Zone Member (Krause and Nelson, 1984). However, subsequent
work by Plint et al. (1986) recommended the abandonment of this terminology because it
did not follow the terminological rules of lithostratigraphy, and because Walker’s (1983c)
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Figure 1.3— Type section of the Raven River Member and Burnstick Member from the
Garrington field, Alberta. Walker (1983c).
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Figure 1.4— Type section of the Pembina River Member and Cardium Zone Member
from Alberta well 12-8-47-7W5. Numbers 1-5 are facies references. Krause and Nelson
(1984).
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nomenclature took precedence.
Recognizing that the lithostratigraphic boundaries of Stott (1963) cross-cut
depositional cycles, Duke (1985) studied 28 outcrops along the Alberta foothills to reevaluate the Stott (1963) stratigraphy. Duke (1985) proposed a new lithostratigraphic
scheme in which depositional cycles did not cross member boundaries, although the
major contribution of this work was detailed outcrop observation that was incorporated
into the allostratigraphic framework of Plint et al. (1986).

1.2.3 Allostratigraphy
Allostratigraphic units are defined by bounding discontinuities (NACSN, 1983).
Plint et al. (1986) used detailed subsurface correlation of regional pebble-veneered
erosion surfaces in core and well logs to construct an allostratigraphic framework for the
Cardium Formation. The erosion surfaces were named E1 through E7 in ascending order,
and were treated as approximately chronostratigraphic surfaces (Fig. 1.2; Fig. 1.5). The
pebble veneer that mantled the erosion surfaces could locally thicken from a few
centimetres into a conglomerate up to 20 metres thick. Plint et al. (1986) interpreted
conglomerates and pebble beds as lowstand shoreface deposits and transgressive lags
rather than turbidity current deposits, thus emphasizing the significance of relative sealevel changes to the depositional history of the Cardium Formation.
Three distinct depositional styles were identified by Plint et al. (1986): laterally
prograding sandstone-dominated shoreface/alluvial plain; vertically aggrading mudstonedominated offshore shelf; and long, narrow conglomerate bodies deposited as lowstand
shorelines. In addition to the new interpretations, new stratigraphic limits of the Cardium
Formation were proposed. Previously, the base of the Cardium had been defined by the
base of the Burnstick Member (Walker, 1983c), but Plint et al. (1986) extended the base
down to the E1 surface, thereby incorporating the uppermost portion of the
lithostratigraphic Blackstone Formation into the Cardium (Fig. 1.2). Initially, the
interpretations of Plint et al. (1986) met some criticism, including questions about the
validity of numerous basin-wide erosion surfaces (Rine et al., 1987) and technicalities of
stratigraphic nomenclature (Hayes and Smith, 1987), but Plint et al. (1987) responded by
making minor adjustments to the original scheme and backing up interpretations with
more data.

Figure 1.5— Cardium allostratigraphic framework shown as a schematic cross-section, from southwest (left) to
northeast (right). E indicates an erosion surface, whereas T represents a transgressive surface. The E and T surfaces are
often merged, creating an E/T surface. Where lowstand conglomerates are present, the E surface forms the lower
boundary of the conglomerate whereas the T surface forms the upper boundary. Plint et al. (1986).
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The enigmatic, thick conglomerates in the Carrot Creek field were studied by
Bergman and Walker (1987). They showed that the conglomerate lay on a very irregular
erosion surface, concluded to have formed due to wave erosion in a lowstand shoreface
(Fig. 1.6). Plint (1988) described in detail the relationship between sedimentation and sealevel, using the recent work on Cardium stratigraphy as supporting evidence. Gradational,
coarsening-up successions were interpreted as progradational units, whereas sharp-based
units were interpreted to be the result of sea-level fall (Plint, 1988). Plint et al. (1988)
extended the subsurface framework of Plint et al. (1986) to incorporate the outcrop
mapping of Duke (1985).
The influence of sea-level changes on Cardium deposition was reinforced by
Keith (1991), who interpreted sandstones in the Raven River Member at the Willesden
Green and Ferrier fields as prograding strandplains (Fig. 1.7). The internal geometry and
facies distribution within the Raven River Member was interpreted to represent seawardofflapping packages deposited as a result of high-frequency sea-level changes (Keith,
1991; Walker and Eyles, 1991).
Despite the large body of literature discussing the role of relative sea-level
changes during Cardium deposition, this was not unanimously accepted as the controlling
mechanism. Krause and Nelson (1991) interpreted linear sandbodies in the Burnstick
Member at Crossfield as submarine sandstone ridges preserved in response to storm flows.
Seaward shingling of facies was observed, but was attributed to individual storm deposits
rather than long-term progradation. Krause and Nelson (1991) struggled to reconcile
stratigraphic and sedimentological observations with their proposed shelf-ridge model,
and did not consider the influence of sea-level change. Hence, their storm-molded
submarine sandstone ridge model received little support in subsequent literature.
After Plint et al. (1986) established the allostratigraphic framework, continued
research focused on detailed correlation and mapping of the topography of particular
surfaces, or of the sedimentary facies of particular fields. Walker and Eyles (1988)
recognized another erosion surface in the Cardium Formation, and identified it as E6.5.
Leggitt et al. (1990) correlated the E5 surface and the Carrot Creek conglomerate
throughout the Pembina field, and Walker and Eyles (1991) mapped the E5 erosion
surface between the Willesden Green and Pembina fields. Both Leggitt et al. (1990) and
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Figure 1.6— Interpreted series of events responsible for deposition of linear Carrot Creek
conglomerates. The Raven River Member was deposited during relative sea-level
highstand under open marine conditions (A). After sea-level fall, wave scouring occurred
at the lowstand shoreline, and caused shoreface incision with a steep landward edge (B).
During the subsequent transgression, periods of sea-level stillstand concentrated shoreline
erosion, creating linear bevels. Gravel that had been transported to the lowstand shoreline
was reworked during transgression, and concentrated into these bevels, forming the
Carrot Creek Member (D). As transgression progressed, gravel continued to be
reworked, forming a lag on the transgressive surface (E), and was finally overlain by open
marine mudstones of the Dismal Rat Member. Bergman and Walker (1987).

Figure 1.7— Diagrammatic cross-sections during A) falling sea-level and Cardium shoreline progradation;
B) sea-level lowstand; and C) sea-level rise. Depositional environments include beach (B), upper
shoreface (USF), lower shoreface (LSF), and inner shelf (ISH). Note the shingled, progradational nature of
the sandstones. Keith (1991).
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Walker and Eyles (1991) noted the linear trend and steep eastward dip of the
paleolandward (western) edge of erosional lows. The steep east-facing surface was
attributed to erosion during a time of seafloor tilting that created a topographic gradient
into which the shoreline incised. Wadsworth and Walker (1991) mapped the E6, E6.5 and
E7 surfaces on a regional scale, and identified a similar asymmetrical linear trend on E4
and E5, again inferring repeated phases of seafloor tilting, wave scouring, and deposition
of lowstand shorelines as the controlling mechanism. Wadsworth and Walker (1991)
recognized that E7 also eroded linear notches, but with a symmetrical geometry. They
therefore interpreted that the symmetrical E7 lows may have formed by a different
process than the asymmetrical E4 and E5 lows. Pattison and Walker (1992) mapped the
E4 surface beneath sandstones and conglomerates of the Burnstick Member in the
Garrington-Caroline area, concluding that the ~100 kilometre long, 2-4 kilometre wide
conglomerate units represented lowstand shoreface deposits.
Hart and Plint (1993a) reconsidered the possible tectonic control on erosional
notching at lowstand shorelines, suggesting that the observed incisions would require an
unreasonable amount of simple tilting. Instead, Hart and Plint (1993a) proposed that
basement structures may have been responsible for causing localized flexure of the sea
floor, sufficient to localize erosion. Evidence for local structural control included the
alignment and spatial coincidence of incision surfaces on the E4 and E7 erosion surfaces
(Fig. 1.8). Erickson and Bergman (1997) investigated this hypothesis, but found no sign
of basement control. Instead, they found shifting depocentres through time, but attributed
this to a combination of syn-sedimentary tectonic loading, eustatic fluctuations, and
fluctuations of sediment supply. Thus, the alignment of sandstones and conglomerates on
various Cardium erosion surfaces remained unexplained.
As research continued, the allostratigraphic framework was modified and
improved. For example, Hart and Plint (1993b) showed that the Kakwa Member is not
made up of a single sandbody, but two separate stacked sheet sandstones, separated by the
regional erosion surface E3. This suggestion added another level of complexity to the
internal geometry of individual allomembers.
Little has been published on the stratigraphy of the Cardium Formation since 1993.
Hart and Plint (1995) reviewed processes in gravelly shorefaces, using the Cardium
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Figure 1.8— Map showing the spatial coincidence of erosional lows on the E4 and E7
surfaces. The strong correlation of location and orientation suggests the possibility of
basement control. Hart and Plint (1993a).
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Formation as a case study. Hart and Plint (2003) correlated allostratigraphic bounding
surfaces northwards into outcrop in Alberta and British Columbia. This study focused on
the sedimentology of fluvial and shoreface conglomerates mapped by Hart (1990). The
stratal geometry of the Cardium Formation was also incorporated into a case study that
investigated the relative role of subsidence rate and eustasy (Varban and Plint, 2008b).
All of the Cardium studies described above focus on areas north of Township 27
(Fig. 1.9). The present study area extends from Township 36 in the north, into northern
Montana in the south, thus covering a previously neglected region. Nielsen et al. (2003,
2008) included a portion of this area within their study of the Upper Colorado Group in
the plains of southern Alberta and Saskatchewan, where Cardium-equivalent rocks are
assigned to the Carlile Formation (Fig. 1.2). The correlations of Nielsen et al. (2003, 2008)
lack resolution within the Cardium, and do not use the Cardium allostratigraphic
nomenclature of Plint et al. (1986). Nonetheless, Nielsen et al. (2003) provide a
reconnaissance correlation of the Cardium Formation into outcrops in the plains of
Montana.
The overlapping study areas shown in Figure 1.9 seem at first to indicate a
redundancy of work. However, each of the studies has specific goals and limitations. For
example, Walker and Eyles (1988) focused on the Raven River Member of the Willesden
Green and Pembina areas, with particular attention to the E5 surface, with which those
fields were associated. Other stratigraphic surfaces were noted in some wells, but not
correlated systematically. Wadsworth and Walker (1991) overlap somewhat with Walker
and Eyles (1988), but focus on the regional stratigraphy rather than individual fields, and
follow most of the Cardium erosion surfaces throughout the study area.
The study area of Wadsworth and Walker (1991) provides an important link to the
present study. Wadsworth and Walker (1991), based on the more detailed work of
Wadsworth (1989), did not include outcrop data in their study. The southern limit of their
study is also unconstrained—reconnaissance cross-sections were built southwards and not
constrained by a detailed correlation grid. The present study has recognized greater
complexity than was appreciated by Wadsworth and Walker (1991), particularly in the
south. This shortcoming is understandable, because the complexity, particularly of the E5
surface, has only been appreciated after examining a detailed network of well logs and
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Figure 1.9— Location of some of the previous studies of Cardium allostratigraphy in
Alberta. Some of the study areas extend off of the map: Hart extends northwards to
Township 77, and westwards into British Columbia. Nielsen extends correlations
eastwards into Saskatchewan. Both Nielsen and the present study also incorporate small
data-sets from Montana into their studies. Also shown are oilfields producing from the
Cardium Formation. E= Edson; CC= Carrot Creek; BR= Brazeau River; P= Pembina;
WG= Willesden-Green; F=Ferrier; R= Ricinus; C= Caroline; G= Garrington; L=
Lochend; CR= Crossfield. The location of these fields has historically guided research
interests.
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outcrop ~250 kilometres further to the south. Therefore, the overlap of the present study
area with that of Wadsworth and Walker (1991) is important because it leads to a much
more detailed appreciation of the stratigraphy, both in outcrop and subsurface. A specific
aim of the present study is to determine the genetic relationship between the Cardium
Formation of Alberta with the approximately coeval Ferdig Member of northern Montana;
such a correlation has not previously been attempted on the allomember scale.
1.3 Age and correlation
The age of the Cardium Formation is poorly constrained in Alberta because
biostratigraphically useful fossils are rare and poorly preserved. Stott (1963) placed the
Cardium Formation within the Late Turonian to Early Coniacian, based on ammonites
collected in the underlying Blackstone and overlying Wapiabi Formations. Braunberger
(1994) and Braunberger and Hall (2001a,b) used ammonite biostratigraphy to further
constrain the age as Middle Turonian to Lower Coniacian. A biostratigraphic zonation
based on inoceramid bivalves has not been established, although ongoing collaboration
with Dr. I. Walaszczyk (University of Warsaw) has helped to establish internationallyrecognized inoceramid zones in the Cardium Formation (see Chapter 4).
Caldwell et al. (1978) reported the presence of the Pseudoclavulina sp.
foraminiferal zone in the underlying Blackstone Formation, and the Trochammina sp.
zone in the overlying Wapiabi Formation, bracketing the Cardium Formation between the
Middle Turonian and the Late Turonian or Early Coniacian. Nielsen et al. (2003) also
recognized the Pseudoclavulina sp. and Trochammina sp. zones in the Cardiumequivalent Carlile Formation in Montana, and interpreted an age of Middle to Upper
Turonian for the Cardium-equivalent strata.
Leggitt et al. (1990) proposed a 1.67 m.y. hiatus on the E5 unconformity, based
on the apparent absence of five ammonite biozones. The duration of the unconformity
was re-evaluated to be only a single biozone by Hall et al. (1994), substantially
decreasing the duration of the hiatus. Several major, regional unconformities have been
recognized throughout much of North America in the Upper Turonian and Lower
Coniacian (e.g. Walaszczyk and Cobban, 2000; Merewether et al., 2007), which may
correspond to unconformities within the Cardium Formation, although the equivalency
has not yet been confirmed due to the poor biostratigraphic control in Alberta.
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Rocks equivalent to the Cardium Formation in northern Montana are named the
Ferdig Member of the Marias River Formation (Cobban et al., 1976). The Ferdig Member
contains more abundant ammonites and bivalves that permit somewhat better dating.
Cobban et al. (1976) used ammonoid and inoceramid biozones to place the Ferdig
Member in the late Middle Turonian to the uppermost Turonian or lowest Coniacian.
However, the biostratigraphic zones recognized in the Ferdig Member have never been
traced northward into the Cardium Formation in Alberta.
Bentonites are rare in the near-shore facies of the Cardium, which are the most
commonly studied facies. However, bentonites are better preserved in the offshore,
muddy facies found in the plains of southern Alberta and northern Montana. Beneath the
plains of Alberta and Saskatchewan, there are several persistent bentonites within the
Carlile Formation (Cardium-equivalent strata; Fig. 1.2), and a bentonite “swarm”
immediately overlies the Carlile (Nielsen et al., 2003). Nielsen et al. (2003) reported
argon-argon ages of two of the bentonites from this swarm as 89.19 ± 0.51 Ma and
89.40 ± 0.31 Ma. These dates suggest that the Carlile Formation ranges into the lower
Coniacian (Turonian-Coniacian boundary 89.65 ± 0.28 Ma, Siewert et al., in press).
Bentonites have been observed in outcrop in the present study, and samples are being
processed collaboratively for U-Pb geochronology.
Various studies have attempted to use biostratigraphy to date individual members
of the Cardium Formation (Stott, 1963; Braunberger, 1994; Hall et al., 1994; Braunberger
and Hall, 2001a,b), but the results rely on outcrop correlations that are not confirmed
using subsurface correlations. Additionally, the results are at times contradictory (e.g.
Walker et al., 1995; Krause et al., 1995). A further discussion of biostratigraphy,
geochronology, and the Turonian-Coniacian boundary, including new findings, will be
presented in Chapter 4.
1.4 Geologic Setting
The Cardium Formation was deposited during the foreland basin phase of the
Western Canada Sedimentary Basin. The foreland basin experienced phases of rapid
subsidence, caused by tectonic loading, alternating with phases of slow subsidence or
uplift, caused by tectonic quiescence and erosional unloading. In general terms, the
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Cardium Formation was deposited during a period of tectonic quiescence and low flexural
subsidence rate, resulting in a sheet-like geometry (Varban and Plint, 2008b; Fig. 1.10).
Cardium sediments accumulated in the Western Interior Seaway during the
regressive phase of the Greenhorn Cycle (Fig. 1.11; Kauffman and Caldwell, 1993). The
Greenhorn Cycle is a second-order eustatic cycle that, at its highstand, recorded perhaps
the highest global sea-level in geologic history (Fig. 1.12). Sea-level during the
Greenhorn Cycle has been interpreted to have been as much as 300 metres higher than
present-day levels (Kauffman and Caldwell, 1993), although recent research has
suggested this is probably an overestimate, with the actual value being closer to 90 metres
(Miller et al., 2005b). The high global sea-level of the Greenhorn Cycle, and of the
Cretaceous in general, is attributed to the rapid generation of hot, new, buoyant oceanic
lithosphere following the break-up of Pangea (Hays and Pitman, 1973; Kauffman and
Caldwell, 1993). During the late Turonian, the falling stage of the Greenhorn Cycle
resulted in extensive progradation of the shoreline into previously offshore settings,
depositing the sand-dominated Cardium Formation in Alberta, and the Ferron and Gallup
sandstones in the United States. This late Turonian eustatic fall and related regression has
been documented globally (Kauffman and Caldwell, 1993; Haq et al., 1987).
The climate of the mid-Cretaceous is considered to have been one of the warmest
in geological history (Frakes, 1979; Hallam, 1985). Precise climate and average
temperatures relative to modern conditions are widely contested, although it is agreed that
the thermal gradient from equatorial to polar regions was much weaker than at present
(Frakes, 1999). Faunal and isotopic evidence suggest warm, and perhaps tropical
conditions, even in polar regions—evidence that has historically been thought to preclude
the possibility of polar ice-caps during the Cretaceous (e.g. Colbert, 1964; Barron, 1983;
Francis, 1986; Huber, 1998). However, some authors have suggested that cool climates
may have existed in polar regions during the Cretaceous, at least in continental settings
and at high elevation (Frakes and Francis, 1988; Francis and Frakes, 1993).
Stratigraphic evidence shows eustatic fluctuations of >8 metres on time scales of
< 1 m.y. on several continents during the Cretaceous (e.g. Plint, 1991; Gale et al., 2002,

Figure 1.10— Comparison of the highly progradational (sheet-like) geometry of the Cardium Formation , with the
highly aggradational (wedge-like) geometry of Units I to V of the Kaskapau Formation. Sheet-like geometries indicate
periods of relatively slow flexural subsidence, whereas wedge-like geometries indicate relatively rapid flexural
subsidence. Varban and Plint (2008b).
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Figure 1.11— Paleogeography of the Western Interior Seaway during the Greenhorn
cycle, middle Turonian. Modified from Kauffman and Caldwell (1993).
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Figure 1.12— Major transgressive-regressive cycles of the Cretaceous in North America.
In the nomenclature of Kauffman and Caldwell (1993; second column from left), ‘5’
represents the maximum transgression of the Greenhorn Cycle, and ‘6’ represents the
maximum transgression of the Niobrara Cycle. The major regression that occurred during
the Late Turonian, separating the maximum flooding of the Greenhorn and Niobrara
transgressions, is responsible for deposition of the Cardium Formation. This lowstand is
also recorded in the eustatic curve of Haq et al. (1987; right column). Kauffman and
Caldwell (1993).
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2008; Miller et al., 2003, 2005a,b; Laurin and Sageman, 2007; Plint and Kreitner, 2007;
Galeotti et al., 2009; Kuhnt et al., 2009). Each of these authors proposed that the growth
and decay of small continental ice-sheets provides the only mechanism known to cause
eustatic fluctuations with the observed magnitude and time-scales. Recent oxygen
isotopic studies have observed fluctuations in ocean-water composition that could have
been caused by a mid-Turonian ice-cap approximately 60% the size of the modern
Antarctic ice-sheet (Bornemann et al., 2008). Thus, the presence of polar ice masses
during the mid-Cretaceous must be considered, regardless of the evidence for a global
greenhouse climate.
1.5 Purpose of Study
The aims of this study are to:
1) Map the Cardium Formation in outcrop and subsurface in the area bounded in the
north by Township 36, Alberta, linking an outcrop on Ram River which Plint et al.
(1988) described in the context of the Cardium allostratigraphic framework; in the
south by outcrops in the Sweetgrass Hills, Township 35N Montana; to the east by
range 8W4 Alberta, corresponding to the eastern position of the Deer Creek
outcrop in the Sweetgrass Hills, Montana; and to the west by the Rocky Mountain
Foothills (Fig. 1.13). Mapping will use the allostratigraphic terminology of
Plint et al. (1986), based on correlation of erosion surfaces and transgressive
surfaces. The resulting physical stratigraphic framework for the Cardium
Formation in southern Alberta can be used for future studies, including
paleogeographic reconstructions, biostratigraphy, geochronology, and carbon
isotope stratigraphy.
2) Improve the biostratigraphic zonation of the Cardium Formation by linking the
well-described physical stratigraphy of Alberta to the biostratigraphically better
constrained outcrops of Montana, and by undertaking new biostratigraphic work
in collaboration with I. Walaszczyk (University of Warsaw). Radiometric dating
of bentonites in collaboration with D. Moser (University of Western Ontario) and
S. Kamo (University of Toronto) will better constrain the absolute age and
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Figure 1.13— Map of study area, showing the location of outcrop sections, wells used,
and logged cores. Major geographic features are shown for reference.
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duration of the Cardium Formation and individual allomembers.
3) Examine the stratal geometry of mudstone units to interpret paleobathmetry and
mud dispersal processes on a storm-influenced shelf.
4) Map the geometry of allomembers in three dimensions to provide a basis for
interpreting relative influence of eustasy, regional/local tectonism, and
paleogeography on deposition and preservation of stratigraphic successions.
1.6 Database
Twenty-five outcrop sections were measured in southern Alberta and northern
Montana. Erosional surfaces and sedimentary successions in outcrop were correlated to
equivalent surfaces and successions in subsurface, and mapped through a grid of
resistivity and gamma ray logs from over 1200 wells. An additional 3100 wells were
examined in order to make a detailed map of the E5.5 to E7 interval in one area of interest.
There is abundant core control in the north-western portion of the study area because that
region contains many producing hydrocarbon fields. High-resolution mapping and
detailed facies analysis within these fields, using all or most of the available core, has
already been completed in previous studies (e.g. Walker and Eyles, 1988; Pattison and
Walker, 1992; Walker, 1995). Re-examination all of these cores would yield little new
insight. Outside the major producing fields in the study area (i.e. south of Township 26 in
the western region, and throughout the entire eastern portion of the study area), only 11
cores intersecting Cardium strata are known that have not previously been integrated into
the regional allostratigraphic framework. These cores have been logged, interpreted, and
integrated into the new correlation grid. Overall, the study area covers approximately
95 000 km2.
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CHAPTER 2—SEQUENCE DEVELOPMENT IN A FORELAND BASIN
2.1 Foreland Basin Model
A foreland basin is an elongate zone of subsidence that develops in response to
orogeny, crustal shortening and thickening at convergent plate boundaries (DeCelles and
Giles, 1996, Fig. 2.1). There are two types of foreland basin. Peripheral foreland basins
form on the downgoing plate in collision zones (either oceanic-continental or continentcontinent collision) such as the Apennine Foreland Basin and other European continental
basins related to the Alpine orogeny (Dickinson, 1974). Retroarc foreland basins form on
the overriding continental crust at subduction zones, such as the Andean foreland basins,
or the Western Canada Sedimentary Basin (Dickinson, 1974; Figs. 2.2, 2.3).
Foreland basin subsidence is largely due to isostatic loading, whereby thickened
and topographically elevated crust subsides until the excess mass is isostatically
supported by displacement of the asthenosphere. Subsidence is greatest near the orogen
and diminishes away from the load. The wavelength of flexure is dependent on the
rheologic properties of the crust, including temperature, composition, and flexural rigidity
(Turcotte and Schubert, 2002).
The lithosphere is postulated to respond to loads in either an elastic (Jordan, 1981;
Flemings and Jordan, 1989) or viscoelastic (Beaumont, 1981; Quinlan and Beaumont,
1994) manner (Fig. 2.4). The flexural wavelength of an elastic lithosphere depends on the
flexural rigidity of the plate. It will maintain the flexed profile as long as the load remains
constant. When the load is removed, the plate rebounds geologically instantaneously to
the pre-flexed state. In contrast, the flexural wavelength of a viscoelastic lithosphere
varies through time, even with a constant load. Viscoelastic models show that under load,
the bending stress is gradually relaxed over time, resulting in the gradual deepening and
narrowing of the foreland basin. When the load is removed, rebound also occurs through
gradual relaxation, mirroring the loading profile (Fig. 2.4).
Quinlan and Beaumont (1984) suggested that the distinction between elastic and
viscoelastic flexure may depend on temperature, and therefore that the cooler, upper
portion of the lithosphere may act elastically, whereas the lower, hotter portion of the
lithosphere may respond viscoelastically. Lithospheric temperature also controls flexural
wavelength; old, cool crust flexes with a longer wavelength, creating shallow, broad
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Figure 2.1—Schematic view of a typical foreland basin. The foreland basin is delineated
on one side by the fold-thrust belt and on the other by the craton. Marginal ocean basins
may exist lateral to the foreland basin. A) Plan view. Scale is variable between basins. B)
Cross-section along the transect that is indicated by the vertical line in Figure A. Vertical
exaggeration is approximately 10x, although no specific scale is indicated. DeCelles and
Giles (1996).
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Figure 2.2— Comparison of a peripheral and retroarc foreland basin. A) In a peripheral
foreland basin, subsidence is caused by the isostatic load (topographic and basin fill) and
the subduction load. The subduction load is caused by gravitational pull on the subducted
plate, and is more strongly exerted on dense oceanic lithosphere. B) Subsidence in a
retroarc foreland basin is the result of isostatic loading (topographic and basin fill) and the
dynamic slab load. The dynamic slab load is caused by entrainment of the mantle by the
subducted plate, causing downward transport of mantle material, and subsidence of the
overlying plate. DeCelles and Giles (1996).
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Figure 2.3—Idealized evolution of peripheral and retroarc foreland basins. A) Prior to
collision, subduction of oceanic crust creates a retroarc foreland basin on the continent,
adjacent to the orogenic zone. B) A peripheral foreland basin develops as the subducted
crust begins to draw the contiguous continental crust towards the mantle. C) During
continent-continent collision, orogenic uplift of the over-riding plate ceases, and retroarc
foreland basin subsidence therefore ceases as well. Isostatic loading by the new orogenic
wedge at the crustal suture drives subsidence in the peripheral foreland basin.
Abbreviations: RMP, rifted-margin prism; ROB, remnant ocean basin; SC, subduction
complex; FAB, forearc basin; RAB, retroarc basin; FTB, foreland fold-thrust belt.
Dickinson (1974).
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Figure 2.4—Elastic and viscoelastic response to loading. A) An elastic lithosphere flexes
geologically instantaneously when a load is applied. The flexure remains constant until
the load is removed, at which point the plate returns geologically instantaneously to the
pre-load profile. A decrease in the flexural rigidity of the plate (D) shortens the flexural
wavelength. Beaumont (1981). B) A viscoelastic lithosphere responds initially like an
elastic plate, but subsequently relaxes in response to a constant load. Relaxation refers to
the progressive decrease in flexural rigidity (i.e. decreasing flexural wavelength)
throughout the duration of the load, causing a changing shape of the flexed plate and
migration of the forebulge. The lithosphere also relaxes during unloading. Numbers 1-6
indicate time-profiles, given a constant load. Beaumont et al. (1993).
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foreland basins, whereas young, hot crust flexes with a shorter wavelength, giving a
deeper, narrower foreland basin (Beaumont et al., 1993). Similarly, crustal segments with
different flexural rigidities respond differently to the same isostatic load, and this may be
recorded by differential subsidence in the foreland basin. Differential flexure may be
observed within a single foreland basin if the basement is heterogeneous, composed of
multiple terranes (Waschbusch and Royden, 1992).
The primary load responsible for inducing isostatic subsidence is the topographic
or static load, caused by the crustal thickening in the orogen. Subsidence due to static
loading generates a deep flexural trough that extends up to a few hundred kilometres from
the orogen (Beaumont, 1981; DeCelles and Giles, 1996). The rate of subsidence is
greatest proximal to the topographic load, and decreases with distance (Flemings and
Jordan, 1989). The basin fill, including sediment and water, also generates isostatic
subsidence, although to a lesser extent than the topographic load. Basin fill loads can
redistribute mass basinward, thus extending flexure further towards the craton (Flemings
and Jordan, 1989).
In addition to isostatic loading, peripheral foreland basins subside due to a
dynamic or subduction load, which is responsible for the widespread subsidence observed
on long timescales. The density of the subducted slab exerts a downward force on the
plate, thus enhancing subsidence. The subduction load exerts a greater influence on
subsidence when oceanic lithosphere is involved because the dense oceanic crust may be
subducted to much greater depths, thus creating a stronger downward pull (Royden, 1993).
In contrast, peripheral foreland basins at continent-continent collision zones are less
affected by subduction loads, and the relative importance of topographic loading therefore
increases (Royden, 1993).
The subduction load does not cause subsidence in retroarc foreland basins. Instead,
subsidence beyond the influence of the topographic load in retroarc foreland basins is
caused by dynamic subducted slabs (Mitrovica et al., 1989). Subducted oceanic slabs
entrain mantle material due to viscous coupling, which in turn causes long-wavelength
flexural subsidence of the overlying plate, and hence of the retroarc foreland basin
(DeCelles and Giles, 1996). This form of dynamic subsidence operates over a greater
distance than topographic loads (up to 1000 kilometres), and on a longer time scale (Liu
and Nummedal, 2004). The dip angle of subduction influences the wavelength of flexure,

32
with shallower dips resulting in subsidence over a longer wavelength (Mitrovica et al.,
1989). Because the present study focuses on the retroarc foreland basin of Western
Canada, further discussion will focus particularly on retroarc basins.
Because subsidence in a retroarc foreland basin is largely driven by activity in the
orogenic wedge, an understanding of orogenic processes is necessary to appreciate basinforming mechanisms. Thin-skinned fold-and-thrust belts, such as the North American
Cordillera, are characterized by four main features, as described by Chapple (1978):
1) Crustal deformation occurs only above a particular horizon, often the cratonic
basement; 2) A basal detachment zone, or décollement, separates the deformed rocks
above from the undeformed rocks below; 3) The sedimentary prism forms a wedge,
thickest in the direction from which thrusting occurs and thinning away from it; 4) The
orogenic wedge is strongly shortened and thickened. The geometry of these features is
determined by critical taper theory, as summarized by DeCelles and Mitra (1995).
Critical taper theory explains the behaviour of orogenic wedges. The sum of the
upper (wedge-top) slope and lower slope (angle of décollement plane) is defined as ϴ.
Orogenic wedges have an intrinsic critical taper value (ϴc) at which they are stable. This
angle is maintained by the interaction of duplexing (thickening) at the rear of the wedge,
and imbrication (shortening) at the front of the wedge. When ϴ=ϴc, the orogenic wedge
is at critical taper, and stress is taken up by imbrication at the front of the wedge. When
ϴ<ϴc, the wedge is in a subcritical state and must thicken to increase the upper slope.
Imbrication and advance of the wedge stalls during the subcritical stage, until the wedge
is sufficiently thickened to attain critical taper. Finally, when ϴ>ϴc, the wedge is
supercritical and must lengthen itself by advancing along the décollement to reduce the
upper topographic slope (DeCelles and Mitra, 1995). Changes in the coefficient of
friction on the basal décollement surface, and the internal strength of the wedge can also
affect the critical taper value. An increase in friction allows the wedge to attain a steeper
slope, whereas an increase in internal strength decreases the amount of uplift for a
constant force, thus reducing the critical taper angle (Dahlen, 1990). These parameters
can change due to lithology. For example, if the décollement is initially in sandstones
(strong), but moves into a mudstone interval (weak), the coefficient of friction decreases,
and the critical taper angle decreases.
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Figure 2.5 explains how critical taper theory can cause cycles of imbrication,
thickening, advance, and erosion. During the critical phase, imbrication causes the wedge
to shorten, thus steepening the upper slope (step 1 in Fig. 2.5). The steeper slope causes
the wedge to become supercritical. The supercritical wedge advances along the
décollement (lengthening the wedge and flattening the slope), and is simultaneously
thickened in the rear by compressional forces (step 2). The wedge top is subject to
continuous erosion, and if the rate of erosion increases relative to the rate of thickening,
the slope may flatten sufficiently to become subcritical (step 3A). In response to the
subcritical state, the wedge thickens by internal deformation and out-of-sequence
thrusting (thrusting behind the advancing thrust front), which restores the wedge to a
critical state (step 3B). Continued internal deformation thickens the wedge to once again
attain critical taper, at which point frontal advance by imbrication continues.
DeCelles and Mitra (1995) used critical taper theory to explain the eastern
advance of the Sevier orogenic wedge of the North American Cordillera over time. They
suggested that the cyclic process of thickening, erosion, and imbrication indicates that,
although orogenic wedge development occurs over long time scales, it is often the result
of episodic processes that occur on time scales of <10 m.y. Subsidence in the foreland
basin is largely controlled by the topographic load, which is related to the thickness of the
orogenic wedge; the episodic nature of thickening in orogenic wedges therefore produces
episodic subsidence events in the foreland basin (DeCelles and Mitra, 1995).
Foreland basins are subdivided into four main depozones: wedge-top, foredeep,
forebulge, and backbulge (DeCelles and Giles, 1996) (Fig. 2.6). The wedge-top depozone
consists of sediment cover over the frontal part of the fold-thrust belt. It is defined by the
limit of deformation beneath the frontal orogenic wedge, and includes piggyback basins
or other localized basins. In a retroarc foreland basin, sediments in the wedge-top
depozone often consist of coarse-grained alluvial and fluvial deposits, reflecting a
position proximal to the orogen. Accommodation in the wedge-top depozone is largely
controlled by thrusting and folding, and may be influenced by growth faults, since the
wedge-top depozone is part of the actively-deforming orogenic wedge.
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Figure 2.5— Three-part cycle of orogenic wedge behaviour described in terms of critical
taper theory. 1) A critical wedge advances by imbrication of the front of the wedge,
which shortens the wedge and thus steepens the upper slope. 2) The steepened slope
causes the wedge to become supercritical, at which point displacement occurs along the
basal décollement, thereby lengthening the wedge. The rear of the wedge is
simultaneously thickened by basement duplexing. 3) If the rate of erosion at the rear of
the wedge exceeds the rate of thickening, the slope decreases, and the wedge becomes
subcritical. The subcritical wedge stalls, until thickening in the rear restores critical taper.
This thickening is achieved by internal deformation and out-of-sequence thrusting. When
critical taper is restored, imbrication resumes. DeCelles and Mitra (1995).
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Figure 2.6— Depozones of a foreland basin shown at approximately true relative scale.
Abbreviations: D—duplex; TF—thrust front; TZ—frontal triangle zone. DeCelles and
Giles (1996).
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The foredeep is the depozone directly cratonward of the limit of deformation. The
foredeep is the area of most rapid subsidence within a foreland basin, and thus has the
greatest potential for preservation of sediments. For that reason, the foredeep has been the
most commonly-studied portion of the foreland basin system (Jordan, 1995). The
geometry of the foredeep depends on the rigidity of the flexed plate, and is typically
between 100 and 300 kilometres wide (i.e. transverse to the orogen; DeCelles and Giles,
1996). The foredeep is the focus of load-induced subsidence, but also is influenced by
dynamic subsidence. Sediment deposited in the foredeep is primarily derived from the
orogen, although some sediment may be delivered from the craton (e.g. Varban and Plint,
2008a; Boettcher et al., 2010). Unconformities are less common in the foredeep than in
the wedge-top basin or forebulge because the rapid subsidence promotes sedimentation
rather than erosion (Flemings and Jordan, 1989).
The foredeep passes cratonward into the forebulge. As is the case with the
foredeep, the width of the forebulge depends on the rheologic properties of the flexed
plate; typical widths are between 60 and 470 kilometres (DeCelles and Giles, 1996). The
forebulge is a zone of limited subsidence and, at times, a zone of uplift, which forms in
mechanical response to flexure in the foredeep. Uplift is subtle, generally no more than
5% of the corresponding subsidence in the foredeep (Crampton and Allen, 1995). The
amplitude and location of the forebulge may fluctuate, based on the magnitude of flexure
in the foredeep, and may also be modified by sediment or water loads. Subsidence, uplift,
and the location of the forebulge may also be controlled by zones of pre-existing
weakness (Waschbusch and Royden, 1992; Catuneanu, 2004b); an example of a crustal
weak zone may be provided by the Sweetgrass Arch, discussed further in Section 2.6.3.
The forebulge may also exert facies and paleogeographic control, because this zone of
uplift may a) increase the likelihood of erosion and unconformities resulting from relative
sea-level changes (Crampton and Allen, 1995; Donaldson et al., 1998); b) form a locus
for carbonate platforms or chemical sedimentation (Pigram et al., 1989; Donaldson et al.,
1999); c) promote sandstone accumulations due to ocean current diversion (Nielsen et al.,
2008); or d) divert fluvial drainage patterns (Plint and Wadsworth, 2006).
Forebulge uplift is caused by rheologic compensation for foredeep subsidence,
and is dynamically linked to the relatively short-wavelength subsidence resulting from the
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static load. Dynamic subsidence, which has a longer wavelength, does not cause uplift,
and in fact tends to suppress uplift of the forebulge (Catuneanu, 2004a).
In some cases, forebulge uplift has been interpreted to generate out-of-phase
stratigraphies, termed reciprocal sedimentation, whereby tectonically-induced deepeningupwards successions in the foredeep are recorded as time-equivalent shallowing-upwards
successions on the forebulge (Catuneanu et al., 1997b). Such instances are dependent on
forebulge subsidence or uplift rates, which in turn are controlled by the interplay of
isostatic subsidence and dynamic subsidence (Catuneanu et al., 1997a).Therefore,
reciprocal sedimentation does not always occur, but may be recognized when the rate of
flexural uplift outpaces that of dynamic subsidence.
The final depozone is termed the backbulge, and encompasses the sediment
accumulation between the forebulge and the craton. The backbulge is a zone of very slow
subsidence. Sediment in the backbulge may be derived from both the orogen and the
craton, although sediment supply is often very limited (DeCelles and Giles, 1996).
Foreland basins may be classified as overfilled or underfilled (Tankard, 1986).
Underfilled foreland basins occur when the rate of subsidence in the foredeep exceeds the
sediment supply rate, often leading to marine flooding of the basin and increasing water
depth through time (Figs. 2.7, 2.8). Underfilled foreland basins exist when sediment
supply exceeds accommodation in the foredeep, commonly resulting in non-marine
environments and transport of sediment across the forebulge. A third case, termed filled
forelands, occurs when sediment supply and accommodation are in a near equilibrium
state (Catuneanu, 2004a)
A foreland basin shifts between overfilled, filled, and underfilled states throughout
its evolution. These changes occur as the basin responds to tectonic or environmental
forcing to attain a steady state (Covey, 1986). Tectonic forcing includes periods of
loading or uplift (Tankard, 1986), whereas environmental forcing refers to erosion rate
and sediment supply (Flemings and Jordan, 1989).
2.2 Controls on Sequence Development in a Foreland Basin
Cyclicity in sedimentary successions develops in response to variations in the rate
of accommodation (‘A’; generation of space available for sediment accumulation) and
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Figure 2.7—Typical physiography of underfilled and overfilled foreland basins. A)
Underfilled foreland basins occur when subsidence rate exceeds sediment supply. Marine
conditions are most common in the foredeep, where a deep trough may develop. If the
foredeep is filled with fluvial deposits, the drainage pattern will be axial to the orogen. A
forebulge is often prominent, and may direct fluvial drainage away from that area. B)
Overfilled foreland basins occur when sedimentation exceeds subsidence. The basin is
dominated by non-marine conditions, and fluvial drainage may be transverse to the
orogen. Jordan (1995).
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Figure 2.8—Conditions responsible for generating underfilled, filled, and overfilled states
of a foreland basin. 1) Underfilled conditions occur when rapid subsidence in the
foredeep outpaces sediment supply, resulting in marine conditions. 2) Filled conditions
result from an approximate balance between sediment supply and subsidence, and
produce uniform conditions across the basin. 3) Overfilled foreland basins occur when
sediment supply exceeds subsidence. Overfilled basins are dominated by fluvial settings,
as rivers transport the excess sediment across the basin. Throughout all panels of the
figure, the relationship between flexural uplift and dynamic subsidence refers to forces
acting on the forebulge. The forebulge may influence the distribution of facies across the
basin profile (e.g. marine conditions in #1 in the foredeep and backbulge are separated by
an uplifted forebulge). Catuneanu (2004).
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rate of sediment supply (‘S’; Fig. 2.9). A regression occurs when S>A, and is observed as
a basinward migration of the shoreline, or progradation. A transgression occurs when
A>S, and is expressed as landward migration of shoreline, or retrogradation (Fig. 2.10).
Accommodation is the sum of eustatic sea-level change and subsidence or uplift,
and can be positive (space is created) or negative (space is removed). Together, eustasy
and subsidence combine to determine relative sea-level (Fig. 2.11; Van Wagoner et al.,
1988). The subsidence and eustatic component must each be understood to fully interpret
the relative sea-level history of a basin.

2.2.1 Subsidence
Subsidence is the most important mechanism for generating accommodation.
During periods of rapid subsidence, accommodation is created at a rate that may exceed
sediment supply, resulting in a transgression. During times of slower subsidence,
sediment supply is more likely to exceed the accommodation rate, and a regression may
ensue. In passive margin basins, subsidence is driven primarily by thermal cooling of the
lithosphere, and results in a subsidence rate that diminishes over time. Subsidence rate is
relatively slow, especially in the nearshore realm, and thus is treated as a background
variable in sequence development (note the constant subsidence rate in Fig. 2.11.)
However, the subsidence rate in foreland basins is highly variable, as episodic orogenic
tectonics, shifting depocentres, and basement structures all may combine to influence
subsidence rate, and hence sequence development.
Subsidence in a foreland basin is the result of times of active thrusting, whereas
reduced subsidence rate and isostatic rebound are related to periods of tectonic quiescence
(Jordan and Flemings, 1991). Using a constant eustatic sea-level and changing only the
rate of thrusting, Jordan and Flemings (1991) simulated transgressions and regressions in
a foreland basin, demonstrating the importance of tectonically-induced accommodation.
Geologic interpretations are consistent with the simulated models. For example, the
mudstone-dominated Shaftesbury, Kaskapau, and Muskiki Formations (Upper Cretaceous
of Western Canada) have thick foredeep successions and thus are characterized by a
wedge-like geometry, whereas the intervening sandstone-dominated Dunvegan, Cardium,
and Marshybank Formations have less prominent foredeep successions, resulting in a
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Figure 2.9—Variables that influence sequence development in sedimentary basins. The
interplay between these variables, principally eustasy, subsidence rate, and sediment
supply, are responsible for the development of stratigraphic architectures. Galloway
(1989).
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Figure 2.10— Influence of the ratio between rates of sediment supply (S; referred to as
“Rate of Deposition” in this figure) and accommodation (A) on stratal stacking pattern.
Progradation (basinward advance of facies) occurs when S>A. Retrogradation (landward
backstepping of facies) occurs when A>S. When S=A, vertical stacking of facies, termed
aggradation, occurs. Van Wagoner et al. (1988).
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Figure 2.11— Interplay of eustasy and subsidence, resulting in net accommodation (“rate
of addition of new space” in this figure). Eustasy rises and falls, but a net loss of
accommodation occurs only when the rate of eustatic fall exceeds the rate of subsidence.
Changes in the rate of accommodation generation are sufficient to change stratal stacking
patterns, even if a net loss of accommodation does not occur. Posamentier et al. (1988).
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sheet-like geometry (Plint et al., 1993). The wedge-like, mudstone-dominated successions
may represent subsidence-induced transgressions during periods of orogenic thrusting,
whereas the sandstone-dominated units may represent regressions caused by tectonic
quiescence (Plint et al., 1993). These tectonic cycles last several million years each; for
example, the duration of the Kaskapau-Cardium loading-unloading cycle is ~5 m.y.
(Varban and Plint, 2008b).
Many localized, linear and bevelled erosion surfaces are related to syn-depositonal
folding, arching, or faulting; these tectonic controls may operate on sufficiently short time
scales (<1 m.y.) that they become the predominant mechanism for generating cyclicity
and erosion within the stratigraphic record (Vakarelov et al., 2006; Fielding, 2011). The
significance of tectonic control is greater in tectonically active basins, such as foreland
basins and strike-slip basins. It is also greater during global greenhouse periods, because
the lack of high-frequency, high-amplitude glacio-eustatic fluctuations reduces the
eustatic overprinting of tectonic signals (Vakarelov et al., 2006).
Reciprocal sedimentation, as discussed in Section 2.1, demonstrates the
consequences of variable subsidence rate along the foreland basin profile (i.e. transverse
to the orogen). Subsidence rate may also vary along strike (i.e. parallel to the orogen), and
this may cause sequences to be out-of phase laterally (regressions passing along-strike to
transgressions; Krystinik and DeJarnett, 1995). Such observations prove that subsidence
rate is an important control on sequence development.
Lateral variations in subsidence rate also control lateral thickness changes. For
example, Plint et al. (2012) have shown that subsidence-controlled depocentres may shift
along-strike on <1 m.y. time scales. Plint et al. (2012) interpreted the cause of the shifts to
be localized areas of active deformation, followed by quiescence as the deformation in the
accretionary wedge was accommodated elsewhere along strike. The thrust front may have
been broken up by transfer zones, such as those postulated by Lawton et al. (1994),
allowing differential offset in the orogen and localized pulses of thrust-related subsidence.

2.3.2 Eustasy
Eustasy also plays an important role in controlling relative sea-level change, and
therefore in sequence development. Early quantification of eustatic cycles was discussed
by Vail et al. (1977), and Haq et al. (1987), who classified eustatic cycles based on their
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duration, defining first-order through fifth-order cycles. Although many aspects of this
classification scheme have been criticized (e.g. Embry, 1993, 1995; Drummond and
Wilkinson, 1996; Schlager, 2004), it is still commonly used in a general sense. In a
review, Miall (2010) discussed the sedimentary record of eustasy, recognizing eustatic
control on sequence development on a broad range of time scales, from hundreds of
million years to 10,000 years and less; events can be organized based on their durations
and mechanisms (Table 2.1).
Eustatic events with durations of 200 to 400 m.y. (the first-order cycles of Vail et
al., 1977), are caused by the accretion and splitting of supercontinents (Worsley et al.,
1984). During the breakup of supercontinents, new, relatively hot, oceanic crust is created.
The hot crust is more buoyant and topographically elevated, thus displacing seawater out
of ocean basins and onto the continental margins (Worsley et al., 1984). These
‘supercycles’ are periodic, having predictable cyclicity (Miall, 2010).
Sea-level changes with durations of 10 to 100 m.y. (second-order cycles of Vail et
al., 1977) are related to the volume of oceanic ridges, which in turn is related to changes
in oceanic spreading rate (Hays and Pitman, 1973). The sequences documented by Sloss
(1963) on the North American craton, and subsequently correlated globally by Soares et
al. (1978), are the result of second-order cycles. First- and second-order cycles are global
events (Fig. 2.12).
Eustatic fluctuations with episodicities of 1 to 10 m.y. (third-order cycles of Vail
et al., 1977), are ubiquitous in the Phanerozoic record. Global correlation of 1 to 10 m.y.
cycles is difficult because of the short time scale, so a eustatic mechanism cannot always
be invoked. However, eustasy does operate on these time scales, even if its effect cannot
always be isolated. There are several mechanisms that affect eustasy on this time scale.
Third-order cycles were initially thought to be controlled by the waxing and waning of
ice-sheets (Vail et al., 1977; Haq et al., 1987). However, others have stated that there was
insufficient ice volume at some times throughout geologic history to generate the
magnitude of eustatic change observed by glacioeustasy alone (e.g. Christie-Blick et al.,
1990; Miall, 1991). Thus, while the growth and decay of glaciers may affect eustasy on a
1 to 10 m.y. timescale, additional mechanisms must also play a role. One such alternative
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Table 2.1—Classification of sequences, based on mechanism and duration. Types A, B1,
and D are controlled by eustasy, whereas types B2 and C are tectonically controlled. This
scheme improves on that of Vail et al. (1977) because 1) it separates tectonicallycontrolled from eustatically-controlled sequences, and 2) does not sub-divide sequences
in the Milankovitch band (0.01-2 m.y.) into fourth- and fifth-order sequences, the
distinction between which has been criticized as being arbitrary. Miall (2010).
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Figure 2.12—First- and second-order eustatic sea-level curves during the Phanerozoic,
related to long-term mechanisms for eustatic change, including ocean crust production
rate and glaciations. Plint et al. (1992), based on Vail et al. (1977) and Worsley et al.
(1984).
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mechanism relates to lithospheric flexure in repose to crustal interactions at plate
boundaries, termed intraplate stress (Cloetingh, 1988). While intraplate stress can cause
tectonically-induced sequences, it can also modify the volume of the global oceans, thus
affecting eustasy.
Many of the sequences with 1 to 10 m.y. durations observed in the geologic record
have been attributed to tectonic forcing rather than eustasy. For example, Kauffman (1984)
suggested that third-order cycles in the Cretaceous of North America may have been
controlled by periods of cordilleran tectonism and volcanism. To prove a eustatic
mechanism, sequences must be correlated interbasinally and intercontinentally (e.g. Gale
et al., 2002).
Eustatic cycles on <1 m.y. scales were classified by Vail et al. (1977) as fourthorder (500 to 200 k.y.) and fifth-order (200 to 10 k.y.), although those distinctions are
now seen as somewhat arbitrary (Drummond and Wilkinson, 1996; Miall, 2010). The
primary mechanism for cycles that occur on <1 m.y. timescales is orbital forcing, also
known as Milankovitch periodicity, which consists of the eccentricity (400 to 100 k.y.),
obliquity (41 k.y.), and precession (21 k.y.) cycles. (For a more detailed discussion of
Milankovitch cycles, see Schwarzacher, 1993.) Milankovitch rhythms are responsible for
changes in climate, and thus control the growth and decay of glaciers (Hays et al., 1976).
Glacio-eustasy due to Milankovitch periodicity is the most commonly cited mechanism
for fourth- and fifth-order sea-level changes (Miall, 2010).
The warm climate and apparent lack of continental ice-sheets during the
Cretaceous ‘global greenhouse’ is not immediately compatible with the observed <1 m.y.
cycles deposited during that time (see Section 1.4). Alternative mechanisms for
Milankovitch-scale eustatic fluctuations in an ice-free world have been proposed,
including storage of water in terrestrial aquifers and deep-ocean thermal expansion
(Jacobs and Sahagain, 1993; Schulz and Schafer-Neth, 1997). However, the most
commonly cited mechanism continues to be glacio-eustasy, regardless of the dilemma
posed by the apparent absence of glaciers during a greenhouse period (e.g. Plint, 1991;
Gale et al., 2002; Miller et al., 2003, 2005a, 2005b; Plint and Kreitner, 2007).
Interbasinal and intercontinental correlation of cyclicity is necessary to prove
global eustatic control (as opposed to localized tectonic controls). However, such
correlation of third-and-higher order cycles is challenging, due to the limited resolution of
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biostratigraphy and radiometric dating. Fortunately, improved calibration of radiometric
dating techniques has begun to increase the resolution of geochronology (e.g. Kuiper
et al., 2008; Barker et al., 2011; Meyers et al., 2012; Siewert et al., in press), and new
interbasinal correlation tools such as carbon isotope stratigraphy provide a new means to
demonstrate the potentially global nature of high-frequency eustasy (e.g. Jarvis et al.,
2006).
Recently, some authors have questioned if global eustasy can be determined from
the sedimentary record, arguing that localized effects will always overprint any global
signature (e.g. Moucha et al., 2008; Milne and Mitrovica, 2008; Mitrovica, 2009; Raymo
et al., 2011). The proof for or against global synchroneity of sea-level changes depends
on very high-resolution interbasinal and intercontinental correlation.
2.3 Sequence Interpretation
Relative sea-level change, whether caused by eustasy or tectonic movement,
exerts significant control on sedimentation, and can be used to explain stratigraphic
successions. Sequence stratigraphy is a method which uses relative sea-level changes to
subdivide the sedimentary record into time-equivalent units, and interprets the
relationship between sediment supply, accommodation, and the resulting stratigraphy.
The relationship between sea-level, sedimentation, and time was studied
throughout the twentieth century. Wheeler (1958) was the first to graphically portray
sedimentary rocks in terms of time rather than thickness. Sloss (1963) used
unconformities to subdivide the entire stratigraphic column of North America into six
‘sequences’. Vail et al. (1977) presented the concept of seismic stratigraphy, which used
stratal geometries recognized on seismic sections to interpret regional unconformities.
These were considered at the time to be induced by global absolute sea-level changes
(later to be known as eustasy). Based on this method, Vail et al. (1977) produced a global
eustatic curve, which was modified by Haq et al. (1987, 1988).
The strictly eustatic mechanism presented by Vail et al. (1977) was re-evaluated
by Posamentier et al. (1988) and explained in terms of a combination of eustatic and
tectonic (subsidence) effects. Posamentier et al. (1988) defined this combination as
relative sea-level, which was responsible for the generation or removal of accommodation.
The ratio between the rate of sediment supply and the rate of accommodation change is
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responsible for the stratigraphic stacking patterns described by Vail et al. (1977).
Although accommodation change due to relative sea-level change is most often
considered when interpreting the stratigraphic record, sediment supply may also fluctuate
due to environmental, climatic, and tectonic controls (Schlager 1993). In non-marine
environments, where relative sea-level fluctuations have a lesser effect, environmental,
climatic, and tectonic controls play a more significant role in controlling stacking patterns
(Shanley and McCabe, 1994; Blum and Tornqvist, 2000).
The generation and removal of accommodation creates a relative sea-level curve
(Fig. 2.13). Various versions of the sequence stratigraphic model partition the sea-level
curve in different ways (Fig. 2.14). The curve was originally divided into three parts,
called systems tracts (originally defined by Mitchum (1977) and later elaborated by
Posamentier et al. (1988) and Van Wagoner et al. (1988)). Within the model of Van
Wagoner et al. (1988), the transgressive systems tract (TST) begins when A>S, and is
indicated by a transgressive surface (TS). Coastal onlap, a landward shift in facies, and
infilling of incised valleys are characteristic of the TST. The maximum rate of relative
sea-level rise is marked by a maximum flooding surface (MFS). The MFS is typified by a
condensed section, which may consist of chemically precipitated sediments and early
diagenetic minerals (glauconite or nodules of phosphate or carbonate), a lag of fish scales,
shell debris, or other intrabasinal sediment, and coccoliths or other pelagic sediments
(Loutit et al., 1988).
The MFS also defines the onset of the highstand systems tract (HST), which is
characterized by shoreline progradation. Progradation during the HST is due to infilling
of space by sediment (S>A) while sea-level continues to rise. Early sequence models
lacked consensus regarding the end of the HST: Posamentier et al. (1988) defined it as the
onset of base-level fall, whereas Van Wagoner et al. (1988) defined it as the end of base
level fall (Fig. 2.14). In both cases, the HST was followed by the lowstand systems tract
(LST). The physical expression of the transition from HST to LST is a surface called the
sequence boundary (SB), marked by a subaerial unconformity on the exposed shelf, and
the basal unconformities of incised valleys.
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Figure 2.13—Definition of a sequence and its subdivisions, using the modified four
systems tract sequence model. The classic Exxon model has only three systems tracts; the
RSME and FSST would not be indicated in that model. The falling limb of the curve
would either be addressed as the early LST (Posamentier et al. 1988) or the late HST
(Van Wagoner et al., 1988). Abbreviations: SB, sequence boundary; LST, lowstand
systems tract; TS, transgressive surface; TST, transgressive systems tract; MFS,
maximum flooding surface; HST, highstand systems tract; RSME, regressive surface of
marine erosion; FSST, falling stage systems tract. Figure is based on the concepts of Plint
and Nummedal (2000).
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Plint and Nummedal (2000)

Figure 2.14— Summary of a variety of approaches to subdividing the relative sea-level
curve. Depositional sequence II and III are both variations of the three-part ‘Exxon’
model. Depositional sequence IV is the modified four systems tract model. Modified from
Catuneanu (2006).
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The LST is characterized by progradation of a detached wedge or fan located
seaward of the highstand shoreline, and sometimes seaward of the shelf-slope break. In
the models of Van Wagoner et al. (1988) and Posamentier et al. (1988), valley incision
was considered to be part of the LST. Lowstand progradation continues until the end of
regression. In theory, this rate change is marked by the inflection point on the sea-level
curve, but in practice occurs when sea-level rise is sufficiently rapid that A>S. This point
marks the transgressive surface and onset of the subsequent TST.
One obvious criticism of the three systems tract model is that the falling limb of
the relative sea-level curve was assigned to either the early lowstand systems tract
(Posamentier et al., 1988) or the late highstand systems tract (Van Wagoner et al., 1988).
Deposition during relative sea-level fall has different characteristics than that of highstand
or lowstand, and it was quickly realized that the period of relative sea-level fall must be
addressed separately. In an attempt to distinguish deposition during relative sea-level fall
from deposition during highstand or lowstand, a variety of names were proposed,
including the ‘forced regressive wedge’ systems tract (Hunt and Tucker, 1992), ‘forced
regressive’ systems tract (Helland-Hansen and Gjelburg, 1994), and ‘falling sea-level’
systems tract (Nummedal et al., 1992). The term falling-stage systems tract (FSST) was
eventually established (Plint and Nummedal, 2000), and the resulting scheme can be
referred to as the four systems tract sequence. The onset of the FSST is marked by the
basal surface of forced regression or, where it is erosional, the regressive surface of
marine erosion (Plint and Nummedal, 2000).
The FSST addressed several challenges present in the original tripartite model
(sometimes referred to the Exxon model). Constrained by the highstand and lowstand
systems tracts, Van Wagoner et al. (1988) placed the sequence boundary at the subaerial
unconformity in the nearshore realm, but below sediments deposited during relative sealevel fall in deeper water. Under this scheme, the sequence boundary was highly
diachronous, because it crossed the entire portion of the stratigraphic record that recorded
relative sea-level fall. Alternatively, under the four systems tract model, the sequence
boundary is placed above the sediments deposited during relative sea-level fall on the
shelf, and continues above correlative offshore sediments in the deeper portion of the
basin as the correlative conformity (Plint and Nummedal, 2000).
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Another limitation of the Exxon model was that it did not distinguish between
progradation that occurred due to sediment infill during times of slow relative sea-level
rise, and progradation that occurred due to a relative sea-level fall. Terminology was
adapted to distinguish between these two cases (Plint, 1991; Posamentier et al., 1992).
Highstand progradation due to S>A is referred to as a normal regression, and is unrelated
to the FSST. A regression caused by a loss of accommodation is termed a forced
regression (Plint, 1991; Posamentier et al., 1992). Accommodation loss is most
commonly attributed to a eustatic fall, but can also be caused by tectonic uplift. The
distinction between normal and forced regressions is easily explained using the four
systems tract sequence of Plint and Nummedal (2000); a normal regression is part of the
HST, whereas a forced regression occurs during the FSST.
There are several shortcomings of the depositional sequence stratigraphic model,
and other models have been suggested to correct some of these problems. Galloway (1989)
recognized that it was difficult to trace the correlative conformity basinward, and
proposed instead a ‘Genetic Stratigraphic Sequence’, in which sequences are defined by
successive maximum flooding surfaces. While practical from a recognition standpoint, a
sequence defined between two maximum flooding surfaces may be dissected by a
subaerial unconformity (especially in the near-shore and non-marine realm). The model
therefore groups sediments within the sequence are not genetically related if they are
separated by an unconformity, and therefore perhaps should not be included in the same
sequence.
Embry and Johannessen (1992) also addressed the difficulty of recognizing the
correlative conformity by proposing the ‘Transgressive-Regressive’ (T-R) sequence
model. Under the T-R model, the subaerial unconformity is used as the sequence
boundary in non-marine and near-shore settings. As the subaerial unconformity is traced
seaward and becomes increasingly difficult to recognize as the correlative conformity, the
surface of maximum regression is instead chosen to define the sequence boundary. One
criticism of the T-R sequence is that the subaerial unconformity and the maximum
regressive surface are separated in time by the lowstand systems tract (Catuneanu, 2006).
The two surfaces are only connected when transgressive ravinement removes all nonmarine strata accumulated during lowstand. In that case, both surfaces still exist in theory,
but the transgressive ravinement surface has removed the maximum regressive surface.
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One additional limitation of the T-R sequence model is that it has only two systems tracts
(transgressive and regressive), so interpretations within this model are restricted. For
example, the model does not distinguish between normal and forced regression.
The interplay between sediment supply and accommodation can also be expressed
by shoreline trajectories (Fig. 2.15; Helland-Hansen and Martinsen, 1996). Using this
system, depositional cycles and chronostratigraphic surfaces may be recognized using
data that allow for observation of large-scale stacking patterns, such as seismic profiles.
However, the model is difficult to apply on smaller scales, such as in outcrop.
Selection of sequence stratigraphic model depends on the goal of the study, the
tectonic and depositional setting, and the scale of observation (Catuneanu et al, 2009).
However, the four systems tract depositional sequence seems to be becoming the most
commonly used method for sequence stratigraphic analysis.

2.3.1 Allostratigraphic Approach
The North American Commission on Stratigraphic Nomenclature (NACSN)
defines an allostratigraphic unit as a “mappable body of rock that is defined and identified
on the basis of its bounding discontinuities” (NACSN, 1983, Article 58). In one sense, the
discussion of allostratigraphy by NACSN (1983) means that its use is better defined and
regulated than sequence stratigraphy—sequence stratigraphy was intentionally omitted
from the North American Stratigraphic Code due to a lack of consensus. However, the
definition of an allostratigraphic unit is also very vague, because it is up to the author to
define the nature of the ‘bounding discontinuity’. With no set definition of surfaces, it
may be difficult to compare the results of various allostratigraphic studies.
The allostratigraphic approach has been widely used, and may be more useful than
traditional sequence stratigraphy in tectonically active areas (Martinsen et al., 1993).
Relevant to this thesis is the allostratigraphic framework for the Cardium Formation,
established by Plint et al. (1986). The Cardium allostratigraphic framework uses erosion
surfaces related to sea-level fall and transgressive surfaces as the ‘bounding
discontinuities’ described by the NACSN (Fig. 2.16).
Allostratigraphy is very well suited to regional correlation and interpretation of
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Figure 2.15—Shoreline trajectories as they relate to transgression and regression.
Accretionary trajectories are controlled by sediment supply, whereas non-accretionary
trajectories are controlled by pre-existing topography. A normal regression occurs during
slow sea-level rise, with aggradation and progradation producing a seaward-upward
trajectory of the shoreline. A normal regression can only be accretionary, because, by
definition, normal regression is driven by progradation due to sediment supply
(Posamentier et al., 1992). Forced regressions, on the other hand, may be accretionary or
non-accretionary, depending on the relative rates of sediment supply and relative sealevel fall. Forced regressions in all cases are characterized by a seaward-downward
trajectory of the shoreline. Finally, transgressions are marked by landward-upward
trajectories, and may be accretionary or non-accretionary. Helland-Hansen and Martinsen
(1996).
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Figure 2.16— Summary of key surfaces and systems tracts using the depositional sequence (bounded by sequence boundaries
and their correlative conformities) and allomembers (bounded by transgressive surfaces). Summary based on the Cretaceous
Dunvegan Formation of Western Canada. Plint et al. (2001).
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the Cardium Formation. Relative sea-level fluctuations (probably of eustatic origin;
e.g. Wadsworth and Walker, 1991) are evident throughout Turonian and Coniacian time,
and they created regionally extensive marine flooding surfaces. These flooding surfaces
may be erosional due to transgressive ravinement and may therefore overprint preexisting subaerial or submarine erosion surfaces. In addition to the (probable) eustatic
fluctuations during Cardium deposition, tectonic uplift and subsidence in the active
foreland basin may modify the expression of relative sea-level changes (e.g. Leggitt et al.,
1990; Hart and Plint, 1993a). For example, a forced regressive unit, recognized by an
abrupt basinward shift in facies, may pass along basin strike or dip into a gradational
facies succession, typical of a normal regression. Using sequence stratigraphic methods,
this distinction is critical to differentiate a sequence (associated with a sea-level fall) from
a parasequence (in which accommodation is lost only by sediment infill, not by relative
sea-level fall). Using allostratigraphy, an allomember could be defined by the flooding
surface and the transition from forced to normal regression could be described
qualitatively, perhaps invoking differential tectonic activity as the reason for the
inconsistency. Because of the flexibility provided by ‘bounding discontinuities’,
allostratigraphy is better suited for tectonically active areas than traditional sequence
stratigraphy (Martinsen et al., 1993).
Marine flooding surfaces are attractive allostratigraphic markers because they
have minimal diachroneity (Cross and Lessenger, 1988). Surfaces related to relative sealevel fall, such as the subaerial unconformity and correlative conformity, or the regressive
surface of marine erosion, are highly diachronous (Plint and Nummedal, 2000) and so are
less suited for use as proxy time-lines. Bentonites (volcanic ash beds) are the only true
time lines in the rock record, because they form from a single volcanic eruption. However,
bentonites are not tied to relative sea-level changes, so while they may be useful
correlation tools, they are limited in their use for interpretation of depositional controls.
Where bentonites are traceable, they nearly parallel—but never cross— marine flooding
surfaces, demonstrating the merit of flooding surfaces as proxy time-lines (Varban and
Plint, 2005; Tyagi et al., 2007).
Marine flooding surfaces provide an effective means of correlation of marine
strata, but the flooding event may also be recognized in the contiguous non-marine record.
Plint et al. (2001) demonstrated that the marine transgressive surface/ravinement surface
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merges landward with a subaerial unconformity that is unmodified by marine processes.
The subaerial unconformity consists of the basal unconformity of incised valleys, and the
related interfluve paleosols (McCarthy and Plint, 1998).
The relationship between marine and non-marine stratigraphy is poorly
understood in the Cardium Formation. The Musreau Member of the Cardium Formation
is a non-marine wedge that is either restricted in time between the E4 and T4 surfaces
(Plint et al., 1986), onlapped by younger regional erosion surfaces E5, E6 and E7 (Hart,
1990) or interfingers with time-equivalent marine sediments (Duke, 1985). Portions of the
Musreau Member are probably contemporaneous with erosion surfaces E4, E5, E6, and
E7; the relationship could be better understood if the Musreau Member were revisited
using the non-marine to marine correlation methods described by Plint et al. (2001).
Other surfaces used in traditional sequence stratigraphy, such as the basal surface
of forced regression and the maximum flooding surface, may also be recognized even
when using an allostratigraphic approach. These surfaces are helpful for interpreting
depositional history, but they are not used as correlation tools in an allostratigraphic
method.

2.3.2 Sequence Interpretation in Foreland Basins
Early sequence stratigraphic models were developed for passive margin settings,
where subsidence rate is slowest in the nearshore realm and increases basinward. Relative
sea-level fluctuations have the greatest effect near the shoreline, corresponding to the
zone of slowest subsidence on passive margins. Relative sea-level falls are recorded on
passive margins by subaerial unconformities, incised valleys, and a basinward shift in
onlap, and so sequences were defined based on these features.
In foreland basins, nearshore depositional environments (and therefore the best
place to record sea-level changes) are commonly in the foredeep. Shoreline stacking
patterns in a rapidly subsiding foredeep are very different than those on a passive margin.
Jordan and Flemings (1991) used computer simulations to predict the occurrence of
sequence boundaries, transgressive maxima, and regressive maxima in relation to eustatic
and tectonic fluctuations at passive margins and in foreland basins (Table 2.2). Given a
constant sediment flux, these key surfaces occur at the same point in the relative sea-level
curve in a foreland basin as they do at a passive margin. However, when episodic
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Table 2.2— Comparison of traditional sequence interpretation and events simulated at a
passive margin and foreland basin. The foreland basin case is subdivided so as to isolate
only eustatic variations (constant subsidence rate) or tectonic variations (constant eustasy
with period of thrusting and tectonic quiescence). The occurrence and timing of surfaces
are similar in the eustatic passive margin and eustatic foreland basin cases. Sequence
boundary erosion is an exception, because in the proximal portion of a foreland basin,
sequence boundary erosion is limited by rapid subsidence in the foredeep. The tectonic
foreland basin case simulates a constant eustatic sea-level, and alternates between periods
of thrusting and quiescence, proving that sequences can form within foreland basins by
purely tectonic mechanisms. In reality, eustatic and tectonic controls would operate
simultaneously. Figure numbers in table headers refer to specific simulations illustrated in
the original publication. Jordan and Flemings (1991).
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thrusting and quiescence, typical of a foreland basin, are introduced, key surfaces occur at
different points on the relative sea-level curve, or may develop independent of eustasy.
Additionally, an identical sea-level curve creates vastly different stratal geometries in a
foreland basin and passive margin (Fig. 2.17).
At a passive margin, relative sea-level fall is recognized on the basis of valley
incision and subaerial erosion, both of which occur when the rate of eustatic fall exceeds
the rate of subsidence (i.e. a relative sea-level fall). The rapid subsidence in the orogenproximal part of a foreland basin requires a much faster rate of eustatic fall in order to
cause relative sea-level fall than is required at a passive margin (Jordan and Flemings,
1991). Therefore, incised valleys and subaerial unconformities are less common in
foreland basins than passive margins, as discussed in conceptual models (Posamentier and
Allen, 1993), calculated in modelling simulations (Jordan and Flemings, 1991), and
confirmed in the geologic record (Schwans, 1995). The potential scarcity of valleys and
subaerial unconformities in foreland basins tends to limit the application of Exxon-type
sequence stratigraphy.
Computer simulations have predicted the role of subsidence rate in controlling the
occurrence of subaerial unconformities in foreland basins (Fig. 2.18; Jervey, 1992). In
these models, sedimentation is simulated in a foreland basin during high- and lowsubsidence periods, using an identical eustatic curve for both cases. During times of highsubsidence, subaerial unconformities are limited to the period of most rapid eustatic fall,
whereas unconformities develop much more commonly in the low-subsidence case.
The simulation of Jervey (1992) also addressed another distinctive characteristic
of foreland basins. Foreland basin successions deposited during relatively slow
subsidence tend to be highly progradational, whereas those deposited during relatively
rapid subsidence are highly aggradational (Fig. 2.18). Stacking pattern also determines
paleogeography, because a shoreline will prograde further seaward during a period of
slow subsidence than during periods of rapid subsidence.
Stratigraphic architecture of the Upper Cretaceous Colorado Group of western
Canada shows that real stratigraphic successions behave as those predicted by computer
simulations (Varban and Plint, 2008b). The Cenomanian-Turonian Kaskapau Formation
is interpreted to represent a time of rapid subsidence in the foreland basin, as a
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Figure 2.17— Simulated fill of a passive margin basin (upper figure) and a foreland basin
(lower figure). Passive margin successions thicken basinward. Clinoform stratification
and downlap surfaces are common. Foreland basin successions experience the greatest
subsidence rate in the orogen-proximal region, and thin basinward. Downlap surfaces are
less common, due to the low gradient and lack of a shelf break. Jordan and Flemings
(1991).
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Figure 2.18— Modelling results of the effect of subsidence rate on stacking pattern in a
foreland basin. Basin-fill was simulated in cases of relatively slow and relatively rapid
subsidence, using the same eustatic sea-level curve in both cases. Case A represents a
period of slow subsidence, during which the shoreline progrades and subaerial
unconformities develop (solid black lines). Case B represents a period of rapid
subsidence, which limits progradation and restricts the shoreline to the basin margin. Sealevel falls are not recorded as subaerial unconformities in the rapid subsidence case,
except when the rate of eustatic fall exceeds the rate of subsidence (fall S4). Jervey
(1992).
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consequence of which shorelines stacked vertically in the foredeep (Fig. 2.19). The
resulting stratal geometry is wedge shaped, reflecting rapid foredeep subsidence. In
contrast, the shorelines of the overlying Turonian-Coniacian Cardium Formation
prograded up to ~150 kilometres. Varban and Plint (2008b) interpreted the Cardium
Formation to represent a period of slow subsidence relative to the Kaskapau Formation,
based on the progradational nature. Therefore, the results of Varban and Plint (2008b)
provide a real-world example of subsidence-controlled facies distributions simulated by
Jervey (1992).
A significant physiographic difference between foreland basins and passive
margins relates to the offshore physiography (assuming that the shoreline is orogenproximal in the foreland basin). A passive margin reaches a shelf-break offshore, beyond
which, deeper water and submarine fan deposits are preserved. A foreland basin
commonly has a ramp physiography rather than a shelf-break physiography (Posamentier
and Allen, 1993), and thus is unlikely to develop basin fan deposits. Rather than a deepwater basinal setting, the distal portion of a foreland basin corresponds to the forebulge,
where slow subsidence and, at times, uplift, creates condensed sections and
unconformities (recall Section 2.1; Crampton and Allen, 1995). The ramp-to-forebulge
physiography also means that foreland basins often have very low depositional gradients,
and shallow water conditions may exist across the entire basin (Varban and Plint, 2008a).
There have been only rare attempts to construct a sequence stratigraphic model
specific to a foreland basin. Swift et al. (1987) discussed the differences in passive
margin and foreland basin sequence development based on observations in the Cretaceous
foreland basin of Utah. Sequences were interpreted to form largely due to tectonic
processes, consistent with the simulations of Jordan and Flemings (1991). Swift et al.
(1987) presented a schematic summary illustrating key stratal geometries and surfaces in
a foreland basin (Fig. 2.20). While Swift et al. (1987) were correct in recognizing that
stratal geometries in foreland basins are different from those expected at passive margins,
their model did not reflect what might reasonably expected to be a realistic foreland basin
physiography— they included a shelf break with fan deposits occurring below the break.
In presenting the classic Exxon sequence stratigraphic model, Van Wagoner et al.
(1988) recognized that stratal geometries differ between basins with shelf break and ramp
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Figure 2.19— Variable sandbody geometry within the Kaskapau and Cardium
Formations. The Kaskapau Formation (Units I-V) represents a time of rapid subsidence,
and was characterized by shoreline aggradation as sediment was trapped in the rapidly
subsiding foredeep. Rapid foredeep subsidence also produced an overall wedge-like
geometry in the Kaskapau Formation. Conversely, shorelines within the Cardium
Formation prograded much further into the basin because they were deposited during a
time of slower subsidence. The relatively slow subsidence and the highly progradational
nature produced a sheet-like geometry in the Cardium Formation. The distinction between
sheets and wedges can be used to identify periods of slow and rapid subsidence. Varban
and Plint (2008b).
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Figure 2.20— Comparison of sequence development on a passive margin and a foreland
basin. Swift et al. (1987). Key concepts include: 1) Foreland basin deposits are thickest
on the high-subsidence, orogen-proximal edge, and thin with distance from the orogen.
This creates a wedge geometry that is not observed at passive margins. 2) Subaerial
emergence (indicated by the wavy line labeled “ravinement”) is spatially restricted in a
foreland basin, and is much more widespread at a passive margin. This is due to rapid
subsidence in the foredeep of foreland basins that often limits shoreline progradation, thus
preventing subaerial exposure. 3) A shelf-break physiography and fan deposits are not
typically observed in foreland basins, contrasting the model presented in this figure. (It is
unclear why fan deposits were indicated in this model: Swift et al. (1987) do not
recognize fan deposits in the Mesaverde Group, from which they developed this
diagram.) Foreland basin settings are characterized by a ramp physiography as opposed to
a shelf-break (Posamentier and Allen, 1993), and often have very low depositional
gradients extending across the basin to the forebulge (e.g. Varban and Plint, 2008a).
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physiographies. However, Van Wagoner et al. (1988) did not pursue this idea further, and
the fundamentals of sequence stratigraphy were thus described using a shelf break
physiography.
Posamentier and Allen (1993) discussed conceptually the differences between
sequence development at passive margins and in foreland basins. They recognized that
rarity of relative sea-level falls in foreland basins results in a stratigraphic record that is
dominated by the highstand and transgressive systems tracts, and by sequence boundaries
that lack incised valleys. However, Posamentier and Allen (1993) did not propose an
improved sequence stratigraphic model for foreland basin deposits.
In summary, there is no unified model for sequence interpretation in a foreland
basin. However, the proceeding paragraphs provide a basis that aids in sequence
interpretation within a foreland basin. Key concepts are summarized here, based in part
on Plint et al. (2012):
1) Subsidence in a foreland basin is episodic and may be the primary mechanism
for generating relative sea-level changes and thus ‘sequences’. Periods of
rapid subsidence are characterized by stratal ‘wedges’ and limited shoreline
progradation, whereas times of slow subsidence are characterized by stratal
‘sheets’ and extensive shoreline progradation. Valley incision and forced
regression is more likely to occur during low subsidence episodes.
2) A foreland basin has a ramp physiography, and typically has a very low
depositional gradient. In marine settings, shallow water may extend across the
foredeep and onto the forebulge.
3) Unconformities and condensed sections may develop on the forebulge due to
low subsidence rates, or at times, uplift.
The challenge of recognizing relative sea-level fall and hence an Exxon-type
sequence boundary in a rapidly subsiding foreland basin may be overcome by instead
using relative sea-level rise as a tool for subdividing stratigraphy (e.g. Varban and Plint,
2005; Tyagi et al., 2007). As such, an allostratigraphic approach using regional marine
flooding surfaces is appropriate method in a foreland basin.
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2.4 Western Canada Sedimentary Basin
The Western Canada Sedimentary Basin spans much of the Canadian prairies, and
the Phanerozoic succession may exceed 5000 metres in thickness (Figs. 2.21, 2.22). The
basin fill records a rift phase (Upper Proterozoic; Hein and McMechan, 1994), a passive
margin phase (Cambrian to Triassic; Kent, 1994), and a foreland basin phase (Jurassic to
Paleocene; Smith, 1994). Both marine and non-marine environments existed throughout
time, with paleogeographic reorganizations driven by tectonic and eustatic events.

2.4.1 Pre-foreland basin stage
The earliest sedimentation on the western margin of the North American craton is
represented by the Upper Proterozoic Purcell and Belt Supergroups. These consist of
siliciclastic and carbonate rocks up to 15 kilometres thick, deposited during early rifting
(Hein and McMechan, 1994).
The overlying Windermere Supergroup is dominated by turbidites and volcanics
in the lower portion, whereas the upper portion consists primarily of shelf sediments. This
succession represents the rift and possibly early drift phase of a passive margin (Ross et
al., 1989). The base of the Windermere Supergroup is marked by volcanics, dated
between 760 and 728 Ma (Ross et al., 1989). The termination of rifting, and thus the
initiation of a passive margin, has been estimated to have occurred between 575 and
600 Ma (Bond and Kominz, 1984).
Unconformably overlying the Windermere Supergroup are Cambrian siliciclastic
sediments, representing marine transgression of the craton resulting from cooling of the
extended lithosphere (Aitken, 1989). After a period of regression, recorded as an
unconformity spanning much of the Ordovician, flooding of the craton once again
occurred, creating a broad carbonate platform that existed for most of the Silurian,
Devonian, and early Carboniferous (Cecile and Norford, 1993). Reefs, barrier islands, and
basement structures periodically caused isolated basins, which became hypersaline,
leading to the deposition of evaporate units. As Pangea drifted northward out of tropical
latitudes during the Late Carboniferous, carbonate production slowed and deltaic and
coastal plain facies prograded across the platform (Kent, 1994). Marine sedimentation

Figure 2.21—Isopach map of the Phanerozoic cover of the Western Canada Sedimentary Basin. The 0 m contour line marks the
eastern limit of the basin. Stratigraphic fill includes a rift stage (Upper Proterozoic), a passive margin stage (Cambrian to Triassic),
and a foreland basin stage (Jurassic to Paleocene). Wright et al, (1994).
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Figure 2.22—Cross-section of the Western Canada Sedimentary Basin. Location of cross-section is shown as line D-D’ on inset map.
The truncation of Paleozoic strata by overlying Mesozoic stratigraphy represents the pre-Cretaceous unconformity, and marks a change
in tectonic setting from a passive margin (Paleozoic) to a foreland basin (Mesozoic). Wright et al. (1994).
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throughout the Late Carboniferous to Triassic was restricted to the most western margin
of the basin, while continental erosion and limited sedimentation occurred on the craton
(Kent, 1994).
Basement structures influenced paleogeography throughout the passive margin
stage. In northern Alberta, the Peace River Arch repeatedly controlled local reef
development, and was at times subaerially emergent (O’Connell et al., 1990). In southern
Alberta, the Williston Basin, partially bounded by the Sweetgrass Arch, was also often
tectonically and paleogeographically distinct from the rest of the basin. Facies and
paleobathymetric trends were controlled by the Williston Basin, and restricted conditions
periodically produced evaporate accumulations (Kent and Christopher, 1994).

2.4.2 Tectonic development of the Western Canada foreland basin
Passive margin sedimentation ended in the mid-Jurassic, as subduction of the
Farallon plate beneath the North American Craton began in response to the opening of the
Atlantic Ocean (Monger, 1993). Subduction resulted in the accretion of numerous
allochtonous terranes, causing crustal shortening and deformation of a thin-skinned fold
and thrust belt (Price 1994). This crustal thickening lead to subsidence, creating a
foreland basin (Monger, 1997). Two major terrane collisions define significant orogenies
in Western Canada. The collision of the Intermontane Superterrane beginning in the Late
Jurassic resulted in the Columbian orogeny, and the accretion of the Insular Superterrane
in the Late Cretaceous resulted in the Laramide orogeny (Evenchick et al., 2007).
Intermontane Superterrane formed in the Late Triassic by the amalgamation of
Stikina, Cache Creek, Quesnellia, Slide Mountain, and Kootenay terranes (Fig. 2.23).
Subduction of the Farallon plate caused Intermontane Superterrane to override the North
American craton during the Late Jurassic, forming the beginnings of the Rocky Mountain
fold and thrust belt (Fig. 2.24b). This collision is termed the Columbian orogeny, and
generated the first major pulse of subsidence in the Western Canada foreland basin.
During the Jurassic and Early Cretaceous, movement of the Farallon plate was
approximately orthogonal or slightly sinistral to the North American continental margin,
which directed the accretion of Intermontane Superterrane in a similar fashion (Monger,
1993; McCausland et al., 2006). During the late Early Cretaceous, the sense of movement

Figure 2.23—Terrane accretion events responsible for the Rocky Mountain fold and thrust belt and the associated foreland
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basin. Price (1994).
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Figure 2.24—Stages of the evolution of the Rocky Mountain fold and thrust belt. A)
During the early Jurassic, allochtonous terranes were accreting into one composite
terrane, but had not yet collided with the North American Craton. B) Accretion of
Intermontane Superterrane, which initiated during the Late Jurassic, resulted in the
earliest evolution of the fold and thrust belt (Columbian orogeny). C) A change in the
direction of collision during the late Early Cretaceous resulted in deformation and
transpressional forces. D) Collision of Insular Superterrane caused a second pulse of
uplift and deformation that spanned the Late Cretaceous to middle Eocene (Laramide
orogeny). Price (1994).
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changed to dextral, and continued as such until the Eocene (Monger, 1993; McCausland,
2006). This set up transpressional forces along the Cordillera, with terranes moving
approximately 1000 kilometres northward throughout this time (Monger, 1993).
Deformation and magmatism also occurred in the fold and thrust belt as a result of this
change in plate convergence vectors (Fig. 2.24c).
While Intermontane Superterrane was colliding with North America, Insular
Superterrane was being formed outboard of the craton by the amalgamation of Wrangellia
and Alexander terranes. Insular Superterrane collided with North America in the
Campanian, resulting in a pulse of subsidence termed the Laramide orogeny (Fig. 2.25).
The resulting rapid subsidence in the foreland basin lasted until the middle Eocene, by
which time the plate motion became primarily transtensional. Consequently, growth of
the fold and thrust belt slowed, giving way to unroofing and erosion (Fig. 2.25).

2.4.3 Foreland Basin Evolution and Fill
The fill of the Western Canada foreland basin can be subdivided in the most
general sense into four main units, and is summarized by Leckie and Smith (1992) and
Smith (1994). The initial sediment derived from the rising Cordillera is preserved in the
Fernie and Nikanassin Formations (unit 1). Deposition of these units spanned Oxfordian
to Valanginian time, and occurred in a narrow seaway that occupied a newly-formed
foredeep related to the Columbian Orogeny. The quiescent period following the
Columbian Orogeny resulted in a long-lived subaerial erosion surface throughout the
basin, known informally as the pre-Cretaceous unconformity. This unconformity
represents little time on the western margin of the basin, but in most of the basin it
records the entire Hauterivian and much of the Barremian. Due to tectonic tilting
associated with foreland flexure, Cretaceous sediments unconformably overly rocks of
Carboniferous or Devonian age (Fig. 2.22). Unit 2 consists of the basal Cretaceous
sediments deposited on top of this unconformity, including the Cadomin Formation, its
equivalents, and the Mannville Group. Because unit 2 was deposited during a time of
reduced subsidence and limited marine inundation of the foreland basin, these strata,
spanning the Barremian to Middle Albian, consist mostly of non-marine and marginal
marine strata.
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Figure 2.25—Burial history plots of the Devono-Mississippian Exshaw Formation at 3
points along the fold and thrust belt in southern Alberta (a, b, c progress west to east).
Black arrow indicates onset of rapid subsidence during the Columbian orogeny. The Late
Cretaceous rapid subsidence observed in all three cases is due to the Laramide orogeny.
The superposition of the three plots (Fig. e) shows the eastern migration of subsidence
during both the Columbian and Laramide orogenies. Price (1994).
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A major paleogeographic reorganization marks the top of unit 2, and the base of
the Albian-Campanian Colorado Group (unit 3). During the Albian, global eustatic sealevels were rising due to rapid generation of buoyant oceanic crust at the Atlantic
spreading centre (Hays and Pitman, 1973) and at oceanic plateaus above mantle
superplumes (Larson, 1991). The eustatic rise flooded large portions of North America,
due to the southward incursion of the Boreal Sea and the northward expansion of the
Tethyan Ocean (Kauffman and Caldwell, 1993). Rapid subsidence in the foredeep and
regional tilting of the North American craton due to dynamic subsidence (Mitrovica et al.,
1989) provided a mechanism for these two water masses to join and form the Western
Interior Seaway. The seaway was connected briefly during the early Late Albian
(recorded by the Joli Fou Formation). The northern and southern water masses joined
again at approximately the Albian-Cenomanian boundary (recorded by the Fish Scales
zone), and remained connected throughout most of the Cenomanian to Campanian
(Kauffman and Caldwell, 1993). Although the Colorado Group is mudstone-dominated,
periodic shoreline regressions deposited sandstone-rich units such as the Viking and
Cardium Formations. These regressions are interpreted to have been largely the result of
eustatic falls that were more strongly expressed because of periods of reduced subsidence
(Plint et al., 1993).
The base of unit 4 is marked by a paleogeographic reversion to non-marine
environments, with periods of marine inundation. This unit spans the Campanian to
Paleocene and includes the Belly River Group and younger sediments. Rapid subsidence
related to the Laramide Orogeny (Campanian to middle Eocene) is responsible for the
highly aggradational, wedge-shaped geometry of these strata. Major clastic influx from
the Cordillera, also related to Laramide uplift, filled the previously marine basin, resulting
in non-marine conditions. The top of unit 4 is marked by an unconformity that marks the
erosion of between 900 and 3800 metres of rock since the Eocene (Nurkowski, 1984;
Bustin, 1991). Uplift and erosion is related to tectonic quiescence and isostatic
rebounding following the Laramide orogeny, and consequently the end of foreland basin
sedimentation.
The alternation of marine and non-marine sedimentation throughout the evolution
of the foreland basin was partially due to eustatic fluctuations. However, Cordilleran
terrane accretion events were perhaps a more dominant control on the broad
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paleogeographic evolution of the basin (Kauffman, 1984). Cant and Stockmal (1989)
related major clastic wedges within the foreland basin to accretion events that caused
orogenic uplift. However, it has been demonstrated that clastic wedges are actually
related to periods of tectonic quiescence, when subsidence slows and clastic progradation
dominates (Blair and Bilodeau, 1988; Heller et al., 1988; Jordan and Flemmings, 1991).
Therefore, while the work of Cant and Stockmal (1989) was correct in realizing that
accretion events are recorded in the sedimentary record, their specific interpretations do
not fit with modern models of tectono-sedimentary linkages. More recently, Plint et al.
(2012) demonstrated that it is possible to relate Cordilleran activity to stratigraphy. Using
high-resolution paleomagnetic and geochronological data, coupled with a high-resolution
stratigraphic record, they correlated terrane accretion and corresponding pulses of
foreland basin subsidence on a <10 m.y. time scale.
2.5 Basement Control on Subsidence in the Western Canada Sedimentary Basin
Models of foreland basin flexure often assume a constant flexural rigidity across
the flexed plate (e.g. Beaumont, 1981; Jordan, 1981). However, the Precambrian crust of
North America consists of numerous crustal blocks joined by suture zones, resulting in a
very heterogeneous rheology (Ross et al., 1994; Fig. 2.26). Suture zones, basement faults,
and other weak zones may focus the stress generated during flexure, thus affecting
subsidence and, ultimately, sedimentation (e.g. Pang and Nummedal, 1995; Donaldson et
al., 1998; Zaleha et al., 2001). There are numerous basement features known in the
Western Canada Sedimentary Basin, and not all of them will be discussed in this chapter.
However, certain features are particularly relevant to depositional trends of the Cardium
Formation, and will be introduced here.

2.5.1 Vulcan Structure
The Vulcan structure is an east-west trending basement structure, approximately
70 kilometres wide and over 350 kilometres long (Fig. 2.26; Eaton et al., 1999). The
structure consists of two parts: the Vulcan Low to the south and the Matzhiwin High to
the north. The Vulcan structure is revealed by gravity and magnetic anomalies, and by
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Figure 2.26— Aeromagnetic map of southern Alberta, showing the main basement
features in the area. The Medicine Hat Block and the Loverna Block collided during the
Paleoproterozoic, and the Vulcan Low and Matzhiwin High formed along the resulting
subduction zone. The Medicine Hat and Loverna Blocks are part of the Hearne Province,
which collided with Rae province to the northwest later during the Paleoproterozoic. The
Rimbey domain (Rimbey High) and the Lacombe domain formed along the collision
zone. Eaton and Ross (1995).

84
deep seismic profiles (Eaton et al., 1999). The structure extends westward into the
Cordillera, where it is named the St. Mary fault (Price and Sears, 2000). It was originally
thought to be a failed Precambrian rift (Kanasewich et al., 1969), but was subsequently
reinterpreted as a collision zone (Hoffman, 1988; Ross et al., 1991). It was later described
in more detail as a collision belt involving partial subduction of continental crust (Eaton
et al., 1999). Collision was related to the assembly of western Laurentia (Villeneuve et al.,
1993), and involved two Archean terranes: the Medicine Hat Block (to the south) and the
Loverna Block (to the north; Eaton et al., 1999). A magmatic belt formed along the
subduction zone, which is now recognized as the Matzhiwin High (Ross et al., 1991).
The Vulcan structure formed a hinge zone that was possibly accentuated by
anomalous forces in the mantle (Eaton and Ross, 2000). Differential subsidence across
this hinge zone has affected sedimentation in southern Alberta throughout geologic time.
Price (1981) suggested that the structure was intermittently active from the
Neoproterozoic to mid-Paleozoic. Differential subsidence across the St. Mary fault
(Cordilleran equivalent to the Vulcan structure) during the Upper Proterozoic caused
significant depositional thickness changes in the resulting strata; Upper Proterozoic
sediments are 9 kilometres thick northwest of the fault, and thin rapidly to 4 kilometres
thickness southeast of the fault (Lis and Price, 1976).
Differential subsidence across the Vulcan structure continued in the Phanerozoic,
although the evidence is much more subtle than the doubling of thickness observed in the
Upper Proterozoic succession. Brandley et al. (1996) recognized an abrupt thickness
change in the Lower Carboniferous Mount Head Formation across the Vulcan Low,
which they attributed to differential subsidence across the structure. Zaitlin et al. (2002)
noted an abrupt change in accommodation, lithology, and fluvial style in the Lower
Cretaceous Basal Quartz Formation across the Vulcan structure. Zaitlin et al. (2002)
explained differential subsidence in terms of the contrast between the greater flexural
rigidity of the Medicine Hat Block—over which there was less accommodation—relative
to the less rigid lithosphere of the Loverna Block. Different flexural rigidities also
influenced the position of the foredeep over these basement blocks. The foredeep
overlying the Medicine Hat block was further to the west than that of the Loverna Block,
indicating increased flexure of the Loverna Block relative to the Medicine Hat Block
(Zaitlin et al., 2002).
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Other than Lis and Price (1976), Price (1981), Brandley et al. (1996), and Zaitlin
et al. (2002), direct evidence for influence of the Vulcan structure on sedimentary cover
has rarely been discussed in published literature. Nielsen et al. (2008) mapped the Upper
Cretaceous First White Specks Member in southern Alberta, and producing an isopach
map that recorded an abrupt thickness change with a position and orientation
corresponding with the Vulcan structure (their Fig. 4E). However, they did not relate this
anomaly to a possible basement control.

2.5.2 Rimbey and Lacombe Domains and the Red Deer High
The Paleoproterozoic collision of the Medicine Hat and Loverna Blocks along the
Vulcan structure created the Hearne Province (Ross et al., 1991). The Hearne Province
collided obliquely northwestward with the Rae Province in an orogeny that ended at
approximately 1.78 Ga (Ross et al., 1991). During this collision, the Rimbey domain
formed as a magmatic complex along the length of the subduction zone (Ross et al., 1991,
1995). Synorogenic sedimentary and volcanic rocks accumulated in a foredeep along the
collision zone, and were subsequently metamorphosed, forming the Lacombe domain.
The Red Deer High is an aeromagnetic feature that cross-cuts the Lacombe domain
(Brandley et al., 1996; Hope and Eaton, 2002; Fig. 2.27), and has been interpreted to be
caused by a zone of graphitic metasedimentary rocks within the Lacombe domain
(Boerner et al., 1995).
The Rimbey and Lacombe domains, and the Red Deer High are crustal blocks that
each have different physical properties, and thus respond differentially to stress regimes.
Brandley et al. (1996) recognized that the Lower Carboniferous Mount Head Formation
thinned southward across the Red Deer High, and postulated that the thickness change
was caused by differential subsidence across the domain boundary.

2.5.3 Sweetgrass Arch
The Sweetgrass Arch of southern Alberta and northern Montana consists of three
main components: the northwest striking Kevin-Sunburst Dome, the northeast plunging
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Figure 2.27—Aeromagnetic map of southwestern Alberta and southeastern British
Columbia. High potential field values are shown in red and magenta, median values in
yellow and green, and low values in blue and purple. Basement features are labelled:
MHB, Medicine Hat Block; VL, Vulcan Low; MZH, Matzhiwan High; LB, Loverna
Block; RDT, Red Deer Trend (Red Deer High); LD, Lacombe domain; RD, Rimbey
domain; PA, Purcell anticlinorium. Major geologic features of the Rocky Mountains are
shown for reference: EDB, edge of deformation belt; MC, McConnell thrust; LIV,
Livingstone thrust; RMT, Rocky Mountain Trench. Solid black lines in the southwest
corner of the map are 40 metre contour intervals of the Lower Carboniferous Mount Head
Formation, with the minimum thickness (200 metres) occurring in the northeast, and
thickening southwestward. The Red Deer High is shown here in green and blue,
indicating median to low aeromagnetic values, which contrast with the name ‘Red Deer
High’. The use of the ‘Red Deer Trend’ (sensu Brandley et al., 1996) terminology may
therefore be more appropriate. However, the feature is more commonly referred to as the
‘Red Deer High’ (e.g. Boerner et al., 1995; Hope and Eaton, 2002), so the ‘High’
terminology will be used here. Brandley et al. (1996).
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Bow Island Arch, and the northwest plunging South Arch (Fig. 2.28; Podruski, 1988).
The Bow Island Arch and part of the Kevin-Sunburst Dome lie within the present study
area.
The Sweetgrass Arch has been known to control sedimentation patterns
throughout geologic history, beginning in the Precambrian (see Lorenz, 1982 for review).
Indeed, the Willesden Basin was a distinct feature throughout the Paleozoic history of
North America (Kent, 1994), and thus the Sweetgrass Arch, which defines one edge of
that basin, influenced sedimentation. Mississippian to early Jurassic strata show thinning
over the Sweetgrass Arch, indicating differential subsidence (Michener, 1934). During
the foreland basin phase, the Sweetgrass Arch was an area of uplift or reduced subsidence
as early as the Jurassic (Hayes, 1983). The Sweetgrass Arch influenced deposition
through parts of the Cretaceous, such as the Albian (Arnott et al., 1995), and the
Santonian (e.g. Hankel et al., 1989; Schröder-Adams et al., 1997, 1998). Activity on the
Sweetgrass Arch has not been previously recognized during the Turonian and Lower
Coniacian (i.e. during deposition of the Cardium Formation). However, this is possibly
due to lack of sufficiently detailed studies of this time period, rather than structural
inactivity.
Although the Sweetgrass Arch has long been recognized as an influence on
sedimentation, the rheologic nature of the structure remains enigmatic. The Sweetgrass
Arch may have acted as a hinge line throughout the passive margin phase of the Western
Canada Sedimentary Basin (Lorenz, 1982). Once initiated, differential subsidence over
the Arch may have been enhanced by the accumulation of sediments that formed a static
load (Lorenz, 1982). During the foreland basin phase, the Sweetgrass Arch may have
localized the forebulge (Beaumont, 1981). Lorenz (1982) accepted the forebulge
interpretation, but cautioned that its position relative to the Cordillera requires an
unreasonably low flexural rigidity. However, no alternative interpretation has been
discussed, and the structure remains poorly understood.

2.5.4 Basement Faults Imaged in Cross-section
Cordilleran thrusting is the dominant structural style west of the triangle zone, although
some thrust-related deformation has been recognized up to 65 kilometres east of the
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Figure 2.28—Location of the Sweetgrass Arch. The Sweetgrass Arch consists of the Bow
Island Arch, the Kevin-Sunburst Dome, and the South Arch. There are also numerous
smaller arches and local domes (indicated by crosses on the map) within the area of the
Sweetgrass Arch. Structural contours are in feet. Podruski (1988), after Dobbin and
Erdmann (1955), Tovell (1958), and McLean (1971).
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triangle zone (Skuce et al., 1992). Beyond that point, faulting within the sedimentary
cover is uncommon; where observed, it has been attributed to reactivation of basement
faults (Lemieux, 1999).
The Southern Alberta Lithospheric Transect (SALT) is a seismic-reflection profile
that was conducted as part of Canada’s Lithoprobe geoscience project. It provides a 1450
kilometre long seismic transect that targets the structure and character of the basement of
the Western Canada Sedimentary Basin (Hope et al., 1999). Lemieux (1999) used the
SALT data to map a series of normal faults in the Archean Medicine Hat Block of
southern Alberta (Fig. 2.29 a, b). Although the faults were initiated in the Precambrian
basement, their effect propagated through much of the stratigraphic column. These
reactivated basement faults resemble extensional forced folds (cf. Withjack et al., 1990),
whereby a lower zone of brittle faulting is overlain by a broad zone of related faults and
folds (Hope et al., 1999; Lemieux, 1999). Lemieux (1999) reported offsets and
deformation related to these faults within Upper Cretaceous strata. Most of the faults were
extensional, caused by tension due to plate flexure during loading of the foreland basin.
The faults were interpreted to have formed between the Albian and Campanian, based on
cross-cutting relationships, and thus may have been active during deposition of the
Cardium Formation. One of the faults was interpreted to have undergone inversion during
the Laramide orogeny (Campanian to Eocene), indicating that faults form planes of
weakness that may take up excess strain during subsequent tectonic activity. Alignment
of the faults with dipping reflectors in the Precambrian basement indicates that faulting
was concentrated along pre-existing structural fabrics.
Within the seismic study area of Lemieux (1999), normal faults can be recognized
in structural well log cross-sections (Fig. 2.30). Faults are recognized in structural crosssections by an abrupt structural offset in stratigraphic horizons, and, in the case of normal
faults, removal of some stratigraphic intervals. The position of the cross-section in Figure
2.30 nearly overlies the F5 fault of Lemieux (1999; Fig. 2.29a). The two faults recognized
in Figure 2.30 are probably related to the F5 fault; either one of these may be the master
fault, or they may both be secondary faults associated with the master F5 fault. This
stratigraphic evidence confirms the observations from seismic data.

Figure 2.29a—Location of the Southern Alberta Lithospheric Transect and basement faults in southern Alberta. Faults 1-5
formed as extensional faults in the Late Cretaceous. Fault 1 was subsequently inverted during the latest Cretaceous. The white
box near F5 indicates the position of the cross-section in Figure 2.30. Lemieux (1999).
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Figure 2.29b— Southern Alberta Lithospheric Transect seismic line showing 5 faults. Faults initiate in the basement and continue
into Upper Cretaceous strata. Faults 2 through 5 are extensional. Fault 1 was initially an extensional fault but was subsequently
inverted, and is therefore now compressional. Lemieux (1999).
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Figure 2.30—Structural cross-section with proportional well spacing, and interpreted line
drawing illustrating normal faults cross-cutting the Cardium Formation. Gray shading in
the well log cross-section indicates an interval that is removed in the neighbouring well
by a normal fault. Stratigraphic intervals within each well and are defined based on
flooding surfaces. The stratigraphic correlated in each well pair is represented by a simple
stratigraphic column that was used as the data control for the line drawing. The
interpreted line drawing honours the data in these stratigraphic columns, with minor
averaging in the two most easterly and two most westerly wells to better represent
regional dip. The faults shown in the line drawing occur very near the F5 fault mapped by
Lemieux (1999). One of these faults may be the master F5 fault, and the other a
secondary fault, or both may be secondary faults.
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In addition to the Cretaceous-aged normal and reverse faults recognized by Lemieux
(1999), there are also older thrust faults within the Medicine Hat Block that occurred
during the assembly of the Block during the Archean (Fig. 2.31; Lemieux et al, 2000).
Archean collision of two tectonic domains caused thrusting along a crustal scale ramp and
an associated series of imbricate thrusts. These faults are within the crystalline basement,
and can therefore be mapped using magnetic anomalies. The anomalies continue along
the Medicine Hat Block, but abut against the Vulcan structure. Because the faults formed
prior to the collision of the Medicine Hat Block with the Loverna Block, they are
restricted to the southern Medicine Hat Block do not continue north beyond the Vulcan
structure.

2.5.5 Basement Faults Imaged in Plan View
The Cretaceous faults recognized by Lemieux (1999) in cross-section can be
mapped in plan view by use of the extensive database of industry formation tops from
well logs. Trend surface analysis (TSA) is a geostatistical process used to identify local
variations from a regional trend (Davis, 2002). Trend surface analysis is commonly used
to recognize faults, and improved methods have increased the spatial and vertical
resolution of fault recognition (Mei, 2009). Trend surface analysis was applied in the
present study are using a combination of the methods described by Davis (2002) and Mei
(2009). First, the elevations of industry tops for the Second White Specks were
downloaded from the Geoscout database for an area defined by Townships 1 to 40, and
Range 1W4 to the Alberta/B.C. border. Second White Specks (2WS) is a prominent,
consistently-picked log marker in southern Alberta, and is within the Blackstone
Formation (directly underlying the Cardium Formation). Data points were sorted by
elevation of the 2WS horizon, and the most obvious outliers were manually removed. The
resulting data-set exceeded 141,000 wells. Surfer 8.0, which was used for this TSA, has
difficulty incorporating >65,536 rows in a spreadsheet. In order to take a random subset
of 65,536 points from the entire data-set, all wells were assigned a random number using
the random number function in Excel. Wells were then sorted by this random number,
and the first 65,536 wells were selected for use in the following analysis.
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Figure 2.31—Block diagram showing basement structures recognized in deep seismic
reflection data, and the plan-view orientation of the structures based on magnetic anomaly
mapping. Crustal surfaces (‘CS’) refer to Archean-aged imbricate faults in the Medicine
Hat Block. (Note that these faults are different than those recognized by Lemieux (1999),
and do not intersect the Phanerozoic stratigraphic column.) A crustal-scale ramp east of
the crustal surfaces was the basal detachment zone for the thrusting. Because the faults
occur in the basement, magnetic anomalies mark the surface expression of the faults. The
anomalies—and therefore the faults— abut against the Vulcan structure, because the
Archean faulting in the Medicine Hat Block predates the Paleoproterozoic collision of the
Medicine Hat Block with the Loverna Block. These faults occur east of the present study
area, but the figure illustrates the application of magnetic anomalies in recognizing
basement faults and other structures. It also demonstrates that basement features are
restricted to individual basement blocks, and abut against crustal terrane boundaries.
Lemieux et al. (2000).
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Traditional TSA uses a global polynomial function to model structural elevation
of a surface on a regional scale. The geologist is responsible for determining the order of
the polynomial, with the goal of accurately representing ‘regional’ structure without
including so much detail that the localized structures are not apparent in the residuals
(Davis, 2002). Alternatively, a local polynomial method uses a polynomial function to
interpolate only the area between data points. The local polynomial regression method
better reflects broad irregularities in the structural surface while maintaining a certain
degree of averaging, such that highly localized variations such as faults do not affect the
regional trend (Mei, 2009). Therefore, Mei (2009) suggested that, in a well-studied basin
such as the Western Canada Sedimentary Basin, the local polynomial method best allows
for incorporation of pre-existing knowledge of regional geologic trends. One example of
a geologic feature in this study area is the Vulcan structure. Using the local polynomial
method, the structure map shows a structural low on the western margin that is split by a
narrow zone that is slightly higher than the regional trend (Fig. 2.32a). The position of
this zone corresponds to the Vulcan structure. The feature does not appear on the 2nd- or
3rd-order global polynomial maps (Figs. 2.32b,c), illustrating the importance of the local
polynomial method for accurately representing known geologic features, such as the
Vulcan structure. Because the local polynomial method better represents the regional
structural trends, and based on the recommendation of Mei (2009), the structure map that
was gridded using the local polynomial method in Surfer was used as the basis for
calculating residuals.
A residual value is the difference between a true value at a data point and the
value of the regional grid at the corresponding position. Residuals between the true 2WS
elevations and the local polynomial grid of those points were calculated in Surfer.
Residuals can be gridded using kriging, nearest neighbour interpolation, and inverse
distance weighting (IDW); these methods yield similar results, but with varying degrees
of clarity (Mei, 2009). Indeed, the three methods yielded very similar results when
applied to the residual dataset. Inverse distance weighting was used for the final residual
map (Fig. 2.33) because it is a simple method that closely honours the data points. Mei
(2009) suggests additional processing of the residual map to increase resolution. These
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Figure 2.32—Structure maps of the Second White Specks (2WS) surface in southern
Alberta using a) a local polynomial regression; b) a 2nd-order global polynomial
regression; and c) a 3rd-order global polynomial regression. The global polynomial
algorithm produces very similar results for 2nd- and 3rd-order polynomials. The local
polynomial maintains a greater level of detail than the global polynomial. Variability
along the western margin is maintained by the local polynomial, better reflecting the true
structure. The anomalously high point along the western margin corresponds to the
Vulcan structure, and therefore should be incorporated into the regional map. That the
global polynomial maps do not represent features such as the Vulcan structure is one
reason to discourage their use in TSA. The structural high in the southeast of the map
represents the Bow Island Arch. Maps are based on over 65,000 data points distributed
throughout the study area. The blanked portion of the grid indicates the limit of highdensity data, and thus the confidence limit. Units are in metres above sea-level.
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Figure 2.33—Residual map showing the difference between 2WS elevation and grid
value of the local polynomial structure map in Figure 2.32a. Residual data was gridded
using the inverse distance weighting (IDW) method. Data limits are greater than indicated
on the colour scale, but the colour scale is restricted to the -30 to 30 m range to allow for
recognition of low-magnitude variability. The solid blue band on the west edge of the
map indicates the limit of high data-density and the limit of confidence.
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additional steps were not taken in this analysis because the methods require additional
expertise and software that is beyond the scope of this study. The residual values in
Figure 2.33 form linear features in the southwest portion of the map. This map was
generated using less than half of the data points available. In order to increase detail and
confidence in the southwest area of interest, the above process was
repeated using all of the 25,638 data points located between 49-51°N and 112-114°W
(Fig. 2.34).
When the faults of Lemieux (1999) are superimposed on the residual map, the
linear trends and the faults are both concentrated in the same position (Fig. 2.35). The
position of the faults recognized in a structural well-log cross section (Fig. 2.30) also
corresponds to the position of residual anomalies and faulting. The spatial coincidence of
known faults with the position of the linear-trending anomalous residual values provides
evidence that the residual mapping illustrates the geographic extent and orientation of
faults.
Faults would be expected to form with an orientation parallel to the minimum
stress field of the basin (Bell et al., 1994). When a stress field map is overlain on the
residual map, there is a strong correlation between the orientation of the minimum stress
and the orientation of the trend in the residual map (Fig. 2.36). This correlation adds
confidence to the interpretation that the residual offsets represent faults.
The faults abruptly northward in a position that corresponds to the Vulcan Low
(Fig. 2.35), suggesting that the faults were restricted to the southern Medicine Hat Block.
Lemieux (1999) stated that the faults mapped in seismic sections are controlled by the
location of pre-existing basement weaknesses. Therefore, the transition from one
basement block to another could be expected to strongly influence the occurrence of
faults. This offers an explanation for the abrupt northward disappearance of the faults in
Figure 2.35.
If these faults were active during the deposition of the Cardium Formation, abrupt
thickness changes—caused by differential subsidence rate—would be expected in the
resulting stratigraphy. The orientation and position of the faults in Figure 2.35 will be
compared to isopach maps in Chapter 5 to test the possibility of syndepositional
movement as a control on sedimentation.
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Figure 2.34—Residual map showing the difference between 2WS elevation and grid
value of a local polynomial structure map (not shown). This map focuses on the
southwestern area of interest in Figure 2.33, increasing resolution by incorporating all
data points available in the area. Data limits are greater than indicated on the colour scale,
but the colour scale is restricted to the -30 to 30 m range to allow recognition of lowmagnitude variability. The solid blue band on the west edge of the map indicates the limit
of high data-density and the limit of confidence.
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Figure 2.35—Overlay of residual maps on a basemap of southern Alberta, showing also
the location of tectonic domains and faults recognized by Lemieux (1999). Most of the
area of the residual map represents the regional residual map (Fig. 2.33), but the area
included in the detailed southwestern map (Fig. 3.34) is superimposed in that area of
interest. Grid values at the boundary between the two maps do not overlie exactly because
1) more data were used to produce the detailed inset, and 2) the structure map from which
the residuals were calculated was gridded using a different ‘window’ for the local and
regional cases, and hence may have slight differences. The strong negative anomaly that
extends along the western edge of the map represents the edge of data confidence. The
Vulcan structure overlay is based on aeromagnetic interpretations in Eaton and Ross
(1995; Fig. 2.26). ‘F’ labels correspond to the position of faults in Figure 2.29A, as
mapped by Lemieux (1999). The yellow circle near F5 marks the position of the normal
faults recognized in a structural well-log cross section (Fig. 2.30). Solid lines mark the
position of abrupt offsets in residual values, interpreted to indicate faults. Lemieux (1999)
recognized Faults 2, 3, 4 and 5 as normal faults. Negative residual values on the west side
of these faults are consistent with the normal fault interpretation, because the westerly
block (hanging wall) drops down relative to the easterly block (foot wall). Lemieux
(1999) determined that Fault 1 was initially a normal fault but was subsequently inverted,
and is therefore now a reverse fault. The positive residual values on the west side of this
fault are consistent with the reverse fault interpretation. The slight discrepancy between
the position of faults at surface (as recognized by Lemieux, 1999) and at depth (as
mapped by trend surface analysis) is due to the westward-dipping nature of the faults,
which causes an increasingly-western shift in position of the fault with increasing depth.
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Figure 2.36— Second White Specks residual map with an overlay of the in-situ stress
trends (from Bell et al., 1994). Red lines indicate the orientation of the maximum
horizontal stress (SHmax), and blue lines indicate the minimum horizontal stress (SHmin).
Faults are most likely to propagate along SHmin. The alignment of linear features in the
residual map with SHmin is consistent with the interpretation of these features as faults.
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CHAPTER 3— SHALLOW MARINE PROCESSES AND DEPOSITION OF THE
CARDIUM FORMATION
3.1 Introduction
The term facies, as used in this thesis, was defined by Walker (1979) and
reiterated by Dalrymple (2010) as: “. . . a body of rock characterized by a particular
combination of lithology, physical and biological structures that bestow an aspect
(‘facies’) different from the bodies of rock above, below, and laterally adjacent”. Facies
can refer either to a set of rocks with common characteristics (e.g. “a hummocky-crossstratified sandstone facies”) or an interpreted depositional environment (e.g. “an upper
shoreface facies”). Sediments often exhibit gradational changes in facies, either vertically
or laterally. If a series of facies is observed repeatedly in a vertical series, it is defined as a
facies succession.
Facies are better understood if they are considered in a stratigraphic context.
Although new allostratigraphic correlations are not presented until Chapter 4, reference is
made in this chapter to outcrops described in Chapter 4, in order to aid in the
understanding of facies and facies relationships.
3.2 Review of Shallow Marine Processes on a Storm-Dominated Shelf
Plint (2010) reviewed the terms used to describe shallow marine shelf
environments (Fig. 3.1). The foreshore is the zone above low tide, and is dominated by
the energy of breaking waves. The shoreface is the zone below the low tide line that is
characterized by a relatively steep gradient (~0.3º) and is frequently subjected to waves;
the height of the shoreface is typically 5 to 10 metres. The shoreface passes seaward into
the offshore zone, which is affected by storm waves where it is within storm wave base.
The depth of storm wave base varies based on the wavelength of the waves (Plint, 2010).
Storm-dominated shelves are common in the rock record, and 80% of modern
shelves on continental margins are storm-dominated (Swift and Thorne, 1991). Waves
created during storms play an important role in shelf sedimentation. Waves create an
oscillatory flow that changes in strength and character across the shelf profile. When
water depth exceeds wave base, there is no oscillatory movement on the seafloor. As
water depth shallows landward, small wave orbitals touching the seafloor create
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Figure 3.1—Profile of a shallow marine shelf, locating physiographic divisions,
generalized facies, and wave base. Plint (2010).

Figure 3.2 — Wave processes in shoaling water during fair-weather. As water becomes
increasingly shallow, wave orbitals become increasingly asymmetric, with short, strong,
landward-directed flows preferentially transporting coarser material towards the shore.
Plint (2010).
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symmetrical oscillatory flows (Fig. 3.2). In shallower water, orbitals increase in diameter
and become strongly asymmetric, with a short, strong, landward directed flow (Clifton,
2006). The asymmetry is responsible for the preferential landward transport of coarsegrained material. When waves enter the surf zone, frictional drag at the sea-bed causes
waves to break, generating high shear-stress flows (Clifton, 2006).
Sedimentary structures provide evidence for paleohydraulic conditions. The
stability of individual bedforms is largely dependent on grain size, flow strength, and
flow type (unidirectional or oscillatory). Bedform stability diagrams are well understood
for unidirectional flows (Southard and Boguchwal, 1990; Fig. 3.3). The stability of
structures formed by oscillatory flows has also been studied (Arnott and Southard, 1990;
Southard et al., 1990), but details of the interaction of unidirectional and oscillatory flows
(combined flows) have only recently been appreciated (Dumas et al., 2005; Fig. 3.4).
During combined flows over a bed of very fine- to fine-grained sand, symmetrical
bedforms develop when the unidirectional component of the flow is weak (approximately
<15 cm/s; Dumas et al., 2005). When the unidirectional component exceeds 15 cm/s,
asymmetrical bedforms develop (asymmetrical ripples in the case of fine-grained sand;
Fig. 3.4). Hummocky cross-stratification (HCS) develops as an intermediate between
other bedforms, occurring under conditions of high oscillatory velocities (50-90 cm/s)
with very weak unidirectional flows (<5 cm/s; Fig. 3.4; Dumas et al., 2005; Dumas and
Arnott, 2006). HCS is recognized by gently dipping (<15°) undulating beds with
wavelengths of ~1 metre and decimetre-scale heights (Fig. 3.5A; Harms et al., 1975;
Cheel and Leckie, 1993). Three-dimensional domes and scours are typical of HCS, and
the structure is typically geometrically isotropic (Harms et al., 1975). The structure is
more readily developed under long period waves and in very fine- to fine-grained sand
(Dumas et al., 2005). Therefore, HCS is most commonly generated by high-energy waves
on open shelves where long period waves can form (Dumas et al., 2005). HCS beds are
separated by mudstone beds or thin mud drapes that were deposited during fair-weather.
Swaley cross-stratification (SCS) was defined by Leckie and Walker (1982) as “a
series of superimposed concave-upward shallow scours, about 0.5-2 m wide and a few
tens of centimetres deep” (Fig. 3.5B). Basal surfaces are erosive, and laminae within an
individual scour flatten upward (Leckie and Walker, 1982). SCS and HCS form under
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Figure 3.3—Bedform stability diagram for unidirectional flow. Southard and Boguchwal
(1990).

Figure 3.4 — Bedform stability diagrams for conditions combining oscillatory and unidirectional flows. Small and large
ripples have wavelengths of <20 cm and >100 cm respectively. The transition between small and large ripples is abrupt,
and no intermediate wavelength ripples form; the hydraulic mechanism for this transition is poorly understood .
Hummocky cross-stratification (indicated by gray shaded regions) forms when strong oscillatory flows are coupled with
weak unidirectional flows, and occurs as an intermediate phase between other bedforms. HCS more readily forms under
long period oscillatory flows (Figs. A and C). Dumas et al. (2005).
111

112

Figure 3.5— Summary block diagrams of hummocky cross-stratification and swaley
cross-stratification. A) HCS consists of gently dipping (<15º) undulating beds with
wavelengths of ~1 m and dm-scale thicknesses. B) SCS is characterized by a series of
scour-and-fill structures, 0.5-2 m wide and 10’s of cm deep. Laminae flatten upwards
within each scour-fill. Dumas and Arnott (2006), based on Harms et al. (1975) (Fig. A)
and Leckie and Walker (1982) (Fig. B).
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similar combined flows conditions; the difference in resulting structure is related to
aggradation rates. SCS is preserved under low aggradation rates (~1 mm/min) whereas
HCS occurs when aggradation rates are greater (Dumas and Arnott, 2006). Whereas HCS
beds are separated by mud drapes, SCS generally lacks mudstone entirely (Leckie and
Walker, 1982).
HCS and SCS are common in very fine- to fine-grained sandstone, but these
structures are not stable in medium-grained sand and coarser-grained sediments. Under
the hydraulic conditions that produce HCS and SCS in fine-grained sand (high oscillatory
velocities and very weak unidirectional flows), medium-grained sand forms wave ripples
(Leckie, 1988). Coarse-grained ripples have steeper slopes and longer wavelengths than
their fine-grained counterparts (Cummings et al., 2009). It is hypothesized that under very
high oscillatory velocities (~200 cm/s), coarse-grained ripples become unstable and are
replaced by planar lamination (Clifton, 1976). However, such high velocities are difficult
to reproduce in experimental wave tunnels, making this hypothesis difficult to confirm
(Cummings et al., 2009). Given that coarse-grained sand and gravel typically move no
more than 5-10 km from river mouths (Plint, 2010), most sandy shelves are dominated by
very fine- to fine-grained sand and sandstone, as is the case in the Cardium Formation.
Therefore, the following discussion of structures across a shelf profile will focus on a
shelf dominated by very fine- to fine-grained sand.
Wave-induced sedimentary structures on shelves dominated by fine-grained sand
develop in a predictable onshore-to-offshore succession (Fig. 3.6A; Dumas and Arnott,
2006). Planar lamination forms in the surf zone, where high shear stress, induced by
breaking waves, exceeds the threshold for dunes or ripples (Clifton, 1976; Fig. 3.3).
During fair-weather conditions in the zone influenced by asymmetrical waves (Fig. 3.2),
large-scale high-angle cross-stratification (dunes) forms in response to a strong landward
unidirectional flow. As waves become less asymmetrical offshore, smaller symmetric
wave-orbitals are responsible for the generation of wave ripples (Clifton, 1976). Beyond
the limit of fair-weather wave base, sand is not transported under fair-weather conditions
and deposition of suspended mud occurs.
During storms, the shelf profile changes in response to the modified hydraulic
conditions (Fig. 3.6B). Strong landward-directed surface waves cause a build-up of water
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Figure 3.6 — Onshore to offshore profile of a wave-influenced shelf dominated by very
fine- to fine-grained sand. A) During fair-weather, planar lamination forms under highvelocity flows caused by breaking waves in the surf zone. Large-scale high-angle
stratification (dunes) forms seaward of the surf zone due strong unidirectional flows.
These flows may either be directed landward, due to the increasing asymmetry of waves
in shallowing water, or directed seaward, as rip-currents. Where the oscillatory flow
becomes more symmetrical in deeper water, wave-ripples form. Beyond the limit of fairweather wave influence, mud deposition and preservation can occur. B) During storms,
SCS and HCS form above storm wave-base in response to strong oscillatory flows and
weak unidirectional flows. The deepening of wave-base causes mudstone preservation to
shift further offshore. Dumas and Arnott (2006).
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near the shoreline, creating a coastal set-up and a hydraulic gradient (Duke, 1990). The
hydraulic gradient drives the seaward transport of bottom-water, thus reversing the net
sediment transport direction relative to fair-weather conditions. Dunes continue to form in
nearshore settings, but in this case, cross-stratification dips seaward, recording the flow
reversal (Duke, 1990). Further offshore, the strength of the unidirectional flow decreases
relative to the oscillatory component, and SCS and HCS become the stable bedforms.
SCS occurs higher on the shoreface, because stronger wave conditions limit the
aggradation rate (Dumas and Arnott, 2006). Further offshore, HCS is the predominant
bedform. HCS may become anisotropic when there is a minor unidirectional component
to flow (Dumas and Arnott, 2006).
Storms are very important for sediment dispersal away from river mouths and
across shelves, even though they are only active for short periods of time. The hydraulic
gradient resulting from coastal set-up is responsible for the offshore transport of bottomwater and sediment during storms (Swift et al., 1986; Duke, 1990). Wave action causes
oscillatory movement of water at the seabed, producing scours oriented approximately
perpendicular to shore (Fig. 3.7). However, as the flow moves basinward, the Coriolis
force modifies the offshore flow, deflecting the current to the right in the northern
hemisphere and resulting in shore-parallel to shore-oblique net transport of water and
sediment. Such longshore flows are called geostrophic flows (Swift et al, 1986). Thus,
although scours and nearshore dunes show the instantaneous flow direction to be shore
perpendicular, the orientation of long-term transport structures further from the shoreline
is actually shore parallel (Duke, 1990).

3.2.1 Mud Transport on Shallow Shelves
Thus far the discussion of sedimentary structures and transport processes has
focused on sand; mud has been considered only in the context of suspension settling
below wave base (Fig. 3.6). However, the offshore transition from sand-rich to mud-rich
facies does not necessarily represent a deepening of the bathemetric profile to a depth
below storm-wave base. Recent work has demonstrated, both experimentally and in the
record of ancient mud-rich shelves, that mud deposition commonly does not occur by
suspension settling in calm, deep water (e.g. Macquaker and Bohacs, 2007; Schieber et al.,
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Figure 3.7— Development of a geostrophic flow. Landward- directed surfaces waves
cause coastal set-up, which creates a hydraulic gradient that drives bottom-waters
offshore. The Coriolis force deflects the flow to the right (in the northern hemisphere),
producing a shore-parallel to shore-oblique geostrophic flow. Oscillatory motion at the
wave-boundary layer produces scours oriented shore-perpendicular, whereas the net
transport of sediment is shore-parallel to shore-oblique. Plint (2010), based on Swift et al.
(1986) and Duke (1990).
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2007; Varban and Plint 2008a; Plint et al., 2009; Plint et al., submitted). Mud may be
transported instead as aggregates, behaving hydrologically as silt- and sand-sized grains.
Mud aggregates can form by three main processes: 1) coagulation of mud by electrostatic
forces, enhanced by saline water conditions; 2) biogenic aggregation in the form of fecal
pellets from filter-feeding organisms; and 3) the bonding of individual particles by
organic material (Hill et al., 2007).
These three processes are responsible for the removal of suspended mud from the
water column, usually occurring within kilometers of river mouths (Drake, 1976).
Although mud is removed from suspension, it can remain in motion in the form of a
bottom nepheloid layer— a thin, turbid layer with increased suspended-sediment
concentration (Drake, 1976; Hill et al., 2007 for review). Semi-consolidated mud
aggregates can also be eroded off the sea-floor as mud-clasts and transported as bedload
(Schieber et al, 2010). In these forms, mud may continue to be transported by marine
processes. One type of marine mud transport is gravity-driven underflows (Friedrichs and
Wright, 2004; Traykovski et al., 2007), including wave-enhanced sediment gravity flows
(WESGFs; Macquaker et al., 2010a). Gravity underflows involve the down-slope
transport of a suspended nepheloid layer, and can occur on gradients as low as 0.03° (0.5
m/km; Friedrichs and Wright, 2004; Bhattacharya and MacEachern, 2009). These slopes
are insufficient to generate autosuspension, so the bottom nepheloid layer must be
maintained by wave suspension during storms (Bhattacharya and MacEachern, 2009).
As an alternative to gravity-driven flows, wave resuspension of the bottom
nepheloid layer may allow along-shore currents and combined flows to drive advection
oblique or parallel to the shoreline (Varban and Plint 2008a). Repackaged mud, behaving
hydrologically as sand or silt grains, may be difficult to resuspend for long periods of
time without sustained wave energy. When storm waves cause resuspension of grains,
combined flows may cause net transport oblique to shoreline, the same mechanism by
which sand grains are transported (Plint et al., in press). Horizontal advection of mud
floccules is likely on very low-gradient slopes (less than the 0.03° required for gravity
driven flows), where the force of gravity is insufficient to direct flows down-dip.
With fine-grained aggregates acting hydrologically like silt and sand, some
stratigraphic features in mud-dominated successions may be similar to those found in
sand-dominated strata. In particular, muddy clinoforms have been recognized in both the
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ancient (Nielsen et al., 2003; Plint et al., 2009) and modern record (Nittrouer et al., 1996;
Cattaneo et al., 2007; Liu et al., 2007). Clinoforms develop in mud-dominated settings
when the prodelta bathymetry drops below effective wave base, thus eliminating the
wave-resuspension required to transport mud floccules (Plint et al., 2009). Accumulation
of mud at the toe of the clinoform is limited by long-shore bottom currents that ‘sweep’
the toe clear, building a clinoform that progrades primarily along shore, rather than
seaward (e.g. Cattaneo et al., 2007; Liu et al., 2007; Fig. 3.8). In a study of the Upper
Cretaceous Dunvegan Formation of Western Canada, clinoforms were interpreted to be
relatively steep and short in settings where accommodation rate was high and water was
relatively deep (Plint et al., 2009). As accommodation rate decreased and water became
shallower, clinoforms became longer and the clinoform slope decreased.
Fine-grained deposits do not always form clinoforms, and may instead have a
tabular geometry. Many examples of these parallel stratified, fine-grained deposits are
interpreted to have formed within storm wave base, based on sedimentary structures such
as wave ripples and gutter casts (Varban and Plint, 2008a). Contrary to the long-held
belief that horizontally stratified mudstones were deposited in deep water, Varban and
Plint (2008a) proposed that this geometry is in fact the result of relatively shallow water
that precluded the development of clinoform geometries. This limiting depth was called
the ‘mud accommodation envelope’, and was originally interpreted to have lain at depths
of approximately 20 to 40 metres in the Western Interior Seaway (Varban and Plint,
2008a), although recent research indicates that the mud accommodation envelope
probably extended to 70 metres depth (Plint, submitted). Above the wave accommodation
envelope, storms were responsible for frequent resuspension of the bottom nepheloid
layer and bedload transport of mud-aggregates. In this case, horizontal advection
dominated, and clinoform geometries did not develop (Varban and Plint, 2008a; Plint et
al., in press). Clinoforms may therefore be attributed to deeper water conditions, where
WESGFs or other gravity-driven processes are responsible for down-slope transport of
mud below storm wave base (Plint et al., 2009). A modern example of this scenario is
provided by the muddy delta of the Amazon River, where mud is advected by along-shore
currents while within wave base (Nittrouer et al., 1996). Where the delta
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Figure 3.8— Accumulation of a shore-parallel mud wedge in a subaqueous delta. Waves
cause resuspension of mud, which is transported shore parallel by geostrophic flows and
along-shelf currents. The top of the subaqueous delta is limited by wave base. Mud
transported off the wedge falls below wave-base and is deposited as a clinoform that
downlaps onto a condensed section. Plint (2010), based on Cattaneo et al. (2003, 2007;
western Adriatic Sea) and Liu et al. (2007; East China Sea).
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extends below wave base, submarine muddy clinoforms dip seaward to depths of 70
metres, and deposition is dominated by gravity processes.
Although mud deposition is now understood to occur in shallow water settings, an
offshore transition from sand-dominated facies to mud-dominated facies is still observed.
Sand grains are typically composed of quartz, which has a density of 2,600 kg/m3,
whereas flocculated mud-aggregate grains, which are largely composed of water, and
rarely exceed 1,100 kg/m3 (Manning et al., 2010). The density contrast between sand
grains and mud-aggregate grains may be responsible for the sorting of these particles
along the sediment transport pathway.

3.2.2 Diagenesis of Mudstone
Diagenetic minerals, particularly pyrite and siderite, provide evidence of the
relative redox conditions in the water column, and in the pore waters during early burial.
In the presence of reducible ferric iron (FeIII), FeS is produced, which may then be
converted to FeS2 (pyrite) during further burial. This process produces framboidal pyrite.
Euhedral pyrite crystals form directly from the reaction of FeO(OH) and HS-, skipping
the monosulphide step (Raiswell, 1982). Iron monosulphides are usually associated with
organic matter, whereas direct pyrite formation is usually related to the presence of
abundant iron oxides (Raiswell, 1982; Taylor and Macquaker, 2000). Therefore, euhedral
pyrite may represent times of high sediment supply causing dilution of organic material,
whereas framboidal pyrite may indicate times when sediment supply was diminished,
thus increasing the relative proportion of organic material, such as may occur during
transgression (Taylor and Macquaker, 2000).
Due to the need for bacterial sulphate reduction to provide free sulphide, the
presence of pyrite has historically been considered as evidence of deposition below an
anoxic water column (Berner, 1970). However, recent research has shown that sulphatereducing bacteria can establish reducing conditions in pore fluids a few millimeters below
the sediment-water interface, and that pyrite can indicate pore water anoxia, as opposed to
water column anoxia (Schieber, 2009).
Although sulphate reduction is a significant diagenetic process, iron reduction
may be the primary control in settings with high concentrations of ferric iron (FeIII); such
conditions may exist in areas with high rates of mud supply, such as at the mouth of the
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Amazon River, or the Gulf of Papua (Aller et al., 1986; Aller et al., 2004). A high iron
oxide concentration inhibits sulphate reduction by causing the preferential reduction of
iron, rather than sulphate, through more efficient metabolic pathways (Lovley and
Phillips, 1986). The relative concentration of reduced iron is therefore increased, and the
reduced sulphide concentration is decreased. As pore waters become enriched in reduced
iron (FeII), and in the absence of sulphide, iron-rich, non-sulphide phases can be
precipitated, including iron carbonates such as siderite.
The abundance of siderite in the Cardium Formation may therefore be attributed
to times of high concentrations of reduced iron. Such conditions are related to low clastic
sediment accumulation rate (although not necessarily low supply) and extensive sediment
reworking over long periods of time, which promotes frequent oxidation-reduction cycles
(Macquaker and Taylor, 1996; Taylor et al., 2002). These conditions can be met during
transgression, when the sea-floor is sediment-starved, or during relative sea-level fall,
when sediment accumulation rates on the shelf may be low due to sediment bypass
(Macquaker and Taylor, 1996; Taylor et al., 2002; Macquaker and Jones, 2003).
Therefore, beds with abundant siderite nodules or continuous siderite bands may
represent important events in the relative sea-level history. This relationship was studied
by McKay et al. (1995), who proposed that discrete bands of siderite nodules may
indicate a depositional hiatus coupled with early diagenesis. However, McKay et al.
(1995) recognized that siderite nodules are also common in the upper part of sandierupwards successions, and proposed that increased permeability in coarser sediments
provided a pathway for diagenetic pore waters, thereby increasing the abundance of
siderite.
Hart et al. (1992) used siderite geochemistry to corroborate relative sea-level
change inferred from physical stratigraphic evidence in the Cardium Formation. Hart et al.
(1992) showed that the degree of substitution of Mg and Ca for Fe in siderite, and oxygen
isotope geochemistry can both be helpful in understanding role of relative sea-level
changes in siderite precipitation. Extensive Mg and Ca substitution, and enriched δ18O
values are typical of marine siderites. As freshwater influences become greater, these
parameters move towards the opposite extreme. Therefore, Hart et al. (1992) showed that
the geochemistry of siderites in the Cardium Formation can be used to support
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interpretations of relative sea-level history based on sedimentology and stratigraphic
stacking patterns.
The redox and sediment supply conditions that control pyrite and siderite
formation are also relevant to the preservation of organic matter. Most mudstones contain
between 0.2% and 1.65% total organic carbon (TOC; Tissot and Welte, 1984), but some
mudstones far exceed this value. Historically it was thought that enhanced preservation of
organic material in marine mudstones indicated anoxic conditions in the water column;
anoxic conditions were in turn interpreted as evidence that these mudstones were
deposited in deep water. However, the understanding of organic-rich mudstones has
progressed recently, with several alternative mechanisms being proposed, some of which
are compatible with observed wave-generated structures (Macquaker et al., 2010a) and
benthic faunal traces (Schieber, 2009) in organic-rich mudstones.
In a review, Katz (2005) outlined three main ways of preserving high levels of
organic matter near the sediment-water interface: 1) enhanced productivity in the photic
zone due to abundant nutrients, usually made available by marine upwelling or high rates
of fluvial input; 2) enhanced preservation by anoxic or dysoxic conditions in the water
column or in pore waters; and 3) changes in sedimentation rate, which affect the rates of
organic dilution and burial.
These mechanisms are complex, and they probably do not act independently. For
example, Macquaker et al. (2010b) suggested that large amounts of organic matter may
be produced in pulses due to nutrient influx and algal blooms. The organics are packaged
as aggregates and fecal pellets, and therefore settle very quickly (days or weeks, rather
than years), reducing the duration of exposure to the oxic water column. The aggregates
also develop anoxic or dysoxic microenvironments internally or in the immediate vicinity
of the organic particle, further enhancing preservation. The aggregates may then be buried,
or transported as bedload on a wave-influenced, oxic seafloor. Pulses of rapid organic
production, which overwhelm the biodegradation system, combined with physical
pelleting, is a likely mechanism for preservation of large volumes of organic material,
even in a shallow, well-circulated basin. Preservation may further be enhanced by brief
periods of anoxia or dysoxia in the lower water column associated with the abundant
organic supply, although this is not a requirement.
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The role of sedimentation rate is also contentious—there are arguments that an
increased sedimentation rate can both increase and decrease organic preservation. Rapid
sedimentation increases the burial rate, reducing the time that organic matter is exposed to
oxidizing conditions on the seafloor, and therefore increasing organic preservation
(Coleman et al., 1979). However, high sedimentation rates also cause dilution of organic
material, and can therefore decrease organic content (Loutit et al., 1988). Tyson (2000)
proposed that sedimentation rate enhances preservation up to a critical threshold rate,
beyond which the dilution effect exceeds the benefit of increased burial rate.
Total organic carbon measurements for the mud-rich facies of the Cardium
Formation in southern Alberta and Montana are <1.5% (Nielsen et al., 2008). Thus,
organic carbon is preserved only in ‘background’ levels and does not require an
explanation of special redox conditions or microenvironments. However, variability of
TOC values in mudstones of the Cardium Formation may be related to changes in the
physio-chemical parameters described above.
3.3 Facies of the Cardium Formation
A facies scheme developed for the Cardium Formation by Walker (1983c),
Walker (1985) and Plint and Walker (1987) describes twenty-two facies. For the purpose
of the present study, a simplified facies scheme will be used, describing only 8 main
facies. The equivalency of the present facies to previously defined facies is presented in
Table 3.1.

3.3.1 Facies 1: Thinly-bedded mudstone
Thinly-bedded mudstone of Facies 1 has variable proportions of clay and silt, but
generally lacks sand (Fig. 3.9). However, rare siltstone or very fine-grained sandstone
beds may be preserved on a centimetre- to millimetre-scale, and may have scoured bases
and wave- or combined-flow ripples (Fig. 3.10). Facies 1 forms units between 1 and 30
metres thick, is found directly above flooding surfaces, and is overlain by Facies 2 or 3.
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Table 3.1— Comparison of facies from this study to the facies of Walker (1983c; Facies
1-8) and Plint and Walker (1987; Facies 15-22). Facies 9-14 of Walker (1985) are not
included in this table because they are not observed outside of the Ricinus oil field in
which they were defined. Facies 18-22 of Plint and Walker (1987) are not included in this
table because they describe non-marine facies that were not observed in the present study.
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Figure 3.9— Facies 1 thinly-bedded mudstone in the lower Raven River Member in core
6-34-30-8W4. The photo emphasizes an apparent lack of variability within Facies 1.
However, on a smaller scale, (e.g. Figs. 3.10, 3.11), facies variability is evident. Scale bar
subdivisions are 1 cm. Location of inset is shown by dashed box. Younging direction is
up and to the right.
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Figure 3.10— A) Lenticular, wave- and combined-flow-rippled bed of very fine-grained
sandstone in Facies 1. Interval is from core 1-24-16-5W4, 544 m depth, 1 m above E1.
Light-coloured, mm-scale, graded silt beds are interpreted as storm beds. Also indicated
are a shell fragment and two examples of silt-filled burrows. Low-intensity bioturbation
such as this is evident in core, but difficult to recognize in outcrop. Large subdivisions
(black and white bars) of the scale bar indicate cm. Core is younging up. B) Interpreted
line drawing of the sand bed, drawn at 1.5x. Base of bed is (?)scoured, then covered with
wave-rippled sand which onlaps the basal surface of the bed. Asymmetrical combinedflow ripple lamination then progresses from left to right across the wave ripple.
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The thin bedding and fine grain-size of Facies 1 make the sedimentology difficult
to characterize further in hand specimen. However, examination of this facies in thin
section reveals interbedded clay-rich and silt-rich beds on a millimetre-scale, with ripples,
erosional truncation, and bioturbation (Fig. 3.11). Inoceramid bivalves and ammonites,
usually fragmented but sometimes intact, may be present in Facies 1.
Siderite is common in some intervals of Facies 1, occurring as discrete nodules
10-50 centimetres in diameter, or as continuous bands (Fig. 3.12). Pyrite may be present,
commonly disseminated or rarely as discrete nodules (Fig. 3.13). Gypsum may be present
on the surface of pyrite-bearing outcrops, due to the oxidation of sulphide (e.g. pyrite) to
sulphate under meteoric conditions (Fig. 3.14). Finally, some intervals are dark, lacking
siderite or pyrite.
Facies 1 has a high radioactivity on gamma ray logs (determined by core-to-welllog calibration), primarily due to the abundance of clay minerals. The radioactivity can be
increased further by a high organic content. Organic rich (>2% TOC) zones are rare in the
Cardium Formation, especially when compared to the organic-rich shale of the underlying
Blackstone Formation or the overlying Niobrara (Muskiki) Formation (Nielsen et al.,
2008). Nonetheless, some zones contain more organic material than others, and these
variations are recorded in the gamma ray log.
Volcanic ash beds, or bentonites, are sometimes observed within Facies 1 (Fig.
3.15). Bentonites are generally thin, reaching a maximum thickness of 30 centimetres at
the Ferdig type section, but more commonly <2 centimetres thick. They are clay-rich, and
are grey to pale yellow in colour.
Interpretation—The lack of sand in Facies 1 indicates deposition far from the sanddominated shoreline. The presence of bioturbation and millimetre-scale silt ripples
indicates that this facies was deposited within effective storm wave base (estimated to be
~70 metres depth for silt and ~40 metres depth for sand in the Western Interior Seaway;
Plint, submitted). Therefore, mudstone deposition probably did not occur by suspension
settling in quiet water, but rather by horizontal transport of silt-sized mud aggregates in a
higher-energy setting. As will be demonstrated in Chapter 4, clinoform geometry is not
seen in Cardium mudstone units in the present study area, so Cardium mudstone may be
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Figure 3.11— Facies 1 thinly-bedded mudstone in thin section. Slide was scanned on a
flatbed scanner with backlight. Light coloured beds are silt-rich, whereas dark coloured
beds are mud-rich. Graded beds (G) are interpreted as storm deposits. B = bioturbation.
Thin section from core 13-20-17-7W4, 552.5 m depth, 11 m above E6.5.
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Figure 3.12—Bands of siderite nodules in Facies 1 thinly-bedded mudstone between E1
and 1a in outcrop at Horseshoe Dam. Hammer for scale. Younging direction indicated by
arrow.
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Figure 3.13—Pyrite in Facies 1 mudstone at E2 in core 16-23-10-28W4, depth 2291 m.
Pyrite often exists only on a microscopic scale, and is recognized only as a rusty
weathering in outcrop. However, in this core, pyrite crystals are unweathered and have
grown together into macroscopic masses. Core is younging up.
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Figure 3.14— Rusty weathering of Facies 1 at Horseshoe Dam between E1 and 1a,
caused by the weathering of pyrite. Gypsum (which gives the white colour to the surface)
is also formed by the breakdown of pyrite under meteoric conditions. Arrow indicated
younging direction.
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Bentonite

Figure 3.15A— Bentonite in Facies 1 at Sheep River, 2 m above E7. The bentonite has a
light colour and soft texture. A hand-held gamma ray spectrometer would give a very
high reading on this bed, due to high levels of uranium, thorium, and potassium. Arrow
indicates younging direction.
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Figure 3.15B— Bentonites (indicated by light coloured beds) in Facies 1, above E7 in
core 13-20-17-7W4, 544-541 m depth. These bentonites give high gamma ray readings on
the corresponding well log. Core is younging up and to the right.
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interpreted to have been deposited within the mud accommodation envelope, which
existed to depths of ~70 metres in the Western Interior Seaway (Plint, submitted). Facies
mapping, discussed in Chapter 5, indicates that significant volumes of sand (i.e. volumes
sufficient to deposit sandstone) were transported a maximum of 150 kilometres offshore
across the Cardium shelf. Varban and Plint (2008a) determined that silt moved up to 200
kilometres offshore across the Kaskapau shelf; a similar value would be reasonably
expected for the Cardium Formation. Therefore, based on the general lack of sand, and
limited amount of silt in Facies 1, thinly-bedded mudstone probably represents
deposition >150 kilometres offshore, and rarely >200 kilometres offshore.
Mudstone with bed thickness of <10 millimetres has traditionally been described
as ‘laminated’ (e.g. Pettijohn, 1975; Blatt et al., 1980; Potter et al., 1980; Blatt, 1992).
However, a ‘bed’ represents a single depositional event, whereas ‘lamination’ reflects
phases within that event (Pettijohn, 1975). Published interpretations of mudstone in thinsection has demonstrated that units that have traditionally been called ‘laminae’ often
represent distinct depositional events (e.g. storms), and thus fit the definition of a ‘bed’
(Macquaker and Adams, 2003). Given that millimetre-scale variations in silt and clay
content observed in this study have been interpreted to represent storm deposits,
mudstone of Facies 1 is best described as thinly-bedded rather than laminated. In contrast,
the internal structure of a single millimetre- to centimetre-scale wave-rippled bed (e.g. Fig.
3.10) could be described as laminated.
The apparent lack of bioturbation in Facies 1 is partially due to the small grain
size, and lack of grain size variability that provides textural contrast necessary for the
recognition of specific trace fossils. In thin section, bioturbation is evident (Fig. 3.11),
although traces are small. Low bioturbation intensity and smaller-than-normal traces
(referred to as ‘diminutive’ traces) may be caused by stressed physio-chemical conditions,
such as reduced salinity or lowered oxygenation (MacEachern et al., 2010). However, a
systematic analysis of trace fossil types and sizes would be required before ichnofossils
could be identified as diminutive. The presence of aerobic benthic fauna (e.g. inoceramids)
within Facies 1 indicates normal salinity and oxygenation, so a physio-chemically
stressed environment may not be the reason for the reduced bioturbation intensity.
Based on the discussion in Section 3.2.2, the pyrite-bearing zones of Facies 1 do
not necessarily represent deposition beneath an anoxic water column. On the contrary, the

135
wave-formed sedimentary structures and the presence of aerobic benthic fauna such as
Inoceramid bivalves suggest that Facies 1 sediments were deposited beneath a wellcirculated, oxygenated water column.
Bentonites are volcanic ash beds (composed primarily of altered clay minerals
such as smectite; Bloch et al., 2002) that were deposited in the sea following a volcanic
eruption. The chance of preservation of an ash bed is diminished in a high-energy,
nearshore setting as a result of wave reworking and clastic dilution. Bentonites are
therefore more common in distal, lower-energy settings that have a lower rate of sediment
supply and wave reworking, such as the depositional environment of Facies 1.
Bentonites are useful because they contain zircon crystals that may be used for
radiometric dating. Bentonites also have elevated levels of natural radioactivity due to
high concentrations of uranium and potassium relative to most marine sediments.
Therefore, bentonites produce very high readings on gamma ray logs, and can be useful
as a correlation tool in the subsurface, and in correlating outcrop sections to wireline logs.

3.3.2 Facies 2: Bioturbated siltstone
Bioturbated siltstone of Facies 2 consists of variable proportions of clay and silt,
although it generally contains more silt than Facies 1. The siltstone lacks primary
lamination and is distinguished by a blocky, rubbly texture in outcrop (Fig. 3.16). Facies
2 forms units that are up to 10 metres thick. It occurs directly above flooding surfaces or
above Facies 1, and is overlain by Facies 3 or 4. Specific trace fossils are difficult to
identify in outcrop because of weathering and the fine grain size.
Inoceramid bivalves and ammonites may be found in Facies 2, usually fragmented
but sometimes intact; ammonites are commonly sideritized. Siderite is common in Facies
2, and occurs as discrete nodules 10-50 centimetres in diameter, or as continuous bands.
Disseminated pyrite may also be present in Facies 2, recognized in outcrop by a rusty
surface weathering.
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T4
Figure 3.16— Facies 2 bioturbated siltstone at the base of the Raven River Member in
outcrop at Sheep River. The ‘rubbly’ texture is typical of Facies 2 in outcrop because
bedding is largely disturbed by bioturbation. The siltstone is underlain by conglomerate,
the top of which marks the T4 surface. Section is younging upwards. Notebook is 18 cm
long.
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Interpretation—The rubbly texture of Facies 2 is interpreted to be the result of intense
bioturbation. The few shoreline-distal exposures available in this study make it difficult to
interpret the offshore transport distance of silt, as opposed to clay. However, Varban and
Plint (2008a) interpreted that silt in the Kaskapau Formation (directly underlying the
Cardium Formation) was not transported >200 kilometres offshore; a similar value could
reasonably be expected for the Cardium Formation. Therefore, the presence of silt but not
sand in Facies 2 indicates deposition approximately 150 to 200 kilometres offshore. The
lack of primary sedimentary structures makes the determination of wave influence
difficult. However, based on the stratigraphic position of Facies 2 between Facies 1 and
Facies 3, both of which contain evidence for storm influence (e.g. wave ripples), it is
inferred that Facies 2 was also deposited within storm wave base. The presence of
abundant burrowing benthos and an aerobic benthic fauna such as inoceramid bivalves,
confirms that Facies 2 was deposited in a well-circulated, oxygenated environment.
Facies 2 may appear more bioturbated than Facies 1 because the coarser grain-size
and greater textural variability make bioturbation more evident in hand sample. The
difference may also be related to changes in environmental conditions, such as salinity
and rate of sediment supply (Section 3.4.1).

3.3.3 Facies 3: Interbedded sandstone and mudstone
Facies 3 consists of sandstone and mudstone interbedded on a range of scales.
Facies 3 usually overlies Facies 1 or 2, and often forms a sandier-up succession up to 20
metres thick that is characterized by an upward increase in the abundance and thickness
of sandstone beds. In the lower portion of a Facies 3 succession, centimetre-scale
interbeds of very fine-grained, wave-rippled sandstone are separated by mudstone. The
thin sandstone beds weather with a ‘ribby’ texture in outcrop, and thus are informally
referred to as ‘ribby sands’. Trace fossils include Chondrites, Cylindrichnus,
Palaeophycus, Skolithos, Teichichnus, and Zoophycos (Fig. 3.17). This bioturbation may
disturb primary bedding, but if the bioturbation completely homogenizes the sandstone
and mudstone, it is no longer considered part of Facies 3. Inoceramid bivalves and
ammonites may be found in Facies 3, particularly in concentrations on the base of
sandstone beds. In thinly-bedded, mud-rich portions of Facies 3, siderite nodules are often
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Figure 3.17— Facies 3 interbedded sandstone and mudstone in core 6-17-23-4W5,
2125-2128 m depth. Top of core is 4 m below E4. This core is not included in the crosssections in Chapter 4 because the well was faulted, and thus only part of the study interval
was preserved. Nonetheless, this core was helpful in understanding facies, and so is
included here. Core shows moderate bioturbation of the Cruziana ichnofacies, including
Planolites (Pl), Cylindrichnus (Cy), and Teichichnus (T), but individual beds of very finegrained sandstone are still clearly distinguishable. In other instances of Facies 3,
bioturbation is less abundant. Some sandstone beds are wave- or combined-flow rippled.
Scale bar subdivisions are 1 cm. Core is younging up and to the right.
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present, and a rusty weathering, indicative of the presence of disseminated pyrite, is
common.
The thinly-bedded variety of Facies 3 may be directly overlain by bioturbated
sandstone of Facies 4 (e.g. succession below E6.5 at Cataract Creek, Fig. 4.11), or Facies
3 may show a gradual upward increase in sandstone bed thickness and abundance (e.g.
the succession below E6.5 at Elbow River, Fig. 4.15). Where Facies 3 persists upwards,
sandstone beds thicken to 10-50 centimetres; thick sandstone beds consist of clean, wellsorted, very fine- to find-grained sand, and are characterized by HCS. The base of each
HCS bed is commonly scoured, whereas the top of an HCS bed may have combined flow
or wave ripples (Fig. 3.18). Siderite is less abundant in the HCS portion of Facies 3 than
in the ‘ribby’ portion. Mudstone interbeds become thinner upwards and, at the top of
Facies 3 successions, may form only a millimetre-scale drape over a sandstone bed. In
this case, the facies is referred to as ‘amalgamated HCS’. Amalgamated HCS sandstone
typically passes upwards into swaley cross-stratified sandstone of Facies 5 (e.g. below E3
at Burnt Timber Creek east, Fig. 4.8). Facies 3 may pass laterally into Facies 4 over
distances of 10’s of kilometres if bioturbation increases (e.g. lateral change in the facies
directly below E5 between Oldfort Creek, Horseshoe Dam, and Seebe Dam, Fig. 4.9).
Interpretation— Wave-rippled sandstone beds are interpreted to record storms, placing
Facies 3 within storm wave base. The observed suite of trace fossils indicates a Cruziana
ichnofacies, typical of semi-cohesive substrates deposited below fair-weather wave base
but above storm wave base (MacEachern et al., 2010). Some of the observed traces
(Cylindrichnus and Skolithos) may also be found in the Skolithos ichnofacies, typical of
high-energy environments such as the shoreface. Concentrations of fossil debris along the
base of sandstone beds represent lags, created by storm-induced winnowing of finegrained sediment that concentrated the coarse biogenic material. Facies 3 therefore
records an upward transition from outer shelf (‘ribby sands’) to inner shelf (HCS)
HCS sandstone is recognized directly below E5 at Drywood Creek (Fig. 4.13),
which is 60 kilometres seaward of Lynx Creek in an approximately shore-normal
direction (after palinspastic restoration; Fig. 5.17). Therefore, the HCS sandstone at
Drywood Creek existed at least 60 kilometres offshore, if Lynx Creek is interpreted to
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Figure 3.18A— Interbedded hummocky cross-stratified sandstone in the sand-rich portion
of Facies 3 in outcrop at Ghost River. Exhumed bedding plane illustrates the gently
undulating topography of a hummock. Arrow marks younging direction. The tip of the
arrow marks the T2 surface. Scale bar (circled) is 20 cm long.
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Figure 3.18B—Wave-rippled top of the HCS bed shown in Figure 3.18A. Scale bar
(circled) is 20 cm long. Photo orientation is oblique to plan view.
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represent a very near-shore or subaerial setting (Fig. 5.19). The ‘ribby’ sandstone Facies 3
must persist further, perhaps to the offshore limit of sandstone deposition, determined in
Chapter 5 to be variable, typically <70 kilometres, but exceptionally up to 150 kilometres
in areas of high sediment supply.
Sandier-up successions record shoreline progradation. The transition from thin,
wave-rippled sandstone to thick, HCS sandstone indicates increased proximity to sand
supply, an increase in the wave energy, and perhaps the addition of a small unidirectional
component to the flow (Dumas and Arnott, 2006; Fig. 3.4). The wave-rippled tops of
HCS beds represent wave-influence during the waning phase of a storm. Amalgamated
HCS indicates a further increase in wave energy, such that erosion by each storm
removed nearly all of the mud that was deposited during the preceding fair-weather
period.

3.3.4 Facies 4: Intensely bioturbated silty sandstone
Facies 4 is characterized by intensely bioturbated silty sandstone, with sand
ranging from very fine- to fine-grained (Fig. 3.19). Facies 4 forms units 1 to 10 metres
thick and overlies Facies 2 (e.g. below E5 at Marias River, Fig. 4.19) or Facies 3 (e.g.
below E5 in core 1-25-18-30W4, Fig. 4.19). Facies 4 may also pass laterally into the
sandstone-rich portion of Facies 3 over distances of a few tens of kilometres (e.g. lateral
change in the facies directly below E5 between Oldfort Creek, Horseshoe Dam, and
Seebe Dam, Fig. 4.9). Facies 4 may be bioturbated by Chondrites, Palaeophycus,
Planolites, Skolithos, Thalassinoides, and Zoophycos (Fig. 3.19, 3.20). Bioturbation has
disrupted most of the primary bedding in Facies 4, although rare remnants of discrete
sandstone beds may be preserved.
The abundance of sand generally increases upwards in Facies 4 successions, and
may reach approximately 80% sand (e.g. below E5 at Seebe Dam, Fig. 4.9; below E5 at
Kananaskis River, Fig. 4.15). Siderite nodules may be scattered throughout Facies 4, but
do not commonly form continuous bands. The general rusty character observed in Facies
1, 2, and 3, attributed to the weathering of pyrite, is not present in Facies 4.
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Figure 3.19— Facies 4 bioturbated silty sandstone in core. Transition from Facies 3 (F3)
below to Facies 4 (F4) above occurs 3 m above E5. Dashed box indicates position of
detailed inset. Bioturbation has destroyed most of the primary bedding in Facies 4.
Bioturbation is of the Cruziana ichnofacies, and includes Thalassinoides (Th), Planolites
(Pl), Palaeophycus (Pa), and Chondrites (Ch). Scale bar subdivisions are 1 cm. Core is
younging up and to the right.
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Figure 3.20— Zoophycos in Facies 4 bioturbated silty sandstone on the E5 surface at
Seebe Dam. Scale bar subdivisions are 1 cm. Photo shows plan view of a bedding plane.
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Interpretation— Facies 4 is differentiated from Facies 3 by an increased intensity of
bioturbation. The observed suite of trace fossils is typical of the Cruziana ichnofacies,
which is typical of heterolithic, semi-cohesive substrates deposited in moderate energy
settings, below fair weather wave base but above storm wave base. (MacEachern et al.,
2010; McIlroy, 2004). Walker (1983c) interpreted facies similar to Facies 4 as being
deposited in the midshelf, below fair-weather wave base. A similar interpretation is here
made for Facies 4. Although bioturbation limits the preservation of wave-formed
sedimentary structures, the stratigraphic position Facies 4 above the storm-influenced
‘ribby’ sandstone of Facies 3 suggests that Facies 4 was probably also deposited within
storm wave-base. The sandier-up successions within Facies 4 are interpreted to record
shoreline progradation. The significant volumes of sand in even the lowest parts of Facies
4 successions suggest deposition <150 kilometres from shore.
Facies 3 and Facies 4 contain similar proportions of sand and mud, and are
primarily differentiated based on the intensity of bioturbation. The depositional process
for each of these facies was probably the same (alternating periods of fair-weather and
storm deposition), but post-depositional disturbances by benthic fauna in some cases
transformed the well-stratified Facies 3 into the bioturbated Facies 4. The vertical and
lateral relationship between bioturbated and non-bioturbated facies is discussed in Section
3.4.

3.3.5 Facies 5: Swaley cross-stratified sandstone
Facies 5 consists of very fine- to fine-grained SCS sandstone that lacks mud (Fig.
3.21). The sandstone forms units up to 5 metres thick. Where Facies 5 is thicker than 5
metres (e.g. below E4 at Ram River, Fig. 4.6), the unit is usually divided internally by a
heavily lithified transgressive surface (see Section 3.3.9), and is therefore not a
continuous depositional succession. Facies 5 usually occurs above the amalgamated HCS
portion of Facies 3, and is overlain either by Facies 6 or 7, or by a flooding surface (i.e.
an abrupt transition to Facies 1, 2, 3, 4, or 8). The bases of SCS beds are commonly
scoured. Facies 5 contains some trace fossils, including Rhizocorallium (Fig. 3.22), but is
never more than weakly bioturbated.
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Figure 3.21— Facies 5 swaley-cross stratified sandstone at Ram River. The exhumed
bedding plane illustrates the three-dimensional geometry of a scour, and is 5 m below E4.
The wavelength of the exhumed swale on the left of the photo is 1.6 m, consistent with
the 0.5-2 m wavelength described by Leckie and Walker (1982). Note the deep scourand-fill structure (circled), illustrating the erosive nature of SCS. Younging direction is
indicated by arrow.
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Figure 3.22— Rhizocorallium in Facies 5 swaley-cross stratified sandstone at Burnt
Timber Creek (western section), 10 cm below E7. Photo is plan view of a bedding plane.
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Interpretation—SCS sandstone is interpreted to represent a lower shoreface environment,
consistent with the interpretation of Plint and Walker (1987) for the same facies (their
Facies 16). This facies was deposited within storm wave base, and thus was subjected to
repeated high-energy waves that prevented the preservation of mudstone beds. The
scoured base of SCS beds is caused by high wave-energy during peak storm conditions.
The observed Rhizocorallium is not diagnostic of a specific depositional environment,
and can be found in a wide range of settings.

3.3.6 Facies 6: Cross-bedded and parallel-laminated sandstone
Cross-bedded and parallel-laminated sandstone is rare in the study area. Crossbedding was only observed at Dutch Creek, 2.5 metres below E4 (Fig. 4.11). There, it
forms a unit 2 metres thick, with 40 centimetre-thick cross-sets, and overlies
amalgamated HCS sandstone of Facies 3. The top of the cross-bedded unit is penetrated
by vertically-oriented carbonaceous material that cross-cuts the bedding, and is capped by
an irregular transgressive surface with topography steeper than angle of repose.
Parallel lamination is rarely observed in the study area (e.g. below E3 and E4 at
Cripple Creek, below E4 at Ram River, Line 1, Fig. 4.6). It forms units up to 3 metres in
thickness, overlying amalgamated HCS sandstone of Facies 3 or SCS sandstone of Facies
5. The top of parallel laminated units may be penetrated by vertically-oriented
carbonaceous material that cross-cuts the bedding (e.g. E4 at Ram River, E3 at Cripple
Creek, Fig. 4.6). E5.2 at Lynx Creek occurs at the top of a parallel laminated unit and is
marked by outward-radiating structures with 10-30 centimetre diameter voids at the
centre (Fig. 3.23). Bedding may be disrupted by the vertically-oriented carbonaceous
material or voids.
Interpretation— Cross-bedding forms under strong unidirectional flows, and is commonly
found at the upper shoreface and breaker zone (Clifton, 2006). The strong asymmetry of
waves in the upper shoreface can form landward-dipping cross-bedding, whereas
seaward-dipping cross-beds in the shoreface form due to rip currents. Simultaneously,
cross-bedding dipping shore-parallel may form due to longshore currents (Davis, 1985).
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Figure 3.23—Casts of tree stumps, with radiating roots visible on the bedding plane of the
E5.2 paleosol at Lynx Creek. Surface is at the top of a Facies 6 succession. A) Full view
of bedding plane. Circles show the location of some casts. B) Detail of the casts in the
lower right corner of Figure A.
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The rare occurrence of cross-bedding in this study makes an assessment of such complex
paleoflow interactions impossible.
Parallel lamination also occurs under very strong unidirectional or bidirectional
flow, and is commonly found in the swash zone or beach foreshore (Davis, 1985; Clifton,
2006). The high energy of breaking waves creates a strong landward-directed flow
(swash), under which upper plane bedding is stable. Gravity acts on the breaking waves,
reversing the landward flow back down the seaward-dipping shoreface. The velocity of
this ‘backwash’ may also become sufficient to produce upper plane bedding (Davis,
1985). Parallel lamination therefore represents deposition in the foreshore or swash zone.
These interpretations for cross-bedding and parallel lamination are consistent with those
of Plint and Walker (1987) for cross-bedded and parallel laminated sandstones in the
Cardium Formation (their Facies 17).
The vertical carbonaceous traces capping Facies 6 units are interpreted as roots,
and the outward-radiating structures are interpreted as casts of tree trunks with radiating
roots. Rooted horizons at the top of Facies 6 units indicate aggradation of the shoreface to
sea-level, resulting in subaerial exposure. Mapping the geographic distribution of these
(unfortunately rare) rooted surfaces provides an estimate of the maximum regressive
extent of the shoreline (Chapter 5). Subaerial, rooted horizons probably existed on the top
of other sandstone units, but were eroded by transgressive ravinement.

3.3.7 Facies 7: Conglomerate
Facies 7 consists of clast-supported and matrix-supported conglomerate composed
of well-rounded chert granules and pebbles. Conglomerate is usually underlain by a sharp,
erosive base and overlain by mudstone, or less commonly, sandstone. Sandstone or
mudstone intraclasts are sometimes preserved in the conglomerate directly above the
erosion surface (e.g. conglomerate on E5 at Jumpingpound Creek). The upper contact
may be sharp or diffuse, with coarse material burrowed into the overlying facies.
Clast-supported conglomerate contains well-sorted granules or pebbles, typically
less than 1 centimetre in diameter. It may be organized internally into ~5 centimetre thick
graded beds, with the largest pebbles at the base of the bed and grain size decreasing
upwards. Pebble conglomerate may contain a sandstone matrix, or may lack matrix
entirely, resulting in an openwork fabric (e.g. Jumpingpound Creek, Fig. 3.24). The top of
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Figure 3.24— Clast-supported conglomerate of Facies 7, between E5 and T5 at
Jumpingpound Creek. There is very little matrix, giving the conglomerate an openwork
fabric. Small scale bar subdivisions are 1 cm. Arrow indicates younging direction.
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a conglomerate may have gravel wave-ripples with wavelengths of 60 centimetres (e.g.
T4 at Seebe Dam; Fig. 3.25). Clasts are sometimes primarily granules rather than pebbles.
Granulestone is commonly clast-supported, very well-sorted, and massive, lacking
distinct bedding or grading (Fig. 3.26). The base of clast-supported conglomerate or
granulestone is commonly burrowed, particularly by Thalassinoides. Burrows are filled
with the overlying coarse-grained sediment (Fig. 3.26, 3.27).
Matrix-supported conglomerate typically consists of 5-30% clasts within a matrix
of very fine- to coarse-grained sand, which may also contain subordinate proportions of
silt and mud. (In contrast, mudstone-supported conglomerate is included in Facies 8
pebbly mudstone). There are two distinct types of matrix-supported conglomerate:
bedded and massive.
Bedded, matrix-supported conglomerate contains primarily very fine- to coarsegrained sandstone with rare pebbles and variable amounts of silt and clay; distinct pebble
beds partition this matrix with a spacing of 5-10 centimetres (e.g. between E5.5 and T5.5
at Highwood River and Marias River; Fig. 3.28). (Isolated pebble beds encased in
mudstone are not included in Facies 7, and are discussed separately in Facies 8.) Pebble
beds are often lenticular, filling small gutter casts and pinching out over 10 centimetres
(e.g. between E5 and T5 at Highwood River). Pebble beds often have erosive bases, and
pebbles or granules may be burrowed down into the underlying matrix. Bioturbation
intensity is variable in bedded matrix-supported conglomerate. Distinct burrows of
Thalassinoides and Ophiomorpha may be recognized, or, if bioturbation is pervasive, a
massive matrix-supported conglomerate is formed (e.g. between E6 and T6 at Ram River;
Fig. 3.29). Conglomerate may contain siderite nodules, or in extreme cases may be
completely sideritized (e.g. conglomerate on E6 at Highwood River; Fig. 3.30).
Conglomerate and granulestone form units up to 3 metres thick within the study
area (e.g. the conglomerate bounded by E5 and T5 at Jumpingpound Creek; Fig. 4.15).
North of the study area, Cardium conglomerates reach up to 20 metres in thickness (Plint
et al., 1986). Subsurface correlation in Chapter 4 indicates that conglomerates are podlike, appearing and disappearing very abruptly along depositional strike and dip.
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Figure 3.25—Gravel wave-ripples on the T4 surface at Seebe Dam. Ripple wavelength is
approximately 60 cm. The troughs of the ripples contain a veneer of sideritized pebbly
mudstone, marking the first sediments overlying the T4 surface. Backpack (circled) for
scale.
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Figure 3.26—Clast-supported granulestone of Facies 7, in the Burnstick Member in core
16-25-13-2W5, 2849-2851.4 m depth. The granulestone is massive, lacking distinct
bedded or grading except in the lower portion where some mudstone beds are preserved.
The base of the granulestone marks E4. Granule-filled Thalassinoides burrows (Th)
extend below E4. The appearance of a mudstone matrix above the granulestone marks the
T4 surface. The T4 contact is tilted slightly, perhaps due to erosional relief on this
surface. The upper contact to mudstone is diffuse, probably due to bioturbation. Small
scale bar subdivisions are 1 cm. Core is younging up and to the right.
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Figure 3.27— Network of pebble-filled Thalassinoides burrows extending downward
below the conglomerate on the E7 surface at Sheep River. Examples of burrows are
indicated by the small arrows. Sideritization preferentially follows burrows. Bedding is
horizontal in photo; burrow cross-cuts bedding. Scale bar subdivisions are 1 cm. Large
arrow indicates younging direction.
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Figure 3.28— Normally-graded bed in a bedded, matrix-supported conglomerate of
Facies 7, between E5 and T5 at Marias River. The matrix is primarily composed of
medium- to coarse-grained sand with dispersed pebbles. Distinct beds of pebbles, such as
the bed shown in the photo, are clast-supported. Pebble beds are interpreted to have
formed during peak storm conditions, during which pebbles were transported (probably
by rip currents) offshore to the lower shoreface. Scale-bar subdivisions are 1 cm. Arrow
indicates younging direction.
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Figure 3.29— Matrix-supported granular conglomerate between E6 and T6 at Ram River.
Matrix is composed of fine- and medium-grained sand and mud. Conglomerate contains
approximately 5% granules and pebbles. Bioturbation has destroyed most primary
bedding. Arrow indicates younging direction.
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Figure 3.30— Heavily sideritized, massive matrix-supported conglomerate on the E6
surface at Highwood River. Scale bar subdivisions are 1 cm. Arrow indicates younging
direction.
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Interpretation— The sharp base of most conglomerates corresponds to an erosion (‘E’)
surface in the allostratigraphic framework. The conglomerate is overlain by a flooding
surface that corresponds to a ‘T’ surface in the allostratigraphic framework. The ‘E’
surface marks the end of relative sea-level fall (equivalent to the sequence boundary in
Fig. 2.13), and the ‘T’ surface, which marks the onset of transgression. Therefore,
conglomerate was deposited during the lowstand systems tract. Sandstone and mudstone
intraclasts within the conglomerate directly above the basal erosion surface, and pebblefilled Ophiomorpha burrows extending below the erosion surface both provide evidence
for a semi-lithified substrate at the time of erosion. A semi-lithified substrate implies that
the underlying strata was compacted and perhaps subjected to early diagenesis prior to
erosion during relative sea-level fall.
Clast-supported conglomerate and granulestone represent upper shoreface
deposits. In low-gradient ramp settings, where the slope is insufficient to generate
turbidity currents, transport of pebbles is restricted to the shoreface (Davis, 1985; Hart
and Plint, 1989; Jennings and Shulmeister, 2002). Wave-reworking in the shoreface
provides an efficient mechanism for sorting of coarse-grained material (Bourgeois and
Leithhold, 1984), thus explaining the well-sorted nature of the clast-supported
conglomerate. Graded beds are storm deposits, with sharp, coarse-grained base
representing peak storm conditions and upward fining representing the waning phase of
the storm. The openwork fabric indicates rapid deposition in a high-energy environment
that prevented matrix sediments from infiltrating between clasts (Hart and Plint, 1995),
consistent with the interpretation of a shoreface environment. Gravel wave-ripples have
more commonly been described in shelf settings than in shoreface settings (Leckie, 1988),
so the wave-rippled top of some conglomerate units may represent transgressive wavereworking of a lowstand shoreface. That the troughs of the wave-ripples on T4 at Seebe
Dam are veneered by pebbly mudstone also provides evidence that the ripples were
formed by transgressive reworking of the top of the conglomerate. However, based on
observations of Cardium conglomerate in northern British Columbia, Hart and Plint (1989,
1995) proposed that gravel wave-ripples may also form in shoreface settings. Faintlypreserved gravel wave-ripples are rarely preserved within clast-supported conglomerate
units in the study area (e.g. between E5 and T5 at Jumpingpound Creek); these
occurrences may represent wave-ripples formed in a shoreface setting. The observed
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Ophiomorpha and Thalassinoides traces are part of the Skolithos ichnofacies,
characteristic of a shoreface setting (MacEachern et al., 2010). An interpretation of clastsupported conglomerate in the Cardium Formation as a shoreface deposit is consistent
with previous studies, including Plint et al. (1986), Arnott (1991), and Hart and Plint
(1995).
Rip-currents during storms transport pebbles further offshore than fair-weather
processes, potentially to a middle- to lower-shoreface setting that is beyond the fairweather limit of granule or pebble deposition (Davis, 1985). These storm and rip-current
processes are probably responsible for depositing discrete pebble beds in a primarily
sandstone matrix, producing the bedded matrix-supported conglomerate facies. Sharp
bases and scour-fills of discrete pebble beds represent erosion and deposition during peak
storm conditions. Arnott (1991) recognized that an interbedded pebble-and-sandstone
facies gradationally underlies massive, clast-supported, upper shoreface conglomerate in
the Cardium Formation in the Carrot Creek field, and thus interpreted bedded
conglomerate to represent a lower shoreface deposit, over which the upper shoreface
clast-supported conglomerate prograded. The presence of subordinate pebbles and
granules in the sandstone matrix indicates clast reworking by bioturbation, evidenced by
clast-filled burrows.
If bioturbation is pervasive, bedded matrix-supported conglomerate may become
homogenized and massive. Bioturbation rate in the lower shoreface is controlled by the
frequency and intensity of storms (Buatois and Mángano, 2011). Bedded, matrixsupported conglomerate (low bioturbation intensity) may reflect higher energy shoreface
conditions relative to massive, matrix-supported conglomerates. Sedimentation rate and
physio-chemical stresses on infaunal trace makers may also control the bioturbation
intensity (MacEachern et al., 2005; MacEachern et al., 2010). Weakly bioturbated bedded
conglomerate may indicate environmental stresses, such as would occur due to a high
influx of fresh water and sediment near a river mouth.
Arnott (1991) interpreted matrix-supported conglomerate in the Cardium
Formation as a “braided distributary-stream deposit”. There was no specific evidence
presented that was diagnostic of a fluvial rather than marine origin. Given that
conglomerate units are encased (although unconformably) in marine strata, it is not
unreasonable to interpret that the matrix-supported conglomerate is also of marine origin.
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An inoceramid bivalve was recovered from the matrix-supported conglomerate between
E6 and T6 at Ram River, proving a marine depositional environment for that unit.
Therefore, massive matrix-supported conglomerate is interpreted to be the bioturbated
equivalent of bedded matrix-supported conglomerate, and deposited in a middle- to
lower-shoreface setting.
Facies 6 sandstone and Facies 7 matrix-supported conglomerate are both
interpreted as lower shoreface deposits. Sandstone of Facies 6 and clast-supported
conglomerate of Facies 7 are both interpreted as upper shoreface deposits. Therefore,
shorefaces can be either sandy or gravelly/pebbly. The occurrence of sand-dominated
versus pebble- or granule-dominated shorefaces depends on sediment supply. Hart and
Plint (2003) demonstrated that conglomeratic shoreface facies can pass along-strike over
<20 kilometres into sandstone-dominated shoreface facies, and interpreted that the
gravelly shorefaces occurred in proximity to a gravel-bearing fluvial system. Similarly,
the distribution of pebble-conglomerate and granulestone is probably related to the grain
size of available sediment supply.

3.3.8 Facies 8: Granular to pebbly mudstone and pebble veneer
Facies 8 is characterized by chert granules and pebbles in a mudstone matrix (clay
and silt, and sometimes containing subordinate sand), and is typically less than 3 metres
thick (Fig. 3.31, 3.32). Facies 8 may consist of up to 50% clasts, but more typically clasts
comprise 5-10%, and are randomly distributed throughout the matrix. Pebbly mudstone
generally abruptly overlies a sandier-up succession and a regional transgressive surface
(e.g. overlying E4/T4 at Burnt Timber Creek west; Fig. 4.8). Facies 8 generally passes
gradationally vertically into Facies 1 or Facies 2. Facies 8 also rarely occurs in the middle
of a mudstone-dominated interval (e.g. 13 metres above E4 at Ghost River, Fig. 4.9; 8
metres above T4 in core 16-25-13-2W5, Fig. 4.11). The distinguishing feature between
Facies 7 and Facies 8 is the general lack of sand in the matrix of Facies 8.
Facies 8 also includes isolated pebble or granule veneers. Veneers are in some
cases found at the base of Facies 8, with granular to pebbly mudstone in the overlying 1-2
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Figure 3.31— Facies 8 granular mudstone in core, 16-25-13-2W5, 2843 m depth.
Conglomerate is 6 m above E4, and marks the putative ‘gritty siderite’ horizon (sensu
Bergman and Walker, 1987). Matrix is composed of sandy siltstone. Small scale bar
subdivisions are 1 cm. Core is younging up.
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Figure 3.32—Facies 8 pebbly mudstone directly overlying E7 at Red Deer River. Pebbles
(examples marked by small white arrows) are randomly distributed throughout the
mudstone, indicating reworking by bioturbation. Large arrow indicates younging
direction.
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metres (e.g. directly above E7 at Cripple Creek, Fig. 4.6). The base of the lag may be
burrowed by Thalassinoides, with coarse-grained material from above burrowed into the
underlying facies, much like the base of Facies 7 conglomerates. These pebble beds are
often lenticular, sometimes filling gutter casts, and disappearing laterally over distances
of approximately 10 centimetres (Fig. 3.33).
Interpretation— Pebbles cannot move beyond the shoreface on a low-gradient ramp (Hart
and Plint, 1989; Jennings and Shulmeister, 2002). The pebbles in Facies 8 are therefore
interpreted to have been initially deposited at a shoreline to which pebbles were delivered
by fluvial and coastal processes. The common stratigraphic position of pebbly mudstone
directly above shoreface conglomerate of Facies 7 and above a regional transgressive
surface provide evidence that Facies 8 represents the reworked remains of a shoreface
deposit. The thickness of strata eroded by ravinement is largely responsible for the facies
preserved below Facies 8; where Facies 8 overlies Facies 1, 2, or thinly-bedded Facies 3,
erosion probably removed any nearshore facies that were deposited during regression (e.g.
E5 in core 16-25-13-2W5; Fig 4.19). Where Facies 8 overlies nearshore facies such as
Facies 5 or 6, transgressive erosion did not cut so deeply.
The diffuse upper contact from Facies 8 into overlying Facies 1 or 2 is caused by
bioturbation, which mixed pebbles with the overlying mudstones. Facies 8 may also be
preserved only as a thin veneer, although the interpretation that it represents the remains
of a shoreface is maintained. This interpretation of pebble veneers as transgressive lags is
consistent with that of Plint et al. (1986).
Pebble lags have tremendous allostratigraphic significance because they indicate
the former extent of a shoreline. Pebble lags are typically preserved on regional flooding
surfaces, and their position (stratigraphically and geographically) can be mapped and
somewhat predicted. However, localized erosion may cause a lag to not be preserved,
even though a lag in the same stratigraphic position may occur in further paleo-landward
and paleo-seaward outcrops. This localized preservation means that mapping of pebble
lags (and thus, shoreface limits) must rely on many control points. The most paleoseaward position of pebbles, and not the thickest conglomerate, should be used as an
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Figure 3.33—Lenticular pebble bed filling a localized scour in pebbly mudstone of Facies
8 at Highwood River, 1 m above E6. Small scale-bar subdivisions are 1 cm. Arrow
indicates younging direction.
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indication of the maximum regressive extent of the shoreline (e.g. mapping of subaerial
limits in Chapter 5).
The chert lithology of pebbles lags is critical, because it implies the supply of
extrabasinal sediment, derived from uplifted Paleozoic strata in the Cordillera (Hart,
1990). Lags of intraformational material are also observed, consisting as shell debris or
pebbles of siderite, phosphate, and mudstone. These are referred to as intraclastic lags,
and do not imply the former presence of a shoreline (Plint, 1991). However, intraclastic
lags commonly indicate exhumation of semi-lithified material. Such exhumation may be
caused by a relative sea-level change that brings the sea-floor within wave-base.
Therefore, although intraclastic lags do not necessarily imply ravinement by a
transgressing shoreface, they do have implications for relative sea-level change and
allostratigraphy (Plint, 1988, 1991).

3.3.9 Sedimentary Characteristics of Transgressive Surfaces
Transgressive modification affects unconsolidated, semi-consolidated, and
lithified surfaces differently. Wave ravinement of unconsolidated sediment causes mixing
of unrelated sediments, such as mixing of regressive shoreface sandstone or gravel with
transgressive mudstone. Pebble lags and pebbly mudstone of Facies 8 are typical of
transgressive wave ravinement of a coarse-grained, unconsolidated substrate.
Semi-consolidated and lithified sediment is not reworked by transgressive
ravinement in the same way as unconsolidated sediment. Within the upper portion of
sandier-up successions, rare horizons are prominent in outcrop due to their heavily
cemented nature. These horizons are often irregular and lumpy, with very steeply dipping
topographic surfaces (i.e. greater than angle of repose), sometimes forming sub-rounded
masses (Fig. 3.34). Asymmetrical linear ‘fingers’ are also common features, and occur on
a variety of scales, from decimetres to metres in length (Fig. 3.35, 3.36). The edges of
lumps and fingers may be undercut, and mantled with a veneer of mud or granules.
Organic material such as wood and leaf debris may form a lag on transgressive
surfaces (Fig. 3.37). Transgressive surfaces are in some cases extensively bored,
exhibiting traces of Thalassinoides and Diplocraterion (Fig. 3.38).
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Edges steeper than
angle of repose

Figure 3.34— Exhumed topography on a surface within the Hornbeck Member (Kakwa
sandstone) at Dutch Creek. Steep to overhanging sides indicate early lithification,
followed by erosion of the cohesive to semi-cohesive sediment. An unconsolidated
sandstone would not form steep or overhanging edges if eroded. The round shape of this
feature suggest that it an incipient nodule, and was therefore more resistant to erosion
than the surrounding sediment. Scale bar is 20 cm long. Photo is oblique to plan view.
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Figure 3.35— Asymmetrical erosional ‘fingers’ on the E5 surface at Seebe Dam. A)
Overview of the irregular surface, with the main figures marked by the box, and other
irregular lumps in the left of the photo. Note blue backpack within black box for scale. B)
Detail of the features indicated by the black box in A. The edges of these ‘fingers’ are
undercut, indicating erosion into a semi-consolidated or consolidated substrate. Scale bar,
within the white circle, is 20 cm long.
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Figure 3.36— Linear erosional ‘fingers’ on a bedding plane at Ghost River. Photos are
plan view of a bedding plane. Scale bar is 20 cm long. A) Overview photo. B) Detail of
areas indicated by white box in A. Features are narrowest to the top of the figure, and
become wider and join together towards the bottom. Surface is heavily cemented. Steep
to overhanging sides indicate early lithification prior to erosion. Mudstone containing
chert granules drapes the scour and fills the undercut edges. The mudstone is
syndepositional (e.g. not modern cover), indicated by lamination conforming to the
surface of the erosion structure.
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Figure 3.37—Organic material, including fossilized wood and smaller woody debris, on
the T4 transgressive surface at Ram River. A) Large piece of fossilized wood. B) One
large piece of fossilized wood, and abundant smaller woody debris. Photos are plan view
of a single bedding plane.
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Figure 3.38—Extensively bored Glossifungites surface on E2/T2 at Cripple Creek. This
assemblage of Thalassinoides and Diplocraterion is typical of firmground substrates.
Photo is plan view of the top surface of the bedding plane. Notebook is 18 cm long.
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Rooted surfaces, and the surface with tree trunk casts at Lynx Creek (both described in
Section 3.3.6) are typically heavily cemented, and have a green and rusty colour (Fig
3.23). Primary sedimentary structures may be obscured by roots or other deformation,
giving the horizon a mottled texture.
Interpretation— Irregular, cemented horizons are interpreted to indicate transgressive
erosion of a semi-consolidated or lithified sediment. During transgression, overlying,
unlithified sediment was removed, and the resistant, lithified horizon was exhumed. The
lumpy nature reflects the distribution of preferentially preserved incipient nodules that
were more resistant to erosion and exhumation during transgression.
The linear features— informally referred to as ‘fingers’— are also related to
exhumation of lithified surfaces. Oscillatory wave energy initially cut landwardnarrowing linear scours perpendicular to the shoreline. Uncemented zones were
preferentially eroded by wave energy, creating an irregularity that concentrated wave
energy, thereby promoting continued erosion into the linear feature. Similar ‘fingers’
occur in modern settings where wave erosion is prevented by the presence of an erosionresistant horizon (Fig. 3.39). The undercut nature of lumps and fingers provides evidence
that the surface was at least semi-consolidated by localized early cements at the time of
transgression; an unconsolidated sediment would collapse if undercut. A veneer of mud
or granules preserved within these scours represents a transgressive deposit. Wood and
leaf debris concentrated on cemented surfaces represents a transgressive lag. The
abundant organics may suggest proximity to land, although debris alone is insufficient
evidence for subaerial exposure.
The abundant Thalassinoides and Diplocraterion traces on some surfaces are
typical of the Glossifungites ichnofacies, which is typified by unlined burrows, indicating
that the sediment was cohesive (unlined burrowed would collapse in unconsolidated
sediment; Buatois and Mángano, 2011). The Glossifungites ichnofacies is characteristic
of firmgrounds (firm but unlithified substrates), but it can also occur in incipiently
cemented sandstone (MacEachern et al., 2010). Firmsgrounds form in sediment that has
been buried— causing dewatering and compaction— followed by erosional exhumation
(Pemberton et al., 2004). The firmground is then colonized by organisms that make the
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Figure 3.39— Modern erosional fingers on the coast of the Northumberland Strait, near
Boctouche, New Brunswick. Waves have cut scours into a cohesive bed on shoreline,
which in this case is provided by an organic-rich horizon of roots and grasses. Scours are
widest at seaward end, and narrow landward.
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Glossifungites ichnofacies. The presence of the Glossifungites ichnofacies on some
transgressive surfaces in the Cardium Formation corroborates the interpretation of
transgressive modification of sediment that was at least semi-consolidated, and had
therefore been subjected to burial and subsequent erosion.
Some cemented surfaces contain roots or tree trunk casts, providing evidence for
subaerial exposure; rooted surfaces are interpreted as paleosols. The greenish colour
sometimes observed in these paleosols may be due to the reduction of iron oxides in
bacterially-mediated anoxic conditions near or below the water table in coastal-plain
settings (Retallack, 1991). Biogenic disturbance by roots (and perhaps by non-marine
fauna) are responsible for deformation of primary bedding. (Wetting-drying cycles also
cause deformation in clay-rich paleosols, but the paleosols observed in this study all occur
in sandstone-dominated facies, and are therefore less affected by wetting-drying cycles.)
In summary, surfaces with steep topography or firmground borings indicate
exhumation of consolidated or semi-consolidated substrates by transgressive erosion.
Although exhumed topography and the Glossifungites ichnofacies do not prove a
previously subaerial exposed surface, the rooted surfaces do provide evidence for
subaerial exposure. Anomalously cemented transgressive surfaces may occur in the
middle of a clean sandstone succession, and there is usually little to no lithologic change
across the surface. However, these surfaces indicate early diagenesis, transgressive
ravinement, and sometimes subaerial exposure. An offshore marine flooding surface,
recognized by a lithologic change from sandstone below to mudstone above, may pass
up-dip into a sand-on-sand contact, marked only by a cemented horizon (e.g. E3 at Ram
River and Cripple Creek, Fig. 4.6). Therefore, anomalously cemented surfaces with steep
topography or roots are very important allostratigraphic markers. Additionally, the
geographic distribution of contemporaneous paleosols (i.e. on a single allostratigraphic
surface) may be used to determine paleogeography, delineating the geographic extent of
marine and non-marine conditions during maximum regression.
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3.4 Facies Relationships
3.4.1 Lateral Facies Relationships
The relative occurrence of intensely bioturbated facies (Facies 2, and especially
Facies 4) and non-bioturbated facies (Facies 1, 3, 5, and 6) varies spatially within
allomembers. For example, strata below E2 at Ram River are dominated by amalgamated
HCS of Facies 3, but the same strata pass approximately along-strike over ~20 kilometres
into bioturbated Facies 4 at Cripple Creek (Fig. 4.6). Bioturbation intensity is controlled
by many factors, including sedimentation rate, water turbidity, salinity, oxygenation, and
other physio-chemical parameters (MacEachern et al., 2010). Paleogeography also plays
a role in along-strike changes in bioturbation intensity. Fluvial discharge of fresh water
with a high concentration of suspended sediment causes physical and chemical stresses to
infaunal organisms. High suspended-sediment input presents challenges for filter feeders,
and fluctuating salinity and oxygenation conditions, due to pulses of fresh-water and
organic matter input respectively, cause chemical stresses (MacEachern et al., 2005). As a
result, coastal regions affected by fluvial input tend to show decreased ichnological
diversity and bioturbation intensity relative to areas distal to river mouths (Bann and
Fielding, 2004).
Deltas are commonly asymmetrical, due to the influence of along-shore currents
(Bhattacharya and Giosan, 2003). Areas updrift of the river mouth typically exhibit the
Skolithos ichnofacies, characteristic of shoreface settings. Areas downdrift of the river
mouth have a deltaic ichnological signature, typically consisting of a combination of the
Cruziana and Skolithos ichnofacies (MacEachern et al., 2005; Buatois and Mángano,
2011). The appearance of the Cruziana ichnofacies, and reduction in the Skolithos
ichnofacies, is caused by a decrease in the abundance of filter-feeding organisms and an
increase in deposit-feeding organisms (MacEachern et al., 2005).
Mapping of sandstone thickness within the study area suggests the presence of
two prominent sediment sources, which are interpreted to be related to major river mouths
(Chapter 5). The two sandbodies show strong deflection to the south, indicating an
influence of southeast-directed along-shore currents. The location of outcrops relative to
these interpreted asymmetric sandstone lobes provides an opportunity to examine the
distribution of Facies 3 and Facies 4 in order to determine whether the low bioturbation
intensity in Facies 3 is related to fluvial influx from a delta.
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For each of the allomembers that contain lobate shaped sandstone bodies, the
facies in updrift outcrops and cores were compared to those in downdrift sections.
Invariably, there was no apparent correlation between paleogeographic position and
bioturbation intensity—the facies were either the same across the profile, or the facies
were seemingly randomly distributed. This apparently random distribution may be related
to autogenic controls on sediment supply (such as delta-lobe switching) on timescales
shorter than the duration of allomembers.
Based on facies models for the ichnology of asymmetrical deltas (MacEachern et
al., 2005), it is possible that laterally-variable environmental stresses controlled the
distribution of the well-bedded Facies 3 and bioturbated Facies 4. However, a strong
correlation between ichnology and along-strike changes in paleogeography cannot be
proven with the data available.

3.4.2 Vertical Facies Relationships
Facies in the Cardium Formation are typically organized into sandier-up
successions, bounded at the top and bottom by marine flooding surfaces (Fig. 3.40).
Walker and Eyles (1988) proposed that ‘sandier-up’ was a more appropriate term than
‘coarsening-up’ when discussing the Cardium Formation because there is little increase in
the grain size of sand; rather, it is the proportion of sand to mud that increases. Core and
outcrop observations in the present study confirm this assessment; sand grains typically
remain in the very fine- to fine-grained range throughout the succession. Therefore, the
term sandier-up will be used.
Successions that become gradually sandier upward are interpreted as evidence of
shoreline progradation caused by normal regression. During normal regression, the
shoreline and all associated facies move basinward due to sediment-filling of available
accommodation (Helland-Hansen and Martinsen, 1996). Facies 1 through 6 all contain
evidence for deposition above storm wave-base, so a shallowing of water depth was
probably less significant in causing sandier-up successions than an increasing proximity
to the shoreline.
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Figure 3.40— Facies successions in outcrop and in a well log. The legend for the logs is
presented in Figure 4.4. Blue arrows indicate gradational sandier-upward successions,
caused by normal regressions. Dotted blue lines indicate higher-frequency successions
within the larger sandier-up succession. Arrows at the top of cycles mark flooding
surfaces. Dotted red lines mark forced regressive successions, recognized by the
juxtaposition of a landward facies abruptly (and commonly erosively) overlying a more
seaward facies. Facies 3 upper (3U) indicates amalgamated HCS at the top of Facies 3.
Although Facies 3U is not separated as a distinct facies in this chapter, it is helpful to
label it separately for illustrative purposes (e.g. recognizing forced regressions) in this
figure. Transgressive surfaces (‘TS’) indicate the anomalously cemented, irregular
surfaces described in Section 3.3.9. A) In a proximal facies succession, many facies are
represented in each sandier-up succession. Flooding surfaces are marked by mud-rich
facies overlying sand-rich facies. B) The distal facies succession is dominated by Facies 1
and 2. Flooding surfaces are subtle, and may be marked by a decrease in the amount of
silt, a shell lag, or a concretionary horizon. C) Normal regressions are recognized in well
logs by a gradual decrease in gamma ray reading upwards, reflecting increasing sand
content. A forced regressive succession is indicated by an abrupt decrease in gamma ray
reading. The orange vertical line shows the cut-off for sandstone that is used for facies
shading in cross-sections in Chapter 4, and for sandstone isolith maps in Chapter 5. The
line is determined by placing a vertical line along a ‘background’ mudstone gamma ray
reading; where the gamma ray reading is less (i.e. to the left) of this line, it is considered
to record a sandstone. This method was calibrated using wells with core such that Facies
4 muddy sandstone and the HCS-dominated portions of Facies 3 were considered
sandstone in this study. Sandstone of Facies 5 and 6, and conglomerates of Facies 7 are
also correlated as sandstone. The gamma ray cut-off represents approximately 90 API
units.
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Several major facies successions are recognized within the study area (for
example, the successions that culminate in an ‘E’ surface, and the solid lines in Figure
3.40). Previous work has attributed these successions to major relative sea-level
fluctuations (e.g. Plint et al., 1986; Plint, 1988). Within each of the major packages, there
may be higher-frequency, nested successions (dashed blue lines in Figure 3.41). Both the
major and high-frequency successions show a similar facies succession, although fewer
facies may be represented in any one high-frequency succession. Facies successions are
different in proximal (Fig. 3.40A) and distal (Fig. 3.40B) settings, due to the diminished
availability of sand in distal settings. Flooding surfaces are less obvious in distal areas,
and may be marked only by a change from siltstone to mudstone, a shell lag, or a
concretionary horizon. The facies successions observed in outcrop can also be interpreted
in well logs, based on calibration with core data (Fig. 3.40C).
In contrast to gradational successions, an abrupt juxtaposition of a more landward
facies over a more basinward facies (for example, Facies 5 abruptly overlying Facies 2) is
interpreted as evidence of a forced regression (red dashed lines in Figure 3.40).
Accommodation loss in a forced regression is due to a relative sea-level fall. The base of
the forced regressive unit is typically marked by a sharp ‘basal surface of forced
regression’ (Plint and Nummedal, 2000). Alternatively, the underlying unit may transition
over a very thin interval (<1 metre) into the overlying, forced regressive deposit (e.g. the
abrupt shift from Facies 1 to Facies 3, 15 metres below E1 at Ram River; Fig. 3.40A).
Vertical facies successions may also exhibit the same variability in bioturbation intensity
as observed in lateral facies relationships, both on a long-term (allomember) and shortterm (sub-allomember) scale. Long-term variations in bioturbation intensity are best
exemplified by the predominantly bedded facies in the E3-E4 and E6-E7 intervals that
strongly contrasts to the typically bioturbated facies of the E4-E5 interval (Fig. 3.40A).
For mudstone facies specifically, stratigraphic changes in bioturbation are best illustrated
by the difference between the bioturbated ‘black blanket’ (Facies 2) directly overlying E4,
and the ‘laminated blanket’ (Facies 1) overlying E5 or E5.2 (Walker, 1983c). Long-term
changes in paleo-oceanography (e.g. physio-chemical conditions or circulation patterns)
may be responsible for the pervasive bioturbation in the black blanket and the rare
bioturbation in the laminated blanket. Short-term changes in depositional environment
and physio-chemical stresses, perhaps controlled by delta-lobe switching, may be
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responsible for alternations between laminated and bioturbated facies within a single
allomember (e.g. 10 metres below E5 at Oldfort Creek, Fig. 4.9; 2 metres below E5 at
Red Deer River, Fig. 4.8).

3.4.3 Summary of Facies Relationships
An idealized facies succession through the Cardium Formation would contain
Facies 1, 2, 3/4, 5, 6, 7, and would be capped by a flooding surface marked by Facies 8.
However, numerous factors make such a complete succession uncommon:
1. The occurrence of the sand-rich facies is controlled by distance from the shoreline.
Sandstone is deposited up to 150 kilometres offshore. Therefore, sections that
are >150 kilometres offshore from the maximum regressive shoreline (e.g. Deer
Creek and core 6-34-30-8W4) rarely contain sandstone. Therefore, flooding
surfaces in these distal areas are more subtle.
2. Submarine erosion during the FSST (i.e. forced regressive erosion), subaerial
erosion during the LST, and transgressive ravinement during the TST all may
remove the top of a facies succession, thus limiting the facies preserved.
3. High levels of bioturbation may result in bioturbated sandstone of Facies 4
representing the top of a facies succession because the distinct bedding of Facies 3
HCS is not preserved when bioturbation intensity is high. Bioturbated facies may
pass laterally along-strike into well-bedded facies, based on paleogeographic
position and physio-chemical stresses that affect trace-makers. Bioturbation
intensity may also vary throughout the stratigraphic column based on long-term
changes in paleo-oceanography.
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CHAPTER 4 — ALLOSTRATIGRAPHY OF THE CARDIUM FORMATION
4.1 Evolution of the Allostratigraphic Model
The allostratigraphic framework for the Cardium Formation was first proposed by
Plint et al. (1986) (Fig. 4.1). Within this framework, allomembers are defined on the basis
of bounding erosion (E) surfaces that were formed at the end of relative sea-level fall
(equivalent to the sequence boundary in Figure 2.13). The subsequent transgression is
recorded by a transgressive (T) surface. In most cases, erosion during transgressive
ravinement reworks the E surface, causing the E and T surfaces to merge into a composite
E/T surface. When a lowstand deposit (commonly a conglomeratic shoreface facies) is
preserved, the base of the conglomerate is marked by the E surface, and the top is marked
by the T surface.
This original allostratigraphy was a revolution in the study of the Cardium
Formation. However, the framework evolved through time as new surfaces were
recognized and stratal relationships were re-evaluated. For example, Walker and Eyles
(1988) identified an additional erosion surface which they named E6.5. This surface was
subsequently mapped by Wadsworth and Walker (1991). Hart and Plint (1993b)
re-examined the E3 and E4 surfaces. Originally, Plint et al. (1986) had interpreted that E3
cut obliquely through the Kakwa shoreface and merged updip with E4. However, Hart
and Plint (1993b) demonstrated that E3 continued throughout the Kakwa Member as a
previously unrecognized sand-on-sand contact, and thus did not merge with E4.
Allostratigraphy defines units strictly on the basis of bounding surfaces, and the
Cardium framework generally follows this rule. However, some Cardium members were
defined using a combined litho- and allostratigraphy. For example, the Kakwa Member of
the Cardium Formation refers to the shoreface sandstone that occurs in the Nosehill,
Bickerdike, and Hornbeck Members (between E1 and E4 collectively). Defining a
member based on facies characteristics, such as the presence of a shoreface facies,
constitutes lithostratigraphic classification, and although the Kakwa shoreface is
constrained by allostratigraphic surfaces, the use of a lithostratigraphic term within an
allostratigraphic framework is confusing. Therefore, the Kakwa Member will not be
discussed as part of the allostratigraphic framework. However, because of the common

Figure 4.1— Cardium allostratigraphic framework shown as a schematic cross-section. ‘E’ indicates an
erosion surface, and ‘T’ indicates a transgressive surface. The E and T surfaces are often merged, creating a
composite E/T surface. Where conglomeratic lowstand deposits are present, the E surface forms the lower
boundary of the conglomerate and the T surface forms the upper boundary. Plint et al. (1986).
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previous use of the ‘Kakwa shoreface’ terminology, the name will still be used
occasionally to describe facies.
While studying the Carrot Creek field (Township 51-53), Bergman and Walker
(1987) recognized an additional granule-veneered surface approximately 10 metres below
E5 which they called the ‘gritty siderite’ (GS). Reconnaissance correlations undertaken in
the present study indicate that the GS surface moves gradually closer to E4 and further
from E5 southward. A granule or pebble lag is in rare cases observed <5 metres above E4
in this study. That surface can be correlated in well logs for short distances, but cannot be
correlated throughout the study area. Where this lag is observed, it will be referred to as
GS, although the equivalency to the GS surface recognized by Bergman and Walker
(1987) is difficult to prove. The GS (sensu Bergman and Walker, 1987) is different from
the gravel-veneered surface below E1 defined by Hart (1990) as ‘GS’, and subsequently
used by Varban and Plint (2005) to define the top of the Kaskapau Formation.
The Musreau Member is a non-marine wedge within the Cardium Formation, and
therefore is also defined using combined litho- and allostratigraphy. Regional E and T
surfaces possibly continue from the marine successions into the non-marine Musreau
Member, but were not correlated beyond the limit of marine deposition. Non-marine
facies are not observed in the present study area (with the exception of rare paleosols), so
the Musreau discussion does not directly apply to this study. However, in areas where
non-marine facies are observed, the regional E and T surfaces should be followed into the
non-marine realm using the methods of Plint et al. (2001) so that contemporaneous
marine and non-marine deposition is defined within the same allomember.
The Raven River Member was defined by Plint et al. (1986) as the interval
between E4 and E5. However, correlations in the present study demonstrate that E5 splits
into three surfaces, and the name ‘Raven River Member’ therefore requires revision.
Based on the correlations presented in this chapter, it is recognized that E5.2 marks the
top of the sand-rich unit that has typically been considered the Raven River Member; E5
therefore lies within the Raven River Member. It is therefore logical to identify a ‘lower
Raven River Member’ below E5, and an ‘upper Raven River Member’ between E5 and
E5.2. The E5.5 surface lies within a facies that more closely resembles the typically
mudstone-dominated Dismal Rat Member. Under the revised nomenclature, the
E5.2-E5.5 interval is named the ‘lower Dismal Rat Member’, and the E5.5-E6 interval is
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named the ‘upper Dismal Rat Member’. These revised definitions effectively incorporate
the newly-recognized complexity of the E5 surface, without adding additional formal
terminology.
The present study also recognizes flooding surface 1a, which segregates the
Nosehill Member (E1-E2 interval). The E1-1a interval is herein named the lower Nosehill
Member, whereas the 1a-E2 interval is named the upper Nosehill Member. Walker and
Eyles (1988) and Wadsworth and Walker (1991) recognized that the E6.5 surface
dissected the Karr Member, but no name was assigned to distinguish the E6-E6.5 interval
from the E6.5-E7 interval. For clarity in this study, the E6-E6.5 interval will be named the
‘lower Karr Member’, and the E6.5-E7 interval will be named the ‘upper Karr Member’.
The strata between E and T surfaces are also assigned formal allostratigraphic
names in the Cardium allostratigraphic framework. Although these strata typically consist
of conglomeratic facies, the assigned member names are not lithostratigraphic titles. For
example, the base of the Carrot Creek Member is defined by E5, and the top is defined by
T5, both of which are acceptable allostratigraphic surfaces. The Carrot Creek Member
usually consists of conglomerate, but it is not defined based on this characteristic, and so
remains an acceptable allostratigraphic unit.
As discussed in Section 2.3.1, transgressive surfaces provide robust and
approximately chronostratigraphic markers. Although the sequence boundary may be
easily recognized in nearshore settings, identification of the correlative conformity further
offshore is difficult. Additionally, the sequence boundary is often modified by
transgressive ravinement. One primary goal of this study is to map time equivalent rocks
throughout the study area, and the use of transgressive surfaces is the most accurate way
to accomplish this objective. Therefore, this study will use the T surfaces of the
allostratigraphic framework for regional correlations. In most cases, the E and T surfaces
are spatially coincident, and so this distinction is trivial. Only where E and T surfaces
diverge does the distinction become important. By correlating T surfaces, conglomerate
between an E and T surface is assigned to the underlying member for mapping purposes
(i.e. the Carrot Creek conglomerate is mapped with the Raven River Member, as opposed
to the Dismal Rat Member). Because of the common coincidence of E and T surfaces and
the pre-existing familiarity with the E terminology, the flooding surfaces that have
merged will be referred to as E surfaces.
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4.2 Subsurface Correlations
Twenty cross-sections are presented in this chapter, summarizing correlations
made using 28 principal cross-sections and numerous smaller cross-sections, collectively
encompassing over 1200 wells. Wells logs shown in the cross-sections consist of a
gamma ray log on the left, and a resistivity log on the right. One regional tie line (Line T)
integrates wells from previous studies into the present study area, and is used to define
most of the key markers used in this study (location of line shown on Figure 4.2). Figure
4.3 shows the location of the remaining summary cross-sections. The majority of the lines
are laid out in a grid, in which lines oriented approximately parallel to depositional strike
are labelled alphabetically (A-F), and lines oriented approximately parallel to depositional
dip are labelled numerically (1-9). Four shorter, supplementary cross-sections serve to
correlate additional core and outcrop into the grid, and are named according to the
corresponding outcrop or core. General stratigraphic trends are discussed in the text,
while additional specific details of each cross-section are provided in the figure caption.
The cross-sections use a stratigraphic datum. Although guidelines for the selection
of a datum are rarely explicitly stated, there are several qualities that a good datum should
logically have. A datum should:
1) Be easy to recognize and correlate;
2) Be continuous (i.e. does not lap out and is not truncated by other surfaces);
3) Represent a near-horizontal surface at the time of deposition, and have
minimal relief;
4) In foreland basin settings, a top datum is more geologically reasonable
because it portrays the thick foredeep succession as a subsidence-controlled
wedge, rather than as depositional topography (as would be portrayed by a
bottom-datum).
Preliminary cross-sections were constructed using E1 as a datum, because E1 is
easily recognized and does not have significant relief. However, final cross-sections
presented in this chapter use the E6 surface as a datum. E6 is neither the most prominent
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Figure 4.2—Location of previous studies of Cardium allostratigraphy, and location of
cross section ‘T’ that extends those previous correlations into the present study area.
Abbreviations for field names: E – Edson; CC – Carrot Creek; BR – Brazeau; P –
Pembina; WG – Willisden-Green; F – Ferrier; R – Ricinus; C – Caroline; L – Lochend;
G – Garrington.
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Figure 4.3—Basemap of study area, showing the location of summary cross-sections
presented in this chapter. Approximately dip-oriented lines are labelled numerically, and
approximately strike-oriented lines are labelled alphabetically. Four supplementary lines
correlate to additional outcrop and core, and those lines are named based on the
corresponding outcrop. Arrows indicate the palinspastic restoration of outcrops and wells
(Appendix 1).
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nor the least prominent log marker in the Cardium Formation. However, it is very
continuous, does not lap out, and is only eroded in very rare instances. E6 represents a
high-frequency flooding surface during a long-term transgression, so probably
approximates a near-horizontal depositional surface. Finally, E6 is near the top of the
Cardium Formation, so portrays the stratigraphy as a subsidence-controlled wedge, rather
than as a basinward-dipping topographic high. The E7 surface, although at the top of the
formation, provides a very poor datum because of the large amount of erosional relief on
that surface. The use of E6.5 as a datum is also undesirable, because it is commonly a
very subtle surface, and is therefore difficult to recognize without using other markers as
guides. E6.5 is also truncated by erosional relief of E7 in some cases, further decreasing
its utility as a datum.
Solid correlation lines on the cross-sections indicate allostratigraphic markers that
were correlated throughout the study area, and confirmed by comparison with correlations
on intersecting cross-sections. Most of these surfaces are composite ‘E/T’ surfaces.
Where E and T surfaces are separated by a lowstand deposit, the E surface is indicated by
a wavy line, and the T surface is marked by a straight line. Some additional correlations
are indicated by dashed lines. These correlations serve a variety of purposes: 1) to clarify
the correlation of a major allostratigraphic marker; 2) to indicate uncertainty when a
correlation to outcrop is unclear, or when data are unavailable; and 3) to correlate a basal
surface of forced regression that, while neither a flooding surface nor part of the
allostratigraphic framework, does provide additional insight into depositional controls.
The third purpose is restricted to a basal surface of forced regression that is
commonly recorded 5-10 metres below the E1 flooding surface. This surface is
interpreted to represent the relative sea-level fall that initiated the long-term Late
Turonian regression and that was responsible for deposition of the Cardium Formation.
As a surface related to relative sea-level fall, it is not recommended as an allostratigraphic
marker. However, because it can be observed as an abrupt downward shift in facies in
outcrop and core (e.g. core 6-34-30-8W4, Fig. 4.24), the surface is correlated where
possible. In some places the abrupt basinward shift in facies becomes a gradational
boundary. In this case, the forced regressive succession appears as a normal regressive
succession, perhaps due to local variations in subsidence rate or sediment supply. It is not
possible to specify a basal surface of forced regression in the gradational coarsening-up
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succession based on well logs alone, and the correlation is therefore not continued in this
case.
Stippled intervals indicate ‘sandstone’, as defined in Figure 3.40c. The
interpretation of sandstone is subjective—a unit that does not have any sandstone for long
distances, but in one well gives a slightly lower gamma ray reading, is not shaded as a
sandstone, in order to highlight only the main, laterally extensive sand bodies. An
exception to this guideline occurs where lowstand conglomerates are locally preserved.
These conglomerates are stippled, but more importantly, are distinguished by the
separation of the E and T surfaces.
A legend for the symbols used in core and outcrop logs is shown in Figure 4.4.
The distance between wells is shown on cross-sections, as is the number of additional
wells that were used in the working correlation line, but that have been omitted from the
summary line. Circled text above a well denotes an intersection point with a crossing line.
Where indicated, the distance between outcrops in the cross-sections refers to the
palinspastically-restored distance. The method used for palinspastic restoration is
discussed in Section 5.1.1.

4.2.1 Regional Tie Line (T)
A cross-section was constructed in the early stages of this study that incorporated
wells from previous investigations, in order to determine the position of the
allostratigraphic surfaces (Line T, Fig. 4.5). Wells used are from published cross-sections
where possible, but in two cases (Wadsworth, 1989 and Pattison, 1987), data from
unpublished theses were used because they extend the study area or number of horizons
beyond that of the published results. Circled labels on allostratigraphic markers indicate
that the correlation was illustrated by the indicated previous author. Where a marker was
not referred to by a previous author, a new correlation is shown.
In most cases, the markers presented by previous studies are consistent with one
another, and with the results of this study. However, there is an inconsistency in the
correlation of E5. This problem stems from an internal inconsistency of Wadsworth (1989)
that propagated into the resulting publication (Wadsworth and Walker, 1991). Near the
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Figure 4.4—Legend for core and outcrop logs. Legend shows generalized facies, although
details may vary in outcrop and core logs to illustrate details or variability within a facies
(e.g. abundance of sandstone beds, bioturbation intensity, etc.). Facies 3U (3 upper) refers
to the amalgamated HCS portion of Facies 3. Bentonites are only indicated in core and
outcrop if the thickness is >10 cm (i.e. sufficiently thick to be observed on the gamma ray
log).
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Index of cross-sections
Regional tie-line:
Figure 4.5— Line T

Dip-oriented lines:
Figure 4.6—Line 1
Figure 4.7—Line 2
Figure 4.8—Line 3
Figure 4.9—Line 4
Figure 4.10—Line 5
Figure 4.11—Line 6
Figure 4.12—Line 7
Figure 4.13—Line 8
Figure 4.14—Line 9

Correlation to additional core/outcrop:
Figure 4.15—Line Ks
Figure 4.16—Line Mv
Figure 4.17—Line Hw
Figure 4.18—R5W4 core

Strike-oriented lines:
Figure 4.19—Line A
Figure 4.20—Line B
Figure 4.21—Line C
Figure 4.22—Line D
Figure 4.23—Line E
Figure 4.24—Line F

195
southern edge of Wadsworth’s (1989) study area, sandstone within the Raven River
Member splits into three units that are separated from one another by flooding surfaces.
Without the regional view of the southern area provided by the present study, Wadsworth
(1989) understandably did not recognize the regional extent of the additional flooding
surfaces, and thus the complexity of the E5 surface. Similarly, Pattison (1987) and
Pattison and Walker (1992) did not appreciate the complexity of the E5 surface (because
this surface was not the focus of their study), and so correlated E5 with a marker that is
now shown to be slightly higher than the true E5.
Based on the correlations in the present study, two new surfaces are herein
identified: E5.2 and E5.5. These surfaces are recognized in core and outcrop as flooding
surfaces that onlap north-westward onto E5. The E5.2 and E5.5 surfaces are commonly
marked by a veneer of pebbles (e.g. core 6-20-30-4W5, Line T, Fig. 4.5). In some cases,
sharp-based conglomerate exists on one or both of these new surfaces, indicating
separation of an E and T surface (e.g. Oldman River, Line 6, Fig. 4.11). The pebble
veneers are interpreted as transgressive lags, and the sharp-based conglomerate as a
lowstand shoreface deposit. This evidence for lowstand deposition, combined with the
regional nature of the surfaces, is sufficient evidence to suggest that these surfaces are
related to a relative sea-level fall, and thus merit the ‘E/T’ terminology. The decimal
convention for naming new surfaces follows the style of Walker and Eyles (1988) and
Wadsworth and Walker (1991) in defining E6.5.
The E2 surface indicated on cross-section T is not based on any previous work in
this area—E2 has not been previously correlated south of the study area of Plint et al.
(1986; southern limit = Township 52) where it was originally defined. The interpretation
of E2 indicated on Line T is based on the correlation of a 9 metre thick clean sandstone
located between E1 and E3 at Ram River. The flooding surface that caps this sandstone
was correlated throughout this study area and is interpreted as E2.
Surface 1a is a flooding surface between E1 and E2 that has not previously been
incorporated into the allostratigraphic framework. No lowstand deposits or forced
regressive successions have been observed in association with the 1a flooding surface, so
the surface is not named as an ‘E’ surface. However, it is a flooding surface that can be
correlated throughout the study area, and thus provides an allostratigraphic bounding
surface with which to subdivide the Cardium Formation.
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Some of the wells from previous studies lack gamma ray logs. Although other
wells from those publication do have associated gamma ray logs, the wells selected for
inclusion in Line T were chosen because they had the most stratigraphically-complete
data (i.e. the well penetrates the entire Cardium Formation), or because more horizons
were picked on these logs.

4.2.2 Dip-oriented Cross-Sections (Lines 1-9, Mv, Hw, and Ks)
Dip-oriented cross-sections show a transition from shoreline-proximal settings in
the west to offshore settings in the east. On the western ends of these lines, outcrops are
integrated into the subsurface grid. The facies of these outcrops, as they relate to the
allostratigraphic correlations, will be interpreted in Section 4.3. Dip-oriented crosssections indicate that most units become thinner and more mudstone-dominated eastwards.
The increased thickness in the west represents the foredeep of the foreland basin, and
eastward thinning indicates a transition out of the foredeep and towards the forebulge.
Most markers remain nearly parallel as they thin eastward, indicating a gradual decrease
in accommodation, rather than thinning due to erosional truncation or lap-out. For
example, the units between E1 and E4 remain nearly parallel almost everywhere. Tabular
allomember geometries are interpreted to indicate a near-planar sea floor, at or below the
mud-accommodation envelope, defined by ambient wave energy (Varban and Plint,
2008a; Plint et al., 2009). Clinoform geometries are interpreted to develop when the
bathymetry falls below effective wave-base for mud. Therefore, the tabular geometry of
Cardium allomembers and the parallel nature of flooding surfaces observed in the crosssections provide evidence for deposition in shallow water, probably within the mudaccommodation envelope (~70 metres depth in the Western Interior Seaway; Plint,
submitted).
Within the study area, there are some exceptions to the typically parallel geometry
of flooding surfaces. Some surfaces, particularly E7, have erosional relief. In places, E7 is
highly erosive, truncating E6.5 and even E6 in rare instances (e.g. west end of Line 8, Fig.
4.13). E6.5 is truncated by E7 over large areas, and determining where E6.5 reappears
depends on correlations from intersecting cross-sections on which E6.5 is continuous. In
rare cases, E6.5 also has erosional relief (e.g. west end of Line 8, Fig. 4.13). Relief on
E6.5 and E7 has previously been interpreted to be due to a combination of subaerial
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erosion and transgressive ravinement (Wadsworth and Walker, 1991). Subaerial erosion
followed by transgressive ravinement is likely in western portions of the study area, near
the shoreline. Facies interpretation, described in Section 4.3, is important for determining
the eastern extent of subaerial exposure.
In general, erosional relief is restricted to the western portion of the study area.
There are two prominent exceptions: anomalous erosion by E7 in the northeast portion of
the study area (Line 1, Fig. 4.6) and over the Sweetgrass Arch in the southeast. Erosion
over the Sweetgrass Arch is best demonstrated on strike-oriented lines, and so will be
discussed in Section 4.2.2. Rapid thinning on the eastern end of Line 1 (Fig. 4.6) is due to
erosion of E6.5 and E7. Erosion on these surfaces is mostly due to wave ravinement
(Wadsworth and Walker, 1991), a process that produces a planar surface (e.g. Barnes,
1995). Ravinement does not carve downward and therefore truncation of strata by the
erosion surface must be due to differential uplift or arching of the underlying strata at the
time of ravinement. Therefore, the unusually deep erosion on the east end of Line 1
suggests that this area was uplifted at the time that the E6.5 and E7 erosion surfaces
formed. The areal extent of erosion is illustrated in the isopach maps presented in Chapter
5.
Another example of non-parallel flooding surfaces is provided by the relationship
between E6.5 and E6 on Line 5 (Fig. 4.10), where E6.5 laps out eastward onto E6. The
relationship could either be described as downlap or onlap. If this geometry represents
downlap, it would imply that E6.5 represents depositional topography on the seafloor.
Downlap is common in delta-front settings, in which case, sandier sediments and a
convex-seaward arcuate (delta-like) shape of the downlap limit would be expected.
However, the lap-out is observed on Line 5 is isolated—Lines 4 and 6 indicate that E6.5
continues nearly parallel to E6 to the eastern edge of the study area. In plan view (Fig.
5.34), the lap-out limit has a concave-seaward orientation, unlike that which would be
expected for downlap at a delta-front. Additionally, the lap-out point is >200 kilometres
from the limit of coeval sandstone deposition, and so does not resemble a deltaic setting.
Finally, the lower Karr Member (E6-E6.5 interval) thins by16 metres before lapping out,
over a distance of ~120 kilometres, giving a gradient of 1:7,500. If the unit is
decompacted by 40% (following the recommendation of Plint et al. (2009) for mudstones
within the Colorado Group), the thickness change becomes 22 metres, and the slope
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becomes 1:5,500. This gradient is much flatter than that of modern delta-fronts, where
slopes are typically less than 0.1º (~1:600; Bhattacharya, 2010), but steeper than 0.05º
(~1:1,100; Olariu et al., 2010). The slope of the pro-delta is flatter than that of the deltafront. For example, pro-delta slopes from the Dunvegan Formation of the Colorado Group
range between 1:700 and 1:8,500 (Plint et al., 2009). The thinning gradient of E6-E6.5
falls in the flatter end of this range, so could conceivably represent a pro-delta slope.
However, given the lack of a delta-shaped downlap limit, great distance from the nearest
sandstone, and the low gradient, the lap-out of E6.5 is probably not related to downlap in
a deltaic setting. Alternatively, the lap-out probably reflects onlap onto a localized area of
low accommodation—perhaps controlled by basement structure—in which no sediment
could accumulate. This interpretation is more probable given the eastern position of the
lap-out and the lack of mappable deltaic geometry.
Previous studies have recognized offlapping or ‘shingling’ of surfaces within
sandstones of the Raven River Member (e.g. Walker and Eyles, 1988; Keith, 1991). This
geometry has not commonly been observed in the present study. The shingling previously
described occurred in either a deltaic setting (Walker and Eyles, 1988) or what was
interpreted to be a prograding strandplain (Keith, 1991). The general lack of shingling
observed in the present study is perhaps because deltaic or strandplain settings were
located west of the present-day deformed belt in southern Alberta.
Minor shingling does occur in rare cases in the sandstone of the lower Raven
River Member, as illustrated by Line 7 (Fig. 4.12). Shingles can be found in deltaic
settings (Walker and Eyles, 1988). Offlapping units in a delta-front would dip seaward
with a gradient of between 1:700 and 1:1,100 (Bhattacharya, 2010; Olariu et al., 2010),
reflecting the gradient of the delta-front. The shingles observed on Line 7 diverge from
E5 by 10 metres (14 metres if decompacted by 40%) over a distance of 60 kilometres,
yielding a decompacted gradient of 1:4,300. This gradient is flatter than what is typical
for modern delta-front slopes, but may be a reasonable gradient for the pro-delta because
it is within the 1:700 to 1:8,500 range calculated by Plint et al. (2009). The shingling on
Line 7 also illustrates the potentially diachronous nature of facies boundaries. In the
shingled portion of the sandstone, flooding surfaces (timelines) cross the facies boundary
at the base of the sandstone.
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The separation of E4 and T4 is commonly observed on dip-oriented cross-sections.
The separation of these surfaces and the appearance of the intervening conglomerate of
the Burnstick Member occurs over a very short lateral distance, and the surfaces merge
equally abruptly. This geometry occurs because the Burnstick Member represents a
lowstand shoreface deposit that extends ~100 kilometres along-strike , but is <4
kilometres wide (Pattison and Walker, 1991). The long, narrow geometry of the
conglomerate is exemplified by the long, narrow oil fields associated with the Burnstick
Member (Fig. 4.2). Similarly, on Line 1 (Fig. 4.6) there is an abrupt separation of E5 and
T5. The dimensions of this separation are illustrated by the Ricinus field in Figure 4.2.
Walker (1995) studied the abundant core in the Ricinus field and interpreted the ‘Ricinus
Member’ as an estuary-fill, which explains the long, narrow geometry of this sandstone.
In general, a low gamma ray reading and a high resistivity indicate sandstone.
However, on the E6 and E6.5 surfaces in distal regions, there are occasional thin ‘spikes’
of low gamma ray and high resistivity. Such spikes were not sampled in core studied in
this project, and thus the log response could not be calibrated with a specific facies. In
cores within the overlying Muskiki Formation, such spikes have been interpreted to
represent a ~1 metre thick beds of heavily cemented calcareous mudstone, as determined
by calibration with core descriptions (M. Grifi, M.Sc. thesis, in progress). The
interpretation of resistivity spikes as calcareous mudstone rather than thin sandstone units
is very important for correlation and mapping purposes. Calcareous sediments often form
on maximum flooding surfaces (Macquaker and Taylor, 1996). In low accommodation
settings (such as the eastern part of the study area in which the calcareous mudstone is
observed), the flooding surface and maximum flooding surface may be very close
together. Where a low gamma ray/high resistivity ‘spike’ is observed near a flooding
surface on a well log, the flooding surface should be placed directly below the spike (i.e.
directly below the maximum flooding surface). Judgement must be used when
distinguishing a lowstand E/T separation from a maximum flooding surface; thin gamma
ray ‘spikes’ that are observed in mudstone-dominated successions in isolated wells are
interpreted to represent calcareous mudstone.
The relationship between E5, E5.2, and E5.5 is more complex than most other
relationships observed in the dip-oriented cross-sections and has not been recognized
previously. On the eastern ends of cross-sections, these three surfaces have an
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approximately equidistant stratigraphic spacing. Northwestward, E5.2 and E5.5 converge
gradually on E5, and eventually onlap onto E5 in some places. The sandstone below E5 is
the most continuous of the three, with sandstone facies extending further basinward than
any other Cardium allomember. Moving westward, E5.5 and particularly E5.2 may also
be underlain by prominent sandstones (e.g. Lines 5 and 6, Figs. 4.10 and 4.11
respectively). In general, the maximum basinward extent of sandstone is offset
progressively westward from E5 to E5.2 to E5.5 (also indicated in plan view in Figure
6.3). This geometry suggests that the lower Raven River Member (E4-E5 interval)
represents a long-term maximum regression that was followed by a long-term flooding
that was punctuated by high-frequency regressions, represented by the upper Raven River
and lower Dismal Rat members. The interpreted calcareous limestone beds occurring on
E6 and E6.5 in distal regions suggest slow sedimentation rates, perhaps associated with a
long-term maximum flooding. Facies evidence for this sequence of events will be
discussed further in Section 4.3; however, based on allomember geometry alone, the
interpretation of E5 as a long-term maximum regression and of E5.2 and E5.5 as
backstepping units due to long-term transgression appears justified.
Additional explanation is required for the correlation of E5 and E5.2 on Lines 4, 5,
Ks, Mv, and Hw (Figs. 4.9, 4.10, 4.15, 4.16, and 4.17 respectively), where westward
onlap of E5.2 occurs over a very short distance. Within the lower Raven River Member
on these lines, there is an additional sandier-up succession. The top of this lower
succession is marked by a thin mud break or anomalously cemented transgressive surface
in some outcrops (e.g. Seebe Dam, Horseshoe Dam, Oldfort Creek; Line 4, Fig. 4.9) and
by a pebbly mudstone at Ghost River (Line 4, Fig. 4.9). This surface may mistakenly be
identified as E5, thus allowing the continuation of E5.2 as the overlying flooding surface.
Such a correlation appears reasonable, or perhaps the most reasonable, when looking at
Lines 4, Mv, Ks, or Hw alone. However, the dip-oriented relationship is best
demonstrated on Line 5, where the lap-out occurs more gradually, and the additional
flooding surface within the lower Raven River Member can be correlated continuously
below E5 east of the lap-out point. The same relationship is also demonstrated on Line A
(Fig. 4.19) in strike-orientation, where E5.2 and E5.5 gradually onlap E5 between
Township 26 and 28, and an additional sandier-up succession becomes increasingly
prominent within the lower Raven River Member. Given the observations on Lines 5 and
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A, and also on additional working cross-sections not shown here, it is interpreted that the
rapid onlap of E5.2 onto E5, illustrated on Lines 4, Mv, Ks, and Hw, is the most
reasonable correlation.
Several higher-frequency sandier-up successions may exist within the lower
Raven River Member, but most of these are not regionally mappable (e.g. west end of
Line 3, Fig. 4.8). Walker and Eyles (1988) mapped numerous sandier-up successions
within the Raven River Member in the subsurface in the Willesden Green field,
demonstrating that the successions are geographically restricted. Based on stratal
geometries and facies trends, Walker and Eyles (1988) interpreted that these highfrequency successions were the result of autocyclic processes (probably delta-lobe
switching) and thus were not the result of regional relative sea-level fluctuations. This
interpretation explains the geographically restricted nature of the higher-frequency Raven
River successions in the present study. Where they can be correlated over a short distance,
these ‘extra’ successions may be shown as a dotted line, but they are not part of the
allostratigraphic framework.
The lower Raven River Member thins rapidly to outcrop at Ram River on the west
end of Line 1 (Fig. 4.6). The westward thinning corresponds spatially to the eastern extent
of shoreface sandstone facies in the Hornbeck Member (the Kakwa shoreface). Plint et al.
(1986) recognized a similar relationship between the Raven River Member and the
Kakwa shoreface in their study area. The slope of a shoreface is relatively steep (~0.3°)
compared to regional dip of a low-gradient ramp (Plint, 2010). The Kakwa shoreface
therefore probably created depositional topography near the shoreline. During
transgression, this topography was draped by mudstone of the basal Raven River Member,
causing thinning of the Raven River Member over the Kakwa shoreface. Therefore,
although most depositional (i.e. non-erosional) thickness changes in this study are
interpreted to be caused by variations in subsidence rate, the rapid westward thinning of
the Raven River Member on Line 1 is instead explained by reduced accommodation due
to pre-existing depositional topography.
Onshore-to-offshore facies transitions can be interpreted from dip-oriented crosssections. Based on these cross-sections, sandy facies (primarily heterolithic Facies 3 and
bioturbated Facies 4) typically extend no further than ~70 kilometres, or exceptionally up
to ~150 kilometres, offshore from shoreface deposits of Facies 5 or 6 in outcrop.
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Sandstone gradually decreases in thickness and sandiness (i.e. gamma ray reading
increases) offshore. The offshore distance of sand transport and deposition will be
examined further in Chapter 6, using paleogeographic reconstruction and sandstone
isolith maps. Beyond 200 kilometres offshore, gamma ray readings increase substantially,
and the log becomes ‘spiky’. Calibration with outcrop and core data indicates that the
‘spiky’ gamma ray signature is due to an increase in mudstone, bentonites, and organic
content—all of which increase gamma ray readings. In areas >200 kilometres offshore,
thin stratal units with anomalously low gamma ray readings coupled with high resistivity
readings are sometimes recorded. These were interpreted earlier in this section as
calcareous mudstones, as would be expected to occur during times of very slow
sedimentation.

Summary of Preliminary Interpretations of Dip Lines
Dip-oriented lines show gradual eastward thinning consistent with a transition
away from the foredeep of the foreland basin. Decreasing sandstone abundance and
thickness eastward indicates increasing distance from a western shoreline. The maximum
seaward limit of sandstone advances progressively eastward in the Bickerdike, Hornbeck,
and lower Raven River members, indicating a long-term regression throughout deposition
of these units. The seaward extent of sandstone decreases in the upper Raven River
Member unit, and backsteps further in the lower Dismal Rat Member. The backstepping
sandstone bodies and the north-westward onlap of the upper Raven River and lower
Dismal Rat members onto E5 mark the early stages of a long-term transgression. The
very limited occurrence of sandstone in the upper Dismal Rat members, combined with
the heavily cemented calcareous mudstone on E6 inferred from low gamma ray ‘spikes’,
suggest that the upper Dismal Rat Member was deposited during a long-term maximum
flooding interval. Sandstone once again progrades during the regressions recorded by the
lower and upper Karr members. Erosional relief, best exemplified by the E7 surface, was
largely caused by wave ravinement. Recognition of transgressive modification of a
previously subaerial surface requires facies interpretations and cannot be determined from
cross-sectional geometry alone. Facies interpretation of each allomember will be
discussed in Section 4.3. The erosional relief on some surfaces, and particularly on E7,

203
indicates localized tectonic uplift that resulted in the erosional truncation of underlying
strata by ravinement.

4.2.3 Strike-oriented sections (Lines A-F)
The strike-oriented cross-sections show many of the same features observed in
dip-oriented lines. Parallel flooding surfaces are common, but some examples of
erosional relief and lap-out geometries are also observed (e.g. Line A, Fig. 4.19; Line F,
Fig. 24). Separation and merging of E4/T4 and E5/T5 occurs very rapidly (e.g. Line A,
Fig. 4.19). Dip-oriented lines show a gradual eastward decrease in sandstone thickness
and abundance; the strike-oriented lines also show variability in sandstone content, but
the changes do not have a continuous trend. This variability represents along-strike facies
changes that were probably controlled by the position of sediment input, shoreline
irregularity, and by circulation patterns within the seaway.
Thickness changes in a single strike-oriented cross-section do not have a
consistent trend, as is seen on the eastward-thinning, dip-oriented cross-sections.
Sediment supply may have controlled along-strike thickness changes, although such a
situation would probably be accompanied by along-strike facies variations. Where
thickness changes occur along-strike, independent of facies changes, the thickness
changes are best explained by lateral variations in subsidence rate.
Superimposed on the gradual along-strike thickness changes are, in some cases,
abrupt lateral thickness changes (e.g. on the north and south end of Line F, Fig. 4.24).
These changes can in most cases be correlated spatially to basement structures or faults,
and record local variations in subsidence rate or localized uplift. These trends are best
observed in plan view using isopach maps, so will be discussed further in Chapter 5. In
some cases, thickness changes continue until one surface laps-out on another (e.g. E5.2
and E5.5 onlap onto E5 on Line A, Fig. 4.19; E6.5 onlaps onto E6 on Line F, Fig. 4.24).
In these cases, accommodation was insufficient to allow accumulation of any sediments.
In the case of localized lap-out of E5.2 onto E5 (e.g. several occurrences along Line A,
Fig. 4.19), lap-out may be caused by paleotopographic relief on the E5 surface during the
deposition of the upper Raven River Member, such that no sediment could be preserved
in those areas.
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Erosional relief observed on dip-oriented lines is also evident on strike-oriented
lines. Erosion by E7, and to a lesser extent by E6.5, occurs on the northern and southern
ends of Line F (Fig. 4.24), northern end of Line E (Fig. 4.23), and along much of Line A
(Fig. 4.19). The onlap of E6.5 onto E6 that was observed in dip-view is also observed in
strike-view (Line F, Fig. 4.24). A strike-oriented view illustrates the localized nature of
the lap-out. This lap-out may be caused by a localized area of slow subsidence or subtle
arching and uplift.

4.2.4 Summary of Modifications to the allostratigraphic framework
The E2 surface was defined by Plint et al. (1986), but was not correlated
southward beyond that study area, nor was it correlated southward in subsequent studies.
The cross-sections presented here correlate E2 based on a regionally extensive flooding
surface that caps a clean sandstone between E1 and E3 at Ram River. The flooding
surface 1a has also been defined and correlated, although it is not identified as an ‘E’
surface because forced regressive or lowstand deposits have not been observed in
association with this surface. Surface 1a subdivides the Nosehill Member into lower
(E1-1a interval) and upper (1a-E2 interval) units.
This study has identified more complexity relating to the E5 surface than has been
recognized previously. The new complexity requires a modification to the
allostratigraphic framework. Line T (Fig. 4.5) illustrates the inconsistency of previous
interpretations of E5. The present study recognizes the new E5.2 and E5.5 surfaces,
which onlap northward and westward onto E5, clarifying the inconsistency of the E5 pick
in previous studies and explaining the architectural complexity of the Raven River
Member. These surfaces are given the ‘E’ title because they are associated with forced
regressive and lowstand deposits. The terms lower and upper Raven River Member and
lower and upper Dismal Rat Member are informally used to subdivide the pre-existing
stratigraphic terminology. Similarly, the terms lower and upper Karr Member are used to
acknowledge the dissection of the Karr Member by E6.5.
The northwestward onlap of E5.2 and E5.5 onto E5 indicates transgression in that
direction. However, further north (e.g. Pembina area, Townships 46-50) the direction of
the T5 transgression has been interpreted to have been towards the southwest, based on
the orientation of incised shorelines (Bergman and Walker, 1987; Wadsworth and Walker,
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1991). This implies that somewhere between Pembina and the lap-out point in the present
study, there was a change in the dip direction of the transgressed surface. One possible
explanation for this is that the area between Township 34 (northward onlap limit) and
Township 46 (Pembina) was a paleotopographic high. A possible future study could
correlate E5.2 and E5.5 northward in offshore areas, where they do not lap out. This
would allow the surfaces to then be followed westward near Pembina to determine the
lap-out relationship in that area.
4.3 Facies Distributions in an Allostratigraphic Framework
The sedimentology of the Cardium Formation was examined in 25 outcrops and
11 cores for this study (e.g. Fig. 4.25). Stratigraphic sections were correlated to the
subsurface grid, allowing the sedimentology and facies to be interpreted within an
allostratigraphic framework. Although allomembers are not defined by lithology, some
generalizations can be made about the sedimentology and facies of specific allomembers
and allostratigraphic surfaces. These characteristics allow for an interpretation of
depositional history.

4.3.1 Sub-Cardium Strata and E1
Underlying the allostratigraphic Cardium Formation is the Haven Member of the
upper Blackstone Formation (Stott, 1963) or Unit XII of the Blackstone alloformation
(Tyagi, 2009). The Haven Member is characterized by rusty-weathered mudstone in
outcrop (Stott, 1963). The contact between the Haven Member and the overlying Opabin
Member of the Blackstone Formation (which approximates the base of the Cardium
alloformation) is marked by a nodular siderite bed, and a change in facies from the rusty
shales of the Haven Member to the concretionary shales of the Opabin Member (Stott,
1963). This transition is correlated as a dotted line below E1 in cross-sections. The
contact is typically characterized by an abrupt transition from Facies 1 thinly-bedded
mudstone below to Facies 2 bioturbated siltstone above (e.g. Sheep River, Line 5, Fig.
4.10; 6-34-30-8W4, Line F, Fig. 4.24). Hart (1990) recognized two regional flooding
surfaces below E1, named E0 and GS, the latter being a pebble-veneered surface
indicative of a regional lowstand. These two surfaces are not correlated in the present
study.

Figure 4.25—Summary photo of Cardium Formation from Ram River with labelled erosion surfaces. Scale bar is near the E6.5
label. Section is younging to the right.


E3 is a thin, muddy break in a sandstone-dominated succession. Note the sharp base of the sandstone below E3, as
compared to the relatively gradational bases of the other sandstones. Upon closer examination, the base of the sandstone
below E2 is also sharp and scoured, although that is not evident in this photo.



Offsets of E5 and E6 are due to minor faulting.



The apparent merging of E6.5 and E7 is due to the disappearance of E7 into a gully. E7 continues in the gully that forms
206

above E6.5, and thus disappears from the photo.
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Plint et al. (1986) used the E1 surface to define the base of the Cardium
alloformation. In proximal (western) outcrops, E1 is commonly marked by a flooding
surface, with very pyritic Facies 3 thinly-interbedded sandstone and mudstone below, and
Facies 1 thinly-bedded mudstone above (e.g. Horseshoe Dam, Line 4, Fig. 4.9). Directly
above E1, siderite nodules are common. In distal sections (e.g. core 6-34-30-8W4, Line F,
Fig. 4.24), E1 is indicated by an abrupt upwards transition from thinly-bedded, weakly
bioturbated, mudstone-dominated Facies 3 to heavily bioturbated silty mudstone of Facies
2.
Interpretation— The abrupt increase in siltstone below E1 records the relative sea-level
fall that marks the onset of the long-term Cardium regression. Falling-stage surfaces are
highly diachronous, and thus make poor allostratigraphic markers, so Plint et al. (1986)
used the first regional flooding surface above that fall (E1) as the base of the Cardium
alloformation. Subsequently, the conglomeratic GS surface (sensu Hart, 1990) was used
to define the base of the Cardium Formation (e.g. Varban and Plint, 2005; 2008b),
because it marked the change from a highly-aggradational to highly-progradational
stacking pattern. The present study will adhere to the original definition of Plint et al.
(1986) and use E1 as the base of the Cardium Formation. E1 formed during a highfrequency transgression that was superimposed on the long-term Cardium FSST. The
large and abundant siderite nodules above E1 may represent a maximum flooding surface
that developed during a time of low clastic sediment supply.

4.3.2 Nosehill Member and E2
The Nosehill Member is the unit between E1 and E2 (Plint et al., 1986). It is
recognized in most of the present study area as a succession that coarsens-upward from
platy mudstone (Facies 1) to bioturbated siltstone (Facies 2) or thinly-interbedded
sandstone and mudstone (Facies 3). Abundant siderite nodules and disseminated pyrite
are distinctive of the Nosehill Member. Clean sandstone is rare; where it does occur (Ram
River and Cripple Creek, Line 1, Fig. 4.6), it is sharp-based and overlies Facies 2 or
Facies 3. Distal sections of the Nosehill Member are characterized by Facies 1 or
mudstone-dominated Facies 3.
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Plint et al. (1986) describe E2 as a flooding surface that is sometimes mantled by
siderite intraclasts. E2 in the present study is best developed at Ram River, where clean
sandstone is capped by a heavily cemented transgressive surface with a veneer of organic
debris. The surface is overlain by a band of siderite nodules in thinly-bedded mudstone.
More commonly, however, E2 is marked by an abrupt transition from Facies 2 or 3 below
to Facies 1 above (e.g. Horseshoe Dam, Line 4, Fig. 4.9). The two distal outcrops
examined in this study (Ferdig Type Section and Deer Creek, Line 9, Fig. 4.14) do not
intersect E2, and the two distal cores that intersect E2 show no sedimentary evidence of a
flooding surface, despite the presence of a regionally traceable log marker. Further
detailed examination of the cores may show some very subtle variation in lithology.
Correlations presented earlier in this chapter defined surface 1a as a flooding
surface between E1 and E2. When observed in outcrop, 1a is recognized by an abrupt
transition from Facies 2 or 3 below, to Facies 1 above. However, the surface is not always
discernable in outcrop as it can be quite subtle and difficult to distinguish from other
flooding surfaces. As was demonstrated in subsurface correlations earlier in this chapter,
1a is a robust marker in the subsurface, and has been correlated throughout the study area,
thus meriting recognition as a regional flooding surface.
Interpretation— The general lack of sandstone in the Nosehill Member indicates a
paleogeographic position distal from the shoreline. In more northerly study areas, HCS
sandstone is common in the Nosehill Member (Plint et al., 1986), but in the present study
area, clean sandstone is restricted to the extreme northwest (Cripple Creek and Ram River
outcrops, Line 1, Fig. 4.6). The presence of clean sandstone in these two northwestern
outcrops indicates increasing proximity to the shoreline relative to the strata directly
below E1, which lacks clean sandstone.

4.3.3 Bickerdike Member and E3
Plint et al. (1986) described the Bickerdike Member as containing bioturbated
mudstone that coarsened westward into shoreface sandstone of the Kakwa Member. The
Bickerdike Member in the present study is characterized by a gradually sandier-up
succession, with thinly-bedded mudstone of Facies 1 at the base, and siderite nodules
increasing in abundance upwards. The top parts of sandier-up successions reach

209
amalgamated HCS and SCS sandstone in the most northerly (e.g. Cripple Creek, Ram
River; Line 1, Fig. 4.6) and more westerly (e.g. Seebe Dam, Ghost River; Line 4, Fig. 4.9)
outcrops. The sandier-up succession is typically gradational, although the succession
may locally be sharp-based, with sandstone erosively overlying siltier facies (e.g. Ram
River, Line 1; Sheep River, Line 5, Fig. 4.10). Where clean sandstone is not present, the
top of the Bickerdike Member generally consists of Facies 4 bioturbated muddy
sandstone.
In distal sections, the Bickerdike Member is expressed as Facies 1 hard, platy,
rusty mudstone (e.g. Ferdig, Line 9, Fig. 4.14) or as Facies 2 pyritic bioturbated mudstone
and siltstone (1-24-16-5W4, Line 5W4; 6-34-30-8W4, Line F, Fig. 4.24). The upper
portion of the Bickerkdike Member may coarsen-up abruptly to thinly-bedded Facies 3
(e.g. 1-24-16-5W4, Line 5W4, Fig. 4.18).
E3 marks the top of the Bickerdike Member. Plint et al. (1986) originally
recognized E3 as a veneer of chert pebbles that locally thickened into a muddy
conglomerate up to 11 metres thick (the Waskahigan Member). Where the Waskahigan
Member is present, E3 is the erosion surface at the base of the conglomerate and T3 is the
flooding surface above the conglomerate. In the present study, E3 is often marked by a
pebble- or granule-veneer, which rarely thickens into a 20 centimetre conglomerate.
Elsewhere, E3 may be marked simply by a flooding surface. Where E3 caps clean
sandstone, the surface may be cemented and have irregular relief. At Ghost River, the
irregular surface takes the form of asymmetrical ‘fingers’, which are veneered by mud
and granules. E3 is a rooted horizon at Cripple Creek. Elsewhere, the surface may be
associated with siderite and phosphate nodules (e.g. Kananaskis River). Where both the
Bickerdike and Hornbeck Members are composed of clean sand, E3 may be a nearly
sand-on-sand contact (e.g. Ram River; Figs. 4.6, 4.25). In these cases, cemented or eroded
surfaces, granule lags, and roots all provide evidence for erosion or subaerial emergence
of E3, even if there is little to no change in lithology across the surface. E3 is expressed in
distal sections as an abrupt upward decrease in silt or very fine sand, and may be overlain
by siderite nodules (Deer Creek, Fig. 4.24).
Interpretation— The presence of shoreface sandstone in the Bickerdike Member indicates
that the shoreline prograded further than the shoreline of the Nosehill Member.
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Sandstones are thicker and more abundant in the northern- and western-most outcrops of
the study area, suggesting that those areas were closer to a shoreline.
The gradational sandier-up succession seen in the Bickerdike Member in most
outcrop sections indicates normal regression. However, in a few outcrops that contain
shore nearshore facies within the Bickerdike Member (e.g. Ram River, Line 1, Fig. 4.6;
Sheep River, Line 5, Fig. 4.10), there is an abrupt downward shift in facies, indicating a
forced regression and accommodation loss. Nearshore settings are more sensitive to
relative sea-level fall, and thus may record a forced regressive succession even if more
distal outcrops preserve a normal regressive succession.
The Waskahigan conglomerate was interpreted by Plint et al. (1986) to represent a
lowstand shoreface deposit. Where E3 is expressed as a pebble veneer rather than a
thicker conglomerate, it marks a transgressive ravinement surface. Waskahigan lowstand
conglomerate is restricted to the most western portion of the basin, indicating a lowstand
of limited magnitude.
Exhumed topography on transgressive surfaces was discussed in Section 3.3.9.
The formation of erosional relief requires burial and early lithification, followed by
erosion to re-expose the surface to air or water. The presence of exhumed topography on
E3, such as the asymmetrical linear features, indicates that E3 erosion removed overlying
unconsolidated sediment to expose a lithified or semi-lithified substrate. Where roots are
preserved (e.g. Cripple Creek, Line 1, Fig. 4.6), the surface was clearly subaerially
emergent and not deeply ravined.

4.3.4 Hornbeck Member and E4
Plint et al. (1986) described the facies of the Hornbeck Member as containing a
sandier-up succession from bioturbated mudstone to interbedded mudstone and HCS
sandstone. Often, two or more sub-cycles were observed within the member. Plint and
Walker (1987) described shoreface facies, including cross-bedded and parallel laminated
sandstones, within the Hornbeck-equivalent portion of the Kakwa Member.
The Hornbeck Member in the present study area consists of Facies 2 rusty
bioturbated siltstone at the base, gradually coarsening upward into Facies 4 bioturbated
muddy sandstone. In northern portions of the study area the succession contains nearshore
deposits including amalgamated HCS, SCS, and planar laminated beach sandstone. The
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nearshore sandstone is often sharp-based and abruptly overlies Facies 2 or 3. The absence
of shoreface deposits in some of the most landward sections is probably due to removal of
these facies by erosion on E4. Within the Kakwa shoreface of the Hornbeck Member,
there may be a series of heavily cemented transgressive surfaces. Some of these surfaces
may also be penetrated by roots, and mantled with abundant organic debris (e.g. Dutch
Creek, Line 6, Fig. 4.11).
The Hornbeck Member is expressed in distal sections as thinly-bedded mudstone
(Facies 1) or bioturbated siltstone (Facies 2), with less siderite and pyrite relative to the
Bickerdike Member. The top of the member can reach thinly-bedded, mudstonedominated Facies 3 or silty sandstone/sandy siltstone (distal expression of Facies 4; e.g.
1-24-16-5W4, Line 5W4, Fig. 4.18).
E4 marks the top of the Hornbeck Member, and represents a regional relative sealevel fall and subsequent rise (Plint et al., 1986). The surface is usually marked by a <20
centimetre thick chert conglomerate. Locally, the conglomerate thickens to 2 metres (e.g.
16-25-13-2W5, Line 6, Fig. 4.11); this conglomerate is the Burnstick Member of Plint et
al. (1986). Coarse-grained material may be burrowed into the underlying Hornbeck
Member. The E4 surface is penetrated by Ophiomorpha, Planolites, Skolithos,
Thalassinoides and Zoophycos, and may have gravel wave-ripples (e.g. Seebe Dam, Line
4, Fig. 4.9). At Ram River, E4 is mantled by abundant woody debris, with coalified logs
up to 10 centimetres long. Nodules of phosphate and siderite may be found above E4
within mudstones of the lower Raven River Member. Pebbles from the Burnstick
conglomerate are also dispersed within the basal ~1 metre of the lower Raven River
Member by bioturbation.
In distal locations, E4 is marked by a flooding surface mantled by a few
centimetres of very fine- to fine-grained sandstone, and is abruptly overlain by dark silty
mudstone. The surface may also be marked by siderite intraclasts (1-24-16-5W4, Line
5W4, Fig. 4.18).
Interpretation— The progressive increase in sandstone in the Bickerdike and
Hornbeck Members as compared to the Nosehill Member suggests an eastwardprograding shoreline. Like the underlying allomembers, the Hornbeck Member represents
a prograding shore to shelf succession. Rooted horizons at the top of shoreface sandstones
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imply periods of subaerial exposure of the shoreface. Evidence of early lithification,
followed by erosion to produce lumpy exhumed topography on bedding planes, indicates
erosion of a lithified or semi-lithified substrate.

4.3.5 Raven River Member, E5, and E5.2
The interval directly overlying E4 was informally termed the ‘black blanket’ by
Walker (1983c), because it was a regionally extensive unit of massive dark mudstone.
The current study also recognizes a similar ‘black blanket’ at the base of the lower Raven
River Member, characterized by dark, massive siltstone containing siderite and localized
disseminated pyrite. The ‘black blanket’ forms the base of a sandier-upward succession
from bioturbated siltstone of Facies 2 to bioturbated silty sandstone of Facies 4 (Fig. 4.26).
However, not all sandier-upwards successions are gradational—some sharp-based
successions suggest forced regression (e.g. Facies 2 is sharply overlain by Facies 3 and
Facies 4 at Sheep River, Line 5, Fig. 4.10). Clean sandstone is rare in the Raven River
Member; where it does exist, it is at the top of the sandier-upward succession, directly
beneath E5 or E5.2. There may be additional sandier-up successions below E5 (e.g. west
end of lines 1 and 3, Figs. 4.6 and 4.8 respectively), but subsurface correlation confirms
that these successions are not regionally continuous, and thus are probably related to
autocyclic processes, as noted by Walker and Eyles (1988).
As demonstrated in cross-sections, sandstone in the lower Raven River Member
extends further basinward than sandstone in any other allomember. However, the upper
Raven River Member also contains extensive sandstone in northern and western areas. In
some cases, the lower Raven River Member is actually less sandy than the overlying
upper Raven River Member (e.g. core in 16-25-13-2W5, Line 6, Fig. 4.11). The
distinction between these two successions requires correlation from subsurface, where the
successions are clearly differentiated and where the regional geometric relationship
between the units can be determined.
In rare instances, an ‘extra’ conglomerate is observed in the lower Raven River Member,
always less than 5 metres above E4. This surface is exposed at Ram River where it
consists of a 10 centimetre thick bed of sideritized medium-grained sandstone with rare
chert granules on the upper contact that contrasts sharply with the rubbly siltstone of the
surrounding lower Raven River Member. A surface at the same stratigraphic position at

213

Figure 4.26—Typical succession of the Raven River Member; example from Burnt
Timber Creek (western section). Bioturbated siltstone of Facies 2 coarsens upwards into
bioturbated silty sandstone of Facies 4. Near the top of the succession, the silt content
decreases, but the sandstone rarely becomes clean, and continues to be bioturbated. The
penultimate sandier-up succession below E5 is of limited geographic extent (see Line 3,
Fig. 4.8). It is interpreted to be related to autocyclic processes, and is therefore not part of
the allostratigraphic framework. Scale bar (2 metres) is indicated in the bottom left
corner.
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16-25-13-2W5 (Line 6, Fig. 4.11) forms a 1 metre thick bioturbated zone of granules in a
sandy siltstone matrix. In core 12-4-10-27W4 (Line A, Fig. 4.19), an isolated bed of
medium-grained sandstone lies in mudstone 2 metres above E4. The character of each of
these three surfaces is very different, but the common similarity of stratigraphic position
<5 metres above E4 suggests that the surfaces may record the same event. However, the
equivalency of the surfaces has not been proven, because the highly localized nature of
the surface and stratigraphic proximity to E4 make log-based correlation difficult. In the
Pembina-Carrot Creek area (Township 51-53), Bergman and Walker (1987) recognized a
‘Gritty Siderite’ (GS) horizon below E5, which they interpreted to represent a pause in
deposition. Reconnaissance correlation in this study indicates that the GS in Pembina
becomes closer to E4 southward, thus approaching the position <5 metres above E4 of the
‘extra’ pebble bed observed in this study. The similarity of the stratigraphic position of
the GS and the pebble beds observed in this study makes the equivalency of the ‘extra’
pebble bed and the GS surface possible. However, because of the difficulties of
correlating this marker, the equivalency has not been proved.
In distal outcrop (e.g. Ferdig Type Section and Deer Creek, Line 9, Fig. 4.14) and
distal core (e.g. 6-34-30-8W4, Line F, Fig. 4.24), the Raven River Member consists
primarily of Facies 1 thinly-bedded mudstone. This contrasts with the massive ‘black
blanket’ observed by Walker (1983c) in more proximal locations. Siltier-upward
successions rarely reach bioturbated siltstone of Facies 2. Siderite nodules and
disseminated pyrite (expressed as rusty weathering) are common. The lower Raven River
Member contains more regressive facies than the upper Raven River Member in distal
sections, confirming that E5 is the maximum regressive surface.
The expressions of the E5 and E5.2 surfaces are highly variable. E5 is commonly
marked by a prominent flooding surface, where siltstone or silty sandstone overlies
sandstone. This is particularly common where the upper Raven River Member has
onlapped onto E5, and the flooding surface marks the contact with the lower Dismal Rat
Member. E5 often has characteristics of transgressive surfaces like those described in
Section 3.3.9, such as irregular lumps or ‘fingers’ (e.g. ~1 metre relief on ‘fingers’ at
Seebe Dam; Fig. 3.36). E5 may be penetrated by Rhizocorallium, Skolithos, and
Zoophycos. Conglomerate on E5 and E5.2 is less common than the conglomerates
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associated with E4 or E6, but does exist in some areas (e.g. Fallen Timber Creek, Line 3,
Fig. 4.8; Sheep River, Line 5, Fig. 4.10; core 16-25-13-2W5, Line 6, Fig. 4.11). In distal
sections (e.g. Ferdig Type Section and Deer Creek, Line 9, Fig. 4.14), E5 is marked by an
abrupt change from siltstone or silty sandstone to thinly-bedded mudstone.
E5.2 onlaps westward and northward onto E5 and only reaches Foothills outcrop
at Oldman River, Castle River, and Lynx Creek. It is also rarely penetrated by core
(6-20-30-4W4, Line 3, Fig. 4.8; 16-25-13-2W5, Line 6, Fig. 4.11). Commonly, the
distinction of E5 from E5.2, and indeed the presence of E5.2 in general, must be based on
correlation of outcrop sections to the regional subsurface correlation grid. A chert
conglomerate up to 1 metre thick may occur at the E5.2 surface, enabling the distinction
of the E5.2 and T5.2 surfaces (e.g. Oldman River, Line 6, Fig. 4.11). More commonly,
E5.2 and T5.2 are merged into a single surface, mantled by a chert pebble lag (e.g. Lynx
Creek, Line 8, Fig. 4.13; core 6-20-30-4W5, Line 3, Fig. 4.8). In distal sections, E5.2 may
be marked by a lenticular bed of fine-grained sand containing ammonites and mudstone
intraclasts (Deer Creek, Line 9, Fig. 4.14).
The original definition of the Carrot Creek conglomerate (Plint et al., 1986) is
only applicable further to the north, where E5, E5.2, and E5.5 have merged. Strictly, only
the conglomerate between E5 and T5 is the Carrot Creek Member; the conglomerates on
E5.2 and E5.5 are unnamed.
Interpretation— The overall sandier-upward trend in the lower Raven River Member and
the abundance of sandstone relative to other Cardium allomembers indicates that the
lower Raven River Member represents the culmination of the long-term regression that
began prior to E1. The upper Raven River Member may locally appear to be the most
regressive facies, but sandstone in the upper Raven River Member is not as continuous or
extensive as that of the lower Raven River Member. Finally, E5.2 onlaps onto E5,
indicating that E5 is the ‘master’ surface. Therefore, E5 is interpreted as the end of a
long-term regression, whereas the upper Raven River Member represents a higherfrequency regression superimposed on the onset of a long-term transgression.
The predominance of bioturbated Facies 4 and lack of clean sandstone of Facies 5
and 6 within the Raven River Member does not immediately appear to be consistent with
an interpretation of maximum regression. Sandstone in the Hornbeck Member contains
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rooted horizons and shoreface deposits, but these characteristics are rarely observed in the
Raven River Member. The rarity of these features in the Raven River Member may be
due to extensive erosion during transgressive ravinement. The extent of lowstand
shoreface conglomerates (or pebble lags that mark the remains of such), and the paleosol
on E5.2 at Lynx Creek indicate that a major regression did occur, even if rooted horizons
or clean sandstones are less common than within the Hornbeck Member. The lower
Raven River Member is interpreted to record a major FSST, during which time
accommodation rate was negative. Subsequent erosion by E5 probably removed most of
the thin, forced regressive shoreface deposits that would have recorded the FSST.

4.3.6 Dismal Rat Member, E5.5, and E6
There is usually only one sandier-up succession in each of the lower and upper
Dismal Rat Members. In western outcrops and core observed in the present study, the
‘laminated blanket’ facies, described by Walker (1983c) as being typical of the Dismal
Rat Member, is not common. Instead, bioturbated muddy sandstone of Facies 4 is typical.
Further offshore, thinly-bedded mudstone of Facies 1 (‘laminated blanket’) becomes
more common (e.g. 1-25-18-30W4, Line A, Fig. 4.19). The Dismal Rat Member contains
pyrite, phosphate nodules, and abundant siderite nodules and bands. Distal sections of the
Dismal Rat Member are dominated by thinly-bedded mudstone. The upper part of distal
successions may contain lenticular millimetre- to centimetre-scale beds of siltstone and
very fine-grained sandstone (e.g. Deer Creek, Line 9, Fig. 4.14).
E5.5 commonly onlaps E5 or E5.2 to the east of the Foothills outcrop belt, and so
is not commonly observed in outcrop. Where present in outcrop, E5.5 is usually veneered
by conglomerate up to 20 centimetres thick, or a bioturbated zone of Facies 8 pebbly
mudstone. There may be siderite and phosphate nodules on or slightly above the surface
(e.g. Oldfort Creek, Line 4, Fig. 4.9). In distal sections, E5.5 is recognized by a decrease
in silt content, and the surface may be overlain by a shell lag (e.g. Ferdig, Deer Creek;
Line 9, Fig. 4.14) or a zone containing abundant white specks, which are probably
coccolith debris (e.g. 6-34-30-8W4, Line F, Fig. 4.24).
The E6 surface has a very characteristic appearance in outcrop, and can
sometimes be used as a marker bed when correlating outcrop logs to well logs. The
surface is usually marked by a conglomerate up to 20 centimetres thick with an erosive
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and bioturbated base, and characteristic pervasive sideritization. The bed may also
contain mudstone intraclasts and phosphate nodules (e.g. Oldfort Creek, Line 4, Fig. 4.9).
At Ram River, E6 marks the base of a 3 metre thick unit of medium-grained lithic
sandstone with very abundant siderite nodules that deform surrounding bedding. Rarely,
the E6 surface is less obvious, lacking pebbles or heavy sideritization (e.g. Cripple Creek,
Line 1, Fig. 4.6), but in most cases the sedimentary characteristics of E6 are very distinct.
In distal sections (e.g. Deer Creek, Line 9, Fig. 4.14; core 6-34-30-8W4, Line F, Fig.
4.24), E6 is a flooding surface manifest by a decrease in silt, and may be overlain by
concretions, calcareous mudstone with coccoliths, or a shell lag. Bentonites are relatively
common directly above E6.
Interpretation—The Dismal Rat Member was deposited during a long-term transgression
that resulted in limited sandstone preservation in the study area, relative to the Raven
River Member. The abundance of siderite and pyrite are characteristic of a diminished
sedimentation rate, typical of transgression. However, the extensive conglomerate on the
E6 surface indicates the remains of a lowstand shoreface deposit. The extensive lowstand
deposits but rare forced regressive sandstone deposits may be explained by very low
accommodation during the FSST, such that almost no FSST strata were preserved. The
superposition of the T6 transgression on a long-term transgression may have caused
extremely limited sediment supply for a period of time, resulting in extreme bioturbation
and sideritization of conglomerates. This interpretation is corroborated by the presence of
phosphate nodules in mudstones directly overlying E6, indicating a maximum flooding
event and very limited clastic influx. The shell lags and abundant bentonites overlying E6
in distal sections may also indicate a maximum flooding surface nearly coincident with
the transgressive surface.

4.3.7 Karr Member, E6.5, and E7
There are typically between 5 and 7 sandier-up successions in the Karr Member,
consisting of Facies 2, 3, 4 and 5. Abrupt basinward shifts in facies are rare (e.g. Burnt
Timber Creek east and west, Line 3, Fig. 4.8). Sandstone is more abundant in the Karr
Member than in the underlying upper Dismal Rat Member. Sandstones in the Karr
Member have a more limited geographic extent than those in the Raven River Member,
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but thick successions of clean sandstone (Facies 5 and 6) do occur in the most western
and northern outcrops. The Karr Member may be anomalously thin in some outcrops due
to erosion on E7 (e.g. Millarville road-cut, Line Mv, Fig. 4.16; Highwood River, Line Hw,
Fig. 4.17).
Ooids are occasionally observed in fine-grained facies of the Karr Member, either
between major flooding surfaces (e.g. between E6 and E6.5 at Burnt Timber Creek west,
Line 3, Fig. 4.8) or on a major flooding surface (e.g. on E7 at Castle River, Line 8, Fig.
4.13). Distal outcrops and cores of the Karr Member consist of Facies 1 thinly-bedded
mudstone, which may coarsen-upward into thinly-bedded, mudstone-dominated Facies 3.
Inoceramid bivalves, belemnites, and rare fish scales are preserved, and are sometimes
concentrated in distinct beds on, or slightly above flooding surfaces. Flooding surfaces
may be marked by intraclastic lags, concretions, and white specks that are probably
coccolith fragments (e.g. E7 in core 1-24-16-5W4; Fig. 4.27).
E6.5 is mapped in the present study area, and has for the first time been correlated
into outcrop. This provides an opportunity for a sedimentological interpretation of E6.5.
In western outcrops, E6.5 is a flooding surface above a sharp-based Facies 5 SCS
sandstone (e.g. Oldfort Creek, Line 4, Fig. 4.9). E6.5 is commonly heavily cemented with
irregular topography. A 50 centimetre conglomerate marking E6.5 at Castle River is
overlain by 3 metres of Facies 8 pebbly mudstone. In some outcrops, E6.5 is removed by
erosion on E7 (e.g. Highwood River, Line Hw, Fig. 4.17; Millarville road-cut, Line Mv,
Fig. 4.16). Where a conglomerate is absent, distinguishing E6.5 from the numerous other
sandier-up successions in the Karr Member requires integration with subsurface
correlations. In distal settings, the surface is typically marked by concretions and shell
lags. However, at the type section of the Ferdig Member in Montana, E6.5 is marked by a
2 centimetre thick bed of chert pebbles and fine-grained sandstone.
Unlike E6.5, E7 is very distinct and can easily be recognized in outcrop. E7 marks
the top of the long-term sandier-up succession represented by the Karr Member, and also
the top of the Cardium Formation. The sandier-up succession directly below E7 may be
gradational or sharp-based, and often culminates in SCS sandstone of Facies 5. Elsewhere,
clean sandstone facies are absent below E7, and the succession may culminate in Facies 4
(e.g. Lynx Creek, Line 8, Fig. 4.13). E7 is usually marked by a thin conglomerate that
locally may thicken to 2.5 metres (Kananaskis River, Line Ks, Fig. 4.15). The
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Figure 4.27—E7 in core 1-24-16-5W4, depth 481–484 m. White outline on box shot
indicates position of detailed photo. E7 is marked by an abrupt facies change from
bioturbated siltstone with rare laminae of coarse silt and very fine-grained sandstone
below, to fissile claystone with abundant bentonites above. An intraclastic lag directly
overlies E7, consisting of siderite pebbles (circled in detailed photo) and a shark tooth
(not in photo). Overlying E7 is an interval containing abundant bentonites. Scale bar
increments in the box photo and detail photo are centimetres. Core is younging up and to
the right.
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conglomerate may be sideritized, but this is not a particularly characteristic feature of E7,
as it is for E6. Pebbles are often burrowed into the underlying Karr Member, and also
bioturbated into the overlying Muskiki Formation. The conglomerate may be clast- or
matrix-supported. Rarely, E7 lacks pebbles and is marked by an abrupt change from
sandstone to mudstone (e.g. Marias River, Line A, Fig. 4.19). The E7 surface in distal
settings may be marked by an intraclastic lag of siderite pebbles, a veneer of very fine
upper sand, wood debris, or phosphatic debris including fish scales and teeth (Fig. 4.27).
The Muskiki Formation overlies E7, and is dominated by clay-rich mudstone that extends
upwards for several tens of metres. A pebble bed is commonly observed ~5 metres above
E7 (e.g. Red Deer River and Burnt Timber Creek west, Line 3, Fig. 4.8). Bentonites are
often found directly overlying E7, and are very abundant in eastern sections (e.g. 19
bentonites in a 3 metre interval, 6-34-30-8W4, and 23 bentonites over a 3 metre interval,
13-20-17-7W4, Line F, Fig. 4.24; 10 bentonites over a 10 metre interval, Deer Creek,
Line 9, Fig. 4.14). This zone of abundant bentonites forms a prominent marker on gamma
ray logs.
Interpretation— The numerous sandier-up successions in the Karr Member represent
high-frequency regressive-transgressive cycles. The pebble bed on E6.5 at the Ferdig
Type Section may represent the reworked remains of a lowstand shoreface deposit.
However, the rarity of conglomerate on E6.5 in proximal settings contrasts with the
isolated pebble bed in an otherwise mudstone-dominated succession at the Ferdig Type
Section.
The enormous extent of lowstand conglomerate on E7 (from the Peace River in
the north to Montana in the south) and erosional relief on E7 provide evidence for a major
relative sea-level fall. In eastern areas, intraclastic lags resulted from exhumation of early
diagenetic concretions and by winnowing of the sea-floor—both related to a lowering of
wave-base. Mudstones of the Muskiki Formation mark the transgression that shifted the
shoreline to a position west of the present-day deformed belt. Abundant bentonites and
coccoliths directly above E7 in eastern cores indicate a condensed section associated with
the transgression. The pebble bed approximately 5 metres above E7 may mark a brief
regression.

221
4.4 Biostratigraphy and Geochronology of Allomembers
Biostratigraphic analysis of the Cardium Formation has only rarely been
attempted, and is hindered by a scarcity of zonal ammonites. Stott (1963) identified some
ammonites within an outcrop lithostratigraphic framework, and used these to assign a
Late Turonian to Early Coniacian age to the Cardium Formation. Leggitt et al. (1990)
used the fossil identifications of Stott (1963) to determine that 5 of the 9 Turonian
ammonite biozones were missing across the E5 unconformity. Leggitt et al. (1990)
determined that if the total duration of the Turonian (~3 m.y.) were divided equally
between the 9 ammonite biozones (thus assigning a duration of 333 k.y. to each biozone),
then the duration of the 5 missing biozones across the E5 unconformity could be
estimated to be 1.67 m.y. Hall et al. (1994) analyzed new ammonite material collected in
outcrop along the Bow River and from cores within the Pembina field. They recognized
zonal ammonites that had not previously been identified within the Cardium Formation,
thereby decreasing the number of biozones apparently missing across the E5
unconformity and shortening the duration of that hiatus to less than one biozone. Based
on the results of Hall et al. (1994), Walker et al. (1995) revised the duration of the E5
unconformity to approximately 287,500 years (assuming that all biozones within a stage
represent the same duration; an assumption that, while probably invalid, provides a
simple means of estimation).
Braunberger (1994) and Braunberger and Hall (2001a, b) analyzed ammonites and
inoceramid bivalves within the context of the outcrop descriptions and lithostratigraphy
of Stott (1963). Some aspects of Braunberger (1994) and Braunberger and Hall (2001a,b)
are unclear or inconsistent. For example, Braunberger and Hall (2001a, p. 334) state that
all ammonite zones from Collignoniceras woollgari to Scaphites depressus are
represented in the Cardium Formation, but Braunberger and Hall (2001b, p. 1117) state
that Prionocyclus novimexicanus has never been recovered. In another example,
Braunberger (1994, p. 126) reports an ammonite from a core in 1-31-27-6W5 at 1380 feet
depth. However, there is no record of this core in the Divestco Geovista database or at the
ERCB Core Research Centre in Calgary. Due to the lack of clarity and inconsistencies in
Braunberger (1994) and Braunberger and Hall (2001 a, b), it is difficult to incorporate all
of their biostratigraphic results into the present study. However, an attempt is made to
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incorporate as much data as possible from these previous studies into the present
investigation.
The present study involves collaboration with Dr. I. Walaszczyk (University of
Warsaw) to integrate modern inoceramid biostratigraphy into the Cardium
allostratigraphy. Inoceramid zonation has a higher resolution than ammonite zonation for
much of the Upper Cretaceous, and especially within the interval spanning the TuronianConiacian boundary (Walaszczyk and Cobban, 2000). A summary of previous
biostratigraphic analyses has been combined with new fossil discoveries in Figure 4.28.
Nielsen et al. (2003) report argon-argon radiometric ages of 89.19±0.51 Ma and
89.40±0.31 Ma from two bentonites near the base of the bentonite ‘swarm’ directly above
E7, providing the best available estimate of the age of the top of the Cardium Formation.
The base of the Cardium Formation is more difficult to date. The base of the Prionocyclus
hyatti zone occurs within the upper Nosehill Member (Braunberger, 1994), although the
base of this zone is poorly constrained due to a scarcity of specimens. The base of the P.
hyatti zone can be interpolated to ~91.72 Ma (see Fig. 4.28a caption for calculation),
thereby providing an estimate for the age of the base of the Cardium Formation. The
duration of the Cardium Formation is therefore ~2.3 m.y. Two additional radiometric
ages provide additional data points with which to evaluate absolute time in the Cardium
Formation. The Turonian-Coniacian boundary, dated at 89.65±0.28 M.a. (Siewert et al. in
press), lies between E5.5 and E6 in the Cardium Formation. The Prionocyclus macombi
zone is dated at 91.24±0.09 Ma (Siewert et al., in press). Although P. macombi has never
been observed in the Cardium Formation, the position of this zone can be approximated,
because the P. macombi zone is three biozones below the P. whitfieldi (recognized here
by the occurrence of the age-equivalent Inoceramus dakotensis; I. Walaszczyk, pers.
comm., 2012), and one biozone above P. hyatti. Based on these biostratigraphic
constrains, the 91.24±0.09 Ma age for the P. macombi zone therefore applies to a point
somewhere between E2 and E3.
The field of radiometric dating is currently undergoing a revolution, as the
precision of analytical techniques is increasing (Gehrels, 2012) and, more significantly,
calibration methods are being reassessed (e.g. Kuiper et al., 2008; Meyers et al., 2012;
Siewert et al., in press). Historically, argon-argon analysis has yielded ages that are ~1%
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Figure 4.28a— Biostratigraphy and geochronology within the Cardium allostratigraphic
framework. The position of previously identified ammonites and inoceramids was
transposed onto outcrop logs that were correlated within the allostratigraphic framework.
Biostratigraphic zonation uses the scheme of Walaszczyk and Cobban (2000; Fig. 4.28b).
Abbreviations: P. = Prionocyclus; S. = Scaphites; I. = Inoceramus; C.=
Cremnoceramus. Species that are not index fossils in the zonation of Walaszczyk and
Cobban (2000) are identified in parentheses. Zonation is based on first appearance. Note
the extensive overlap of species, including index fossils; this overlap is rarely
acknowledged on biostratgraphic range charts.
The base of the Cardium Formation is poorly constrained biostratigraphically,
because P. woollgari extends well into the underlying Blackstone Formation. P. whitfieldi
has not been described from the Cardium Formation, but I. dakotensis, which has been
recognized above E3, marks the equivalent time period as P. whitfieldi (see Fig. 4.28b for
ammonite-inoceramid comparisons).
The first appearance of Cremnoceramus deformis erectus marks the base of the
Coniacian (Fig. 4.28b; Walaszczyk and Cobban, 2000). In previous zonation schemes,
Cremnoceramus rotundatus was used as the base of the Coniacian, it has now been
shown that C. rotundatus is a junior synonym of C. deformis erectus (Walaszczyk and
Cobban, 2000). The two synonyms are separated here because they were identified in
separate studies. Braunberger (1994) identified C. rotundatus as high as the interval
between E6.5 and E7, although Walaszczyk (pers comm. 2012) restricted the C. deformis
erectus to a zone between E5.5 and E6. C. waltersdorfensis on this chart includes C. walt.
waltersdorfensis and C. walt. hannoverensis.
Hall et al. (1994, p. 309) report that Prionocyclid ammonites never occur within
the Coniacian, although Braunberger (1994) reports P. quadratus above S. preventricosus
at Lynx Creek (p. 209) and P. germari above S. preventricosus at Seebe Dam (p. 199).
Nonetheless, the first appearance of S. preventricosus should be taken as the base of the
Coniacian.
Sources of radiometric dates: 1—Nielsen et al. (2003), argon-argon; 2—Siewert et
al. (in press), astronomically-tuned argon-argon and uranium-lead geochronology; 3—
Siewert et al. (in press), argon-argon. Siewert et al. (in press) also report an argon-argon
age of 89.87±0.10 Ma for the S. nigricollensis zone, although this date is not included in
the figure because the base of that zone is poorly constrained in the Cardium Formation.
Age of the base of the P. hyatti zone is interpolated based on the age of the P.
macombi zone (91.24±0.09 Ma; Siewert et al, in press) and the base of the Vascoceras
birchbyi zone (93.66 +0.31/-0.16 Ma; Meyers et al., 2012). Therefore, the bases of the P.
macombi and V. birchbyi zones, which are separated by 5 biozones (Cobban et al., 2006),
are ~2.42 m.y. apart. Assuming an equal duration of each biozone, each zone represents
~0.48 m.y. The first appearance of P. hyatti best approximates the base of the Cardium
Formation, and occurs between 1a and E2. From the base of P. macombi to base of P.
hyatti is 1 zone, or approximately 0.48 m.y. The base of P. hyatti is therefore interpolated
to ~91.72 Ma, and the duration of the Cardium Formation is ~2.3 m.y. (91.72 Ma – 89.40
Ma).
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Figure 4.28b—Biostratigraphic zonation used in this study. Walaszczyk and Cobban (2000).
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younger than uranium-lead ages for the same samples (Schoene et al., 2006). Comparison
of the results of argon-argon and uranium-lead ages for the same bentonites, combined
with astronomical recalibration of standards (used for determining decay constants), have
narrowed the difference between these two methods, while also increasing the precision
and accuracy (Kuiper et al., 2008; Meyers et al., 2012). Therefore, some radiometric
dates are being revisited, and the ages shown in Figure 4.28a may shift based on the
recalibration. Recalibration has shifted some dates by large amounts. For example, the
age of the Turonian-Coniacian boundary was shifted from 88.7 Ma (uncertainty range not
provided; Obradovich, 1993) to 89.65±0.28 Ma (Siewert et al., in press), using the same
bentonites and biozones, but changing the calibration and by using astrochronology
(cyclostratigraphy) rather than biozone averaging to interpolate between radiometric ages.
Notwithstanding the questions of radiometric calibration and comparison of
different methods, the ages reported in Figure 4.28a provide the best estimates as to the
absolute age of allomembers of the Cardium Formation. These ages show that time is not
partitioned in proportion to stratigraphic thickness; the E2-E5.5 interval represents 1.95
m.y. whereas the E5.5-E7 interval apparently represents only 0.25 m.y. There are several
reasons why the lower portion could represent so much time. The thickness of
allomembers members in Figure 4.28a is based on the relative thickness of units within
this study. In more northerly study areas, E2-E5 thickens and E5-E7 thins, such that E2E5 is approximately twice the thickness of E5-E7 (e.g. Hart and Plint, 1993b). (E5.5 and
E5.2 are not identified in these northern study areas, because these surfaces probably do
not exist due to lap-out. Therefore, E2-E5 and E5-E7 are the relevant, equivalent
intervals.) Therefore, the thickness is more proportionate to time in northern and central
Alberta than in southern Alberta. Differential subsidence may account for the rapid
southerly thickening of E5-E7. It is possible that subsidence in southern Alberta was
either relatively slow during deposition of E2-E5.5 or relatively fast during deposition of
E5.5-E7, allowing anomalously thin or thick successions to be deposited during the
corresponding time period relative to central Alberta. Indeed, Krause et al. (1994)
indicate two distinct depocentres, the Nordegg ‘Lobe’ and the Highwood ‘Lobe’, which
are separated by the Calgary Platform. Differential subsidence of these two depocentres
may be responsible for some of the southerly thickening of the E5-E7 interval.
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A second explanation for the disproportionate relationship between time and
thickness may be related to unconformities. The abundance of unconformities in the E2E5.5 interval means that, although the total duration between these surfaces is ~1.95 m.y.,
sedimentation may have only occurred for a portion of this time. When the duration of
sedimentation alone is considered, the distribution of time within these units may be more
proportionate. Erosion on the unconformities may have also removed a significant
thickness of sediment, reworking it into younger strata, thus adding to the
disproportionate time-thickness relationship. Finally, the E2-E5.5 interval is relatively
progradational, whereas the E5.5-E7 interval may have been more aggradational, which
would create a thin but extensive E2-E5.5 unit and a thick E5.5-E7 unit in proportion to
the amount of time that each interval represents.
The distribution of biozones in Figure 4.28a is equally or more important than
absolute ages for determining the timing relationships within the Cardium Formation.
However, if fossils are rare, it is difficult to isolate biozones on the high-resolution
allomember-scale used in this study. Most of the biozones in Figure 4.28b are defined by
a first appearance datum (Walaszczyk and Cobban, 2000), but if fossils are rare, it is
impossible to determine if the fossil identified is in fact the youngest fossil in that interval.
Co-occurrence of many species, including index fossils, is shown to be common in Figure
4.28a. Although overlap of index fossils is not usually acknowledged on biostratigraphic
charts, it is known to occur (Walaszczyk, pers. comm., 2012). Therefore, the occurrence
of an older fossil does not preclude the possibility of a younger age for a specific interval.
For example, Braunberger (1994) reports Prionocyclus quadratus (Late Turonian)
stratigraphically higher than Scaphites preventricosus (Early Coniacian) at Lynx Creek;
this means that P. quadratus may range into the Early Coniacian. This overlap is rarely
explicitly stated, but the possibility must be acknowledged when interpreting
biostratigraphic data. Some biozones, however, represent a change in nearly the entire
assemblage, providing a basis for confident zonation. One such event that is relevant to
this study is the Turonian-Coniacian boundary.
Braunberger (1994) and Hall et al. (1994) proposed that the Turonian-Coniacian
boundary lies in the lithostratigraphic lower Leyland Member (the allostratigraphic
Dismal Rat Member), recognized based on the first occurrence of the ammonite Scaphites
preventricosus. New findings by I. Walaszczyk (pers. comm. 2012) confirm the position
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of the stage boundary based on the first appearance of Cremnoceramus deformis erectus.
The boundary has been placed ~2 metres above E5.5 at both Horseshoe Dam and at Deer
Creek. These two outcrops represent very different paleogeographic settings, and are
separated by over 370 kilometres (Fig. 4.29). The consistent position of this boundary
relative to allostratigraphic surfaces over such a long distance validates the
allostratigraphic correlations as well as the underlying allostratigraphic method.
The section of the Fort Hays Limestone at Pueblo, Colorado, has been used as the
North American reference section for the Turonian-Coniacian boundary (Walaszczyk and
Cobban, 1999), and so is a practical section with which to compare the findings from the
Cardium Formation. At Peck Creek near Pueblo, the so-called ‘flat-surface’ occurs
below—but in very close proximity to—the base of the Coniacian. The flat surface has
been interpreted as a hardground (Walaszczyk et al., in prep.), such as would form by
wave-scouring of a consolidated sea-floor during relative sea-level fall. Evidence for a
major sea-level fall immediately before the Turonian-Coniacian boundary is consistent
with the E5.5 regression occurring in the latest Turonian in the Cardium Formation. This
correlation provides evidence that the E5.5 relative sea-level fall was at least of
continental extent.
In the Bohemian Basin of Europe, Uličný et al. (2009) identified a late Turonian
lowstand overlain by two backstepping regressions in the latest Turonian. The latest
Turonian backstepping regressions are very similar to upper Raven River and lower
Dismal Rat members in the Cardium Formation. The late Turonian lowstand that
precedes this transgression is probably equivalent to the E5 maximum regression. The
recognition of the Turonian-Coniacian boundary directly above a long-term transgression
punctuated by two higher-frequency regressions in both the Bohemian Basin and the
Cardium Formation indicates that these sequences may be the result of global eustasy.
Intercontinental biostratigraphy is therefore an invaluable tool when interpreting the
mechanisms of sequence development.
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Figure 4.29—Correlation of physical stratigraphic surfaces and biostratigraphy between
Horseshoe Dam, Deer Creek, and the time-equivalent portion of the Fort Hays Limestone
at Peck Creek near Pueblo, Colorado. Note that the scale of the log from Peck Creek is
greatly expanded. The Turonian-Coniacian boundary is recognized by the first
appearance of Cremnoceramus deformis erectus, which occurs ~2 metres above E5.5 at
both Horseshoe Dam and Deer Creek. C. deformis erectus occurs <50 centimetres above
a hardground surface at Peck Creek, indicating that the Turonian-Coniacian boundary
occurs above a regional erosion surface in all three sections. The hardground is
interpreted to be equivalent to E5.5, on the basis of this biostratigraphic correlation. At
Horseshoe Dam, the first appearance of Cremnoceramus crassus is directly above E7. At
Peck Creek, the first appearance of C. crassus directly overlies an erosion surface that is
marked by a shell lag. Based on this biostratigraphic correlation, the erosion surface at the
top of bed 35 at Peck Creek is interpreted to be equivalent to E7 in Alberta. Walaszczyk
et al. (in prep.).
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CHAPTER 5 – TECTONIC CONTROLS ON DEPOSITION OF THE CARDIUM
FORMATION
5.1 Depositional trends
5.1.1 Methods for Isopach and Isolith Mapping
An isopach map shows the thickness of a stratigraphic unit. An isolith map shows
the thickness of a particular lithology over a given area. Both of these maps are useful for
understanding depositional trends. Isopach and sandstone isolith maps were constructed
in this study based on the correlations summarized in Chapter 4. The thickness of each
allomember and the thickness of sandstone in each allomember were measured to the
nearest metre for each well and outcrop, and inserted into an Excel spreadsheet with the
latitude and longitude of the well. Sandstone was measured in well logs using a gamma
ray cut-off, as defined in Figure 3.40c. The data were then gridded and mapped using
Surfer (Golden Software, version 8, 2002). Gridding used a kriging algorithm. Kriging
determines the orientation in which data are most strongly correlated and interpolates
preferentially in that direction. Kriging is commonly used when data show strong linear
trends (Davis, 2002), such as the trend created by the flexural axis of a foreland basin.
The maps generated in Surfer were imported into Corel Draw 13, where they were
overlain on a basemap with the township-range grid. Contours were also edited where
necessary using Corel Draw, in order to make them more geologically reasonable. By this
process, maps of allomember thickness (isopach maps) and of the sandstone thickness of
each allomember (isolith maps) were produced.
Some isopach maps and all isolith maps contain areas with ‘zero-thickness’.
Because thicknesses were measured to the nearest metre, any value less than 1 metre
indicates a zero-thickness for that unit. Therefore, the lowest value indicated by a contour
line on isopach and isolith maps is 1 metre. Where thinning is due to lap-out of bounding
surfaces (e.g. onlap of E5.2 and E5.5 onto E5), the 1 metre contour line indicates the lapout limit.
For mapping purposes, outcrop sections were palinspastically restored to account
for tectonic shortening in the deformed belt (Appendix 1). Restorations were determined
based on published geologic maps and structural cross-sections. Typically, outcrops were
not positioned exactly on published cross-sections. Consequently, outcrops were
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projected onto the cross-section by following the appropriate thrust slice along strike to
where it intersected the nearest cross-section. The projected distance was usually less than
20 kilometres; any projection in excess of this distance is indicated in the notes in
Appendix 1. Once the position of an outcrop on a cross-section was established, the
length of shortening was determined using the bed length method (Dahlstrom, 1969).
First, the cumulative length of a single stratigraphic unit was measured along all thrust
slices between the eastern limit of deformation and the thrust on which the outcrop was
located. Whenever possible, the Cardium Formation was the stratigraphic unit measured.
However, in some cases, erosion of the Cardium Formation made this method impossible,
and the closest underlying stratigraphic unit that could be measured was used. The
present-day distance between the eastern limit of deformation and the position of the
outcrop was then measured on each cross-section. The present-day distance was
subtracted from the total bed length to calculate the degree of shortening. The orientation
of shortening is the orientation normal to the strike of the deformation front in the area of
the cross-section (i.e. the orientation of the cross-section). Once the shortening vector was
determined, the palinspastic restoration was calculated using UTM coordinates and
trigonometry. Finally, the restored UTM was converted to latitude and longitude using an
online conversion tool (Montana State University Research Coordination Network, 2009).
The restored latitude and longitude for each outcrop was inserted into the Excel
spreadsheet with the measured allomember and sandstone thicknesses, and was included
in the Surfer gridding process.
Restorations were also undertaken in the same fashion for three faulted wells in
the west. The well at 6-11-36-13W5 was restored because it is located sufficiently far
west of the deformation front that the shortening is significant (33 kilometres). The well
at 12-21-36-14W5 was restored because it has been shortened by a significant length, but
also because its position is west of the Ram River outcrop. If Ram River were restored
but 12-21-36-14W5 were not, the order of data points would be altered (Ram River would
move west of the well, when it is actually east of the well). The well in 10-13-5-1W5 was
restored because the Cardium Formation is repeated in its entirety in this well. The lower
occurrence of the Cardium Formation is undeformed, and so was plotted at the well
location. The upper occurrence was faulted; restoration was required so that these two
data points did not plot directly on top of one another on the map. Although there are
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other faulted wells in the database, these are located in the most easterly part of the
deformed belt where shortening is minimal. Based on cross-sections and calculated
restorations for the most easterly restored outcrops, the thrust displacement of these
faulted wells is probably less than 10 kilometres, and was therefore regarded as negligible
for the purpose of this regional study.
There are numerous sources of error in the process of palinspastic restoration.
Published structural cross-sections are interpretations, combining outcrop, seismic, and
well-log data. The quality of the cross-section is therefore limited by the quality of the
data. There may be additional thrusts or faults that are below the data resolution, and thus
are not mapped. The resolution of the cross-section varies by study. A regional-scale
study may include only the main thrusts, whereas a more detailed study also considers
smaller thrusts. Identification of more thrust slices results in a greater calculated
shortening length. Similarly, the stratigraphic resolution of each study is variable. Some
studies correlate the Cardium Formation specifically, whereas others do not differentiate
formations within the Colorado Group. Where the Colorado Group is undifferentiated
internally, it is very difficult to determine the length of shortening on closely-spaced
faults that repeat sections only within the Colorado Group.
Another source of error in palinspastic reconstructions arises from along-strike
projection of outcrops onto cross-sections. Projection can be accomplished confidently
using geological maps, but the length of shortening on a single thrust slice changes along
strike, so the calculated shortening may vary accordingly.
Other sources of error include incomplete data, surface erosion that makes the
measurement of complete bed-lengths impossible, and limitations on the accuracy of
measurement. Given all of these compounding sources of error, it is emphasized that
palinspastic restorations represent approximate positions. The error is estimated to be less
than ±10 kilometres for most sections. An accuracy of ±10 kilometres is sufficient for the
purpose here of restoring outcrop sections to a position approximating their true
depositional position. Movement of data points within the ~10 kilometre margin of error,
especially when data is sparsely spaced, will not change the interpretation of a regionalscale study such as this.
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5.1.2 Introduction to Isopach Map Interpretation
Abundant wave-generated sedimentary structures in the Cardium Formation
indicate that the seafloor was well-circulated and wave-reworked, and therefore probably
had very little bathymetric relief. Thickness changes are therefore interpreted in most
cases to represent spatial variations in syndepositonal subsidence rate. In rare cases,
thickness changes correspond to facies boundaries (e.g. the abrupt eastward limit of the
Burnstick conglomerate creates an abrupt change in the isopach maps), and the thickness
change is attributed to a combination of depositional topography and facies-controlled
differential compaction.
Gradual, approximately-eastward thinning over distances of >100 kilometres is
interpreted to represent changes in subsidence rate due to regional flexural patterns.
Subsidence rate (and therefore thickness) is greatest in the western foredeep, and
decreases gradually eastward towards the forebulge. Local deviations from this trend are
commonly spatially coincident with known basement structures.
Isopach maps will be presented first, followed by an identical map with an overlay
of relevant basement structures. Relevant basement structures that will be discussed in
this chapter are indicated in Figure 5.1. Some of the thickness changes over basement
structures represent depositional thinning, interpreted to be caused by differential
subsidence. Other thickness changes over basement structures are due to erosional relief
on regional erosion surfaces (particularly E7). Understanding the cause of thickness
changes (depositional or erosional) requires an appreciation of the stratal geometries
observed in cross-section. Reference will be made to relevant cross-sections in Chapter 4
to illustrate the cause of the localized thickness changes.
The second type of map presented in this chapter, the isolith map, illustrates the
thickness of sandstone within individual allomembers. ‘Sandstone’ for the purpose of
isolith maps is defined based on gamma ray values that exceed that of ‘background’
mudstone (Fig. 3.40c). The cut-off is calibrated to cores such that Facies 3 and 4 are
mapped as sandstone. The gamma ray value for this cut-off is approximately 90 API units,
although the cut-off was not defined on that basis. Sandstone isolith maps may indicate
the trend of the shoreline and the offshore limit of sand dispersal. Isolith maps also show
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Figure 5.1—Basemap of study area, with overlay of relevant structural features. The
Garrington, Caroline, Crossfield, and Lochend oil fields mark the position of the linear
lowstand shoreface deposits of the Burnstick Member, and are shown because many
linear features in the subsequent isopach maps align with these fields, suggesting a
potential long-term tectonic control for their position. The ‘Lochend hinge zone’ is a
newly recognized structural feature that is defined based on a linear feature in the isopach
map of the Hornbeck Member (Fig. 5.11), although the trend is evident in many other
allomembers as well. The Lochend hinge zone is defined in Section 5.1.7, and is named
based on its geographic correlation with the linear Burnstick Member at the Lochend oil
field. The Red Deer High represents a domain of graphitic metasedimentary rocks
(Section 2.5.2; position based on Brandley et al., 1996). The Vulcan Low is an Archean
suture zone between the Loverna Block to the north and the Medicine Hat Block to the
south (Section 2.5.1; position based on Eaton and Ross, 1999). The Bow Island Arch and
Kevin Sunburst Dome are components of the Sweetgrass Arch (Section 2.5.3).The areal
distribution of the Sweetgrass Arch is indicated by structural contours of the top of the
Colorado Group (Nielsen et al., 2003). The basement faults show the position of
prominent offsets in residual values (Section 2.5.4). The westernmost fault was initially a
normal fault, which was subsequently inverted; the remaining faults are normal faults
(Lemieux, 1999).
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localized zones of thick sandstone accumulation, for which an explanation is given on a
case-by-case basis.
A map of the estimated extent of subaerial exposure at sea-level lowstand is also
presented for some erosion surfaces. Evidence for subaerial exposure includes
conglomerate and rooted horizons. The distribution of these features in core and outcrop
is plotted for each erosion surface for which there is enough evidence to produce a map.
The sandstone isolith map is also shown on the subaerial exposure map because
sandstone thickness trends can aid in interpolating the orientation of the subaerial
exposure limit between core and outcrop data points.
Isopach, isolith, and subaerial exposure maps of allomembers are presented in
stratigraphic order, from oldest to youngest. It is also sometimes beneficial to map the
cumulative thickness of multiple allomembers, because this indicates the long-term trend
of subsidence. Following this logic, the discussion begins with an isopach of the total
Cardium Formation.

5.1.3 Total Cardium Formation
An isopach map of the entire Cardium Formation (Fig. 5.2) shows an eastwardthinning wedge, consistent with greater flexural subsidence in the western foredeep. The
north-south trend of the contour lines indicates the orientation of the flexural axis,
although some irregularities are present. For example, an anomalously thin zone trends
approximately east-west near Township 16; this zone corresponds to the position of the
aeromagnetic Vulcan Low (Fig. 5.3). Rapid westward thickening occurs across the linear
trend of the Lochend hinge zone. Finally, a thin zone exists in the northeast corner of the
map, although it does not correlate to any previously described basement structure. That
the Cardium Formation is unusually thin or thick over these features indicates areas of
differential subsidence. The extent to which these features influenced deposition and
erosion will be discussed with reference to individual allomember isopach maps.
A sandstone isolith map of the entire Cardium Formation (Fig. 5.4) combines
sandstones that are not stratigraphically continuous, so should not be interpreted in terms
of one continuous depositional event. Nevertheless, the total isolith does highlight areas
of long-term sandstone deposition. There are two main lobes of sandstone, approximately
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Figure 5.2—Isopach map of the Cardium Formation. Contours in metres. Thickness
increases gradually westwards towards the foredeep. The general north-south trend of the
contour lines indicates the orientation of the flexural axis. Mapping the thickness of the
entire Cardium Formation provides a basic interpretation of the long-term ‘average’
subsidence history, whereas the maps of individual allomembers (presented later in this
chapter) illustrate the pattern of subsidence for shorter time periods.
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Figure 5.3—Isopach map of the Cardium Formation, with an overlay of relevant
structural features. Contours in metres. Abrupt thickening occurs west of the Lochend
hinge zone. The regional trend of the contour lines is broken by a zone of anomalous
thinning over the Vulcan Low. This map indicates areas that, at some point throughout
deposition of the Cardium Formation, experienced differential subsidence or uplift. Each
of these features will be discussed in more detail as they relate to individual allomembers.
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Figure 5.4—Sandstone isolith map of the entire Cardium Formation. Contours in metres.
Sandstone thickness illustrated here is the cumulative thickness of sandstone in all
allomembers, and does not represent a single, vertically continuous sandstone. Therefore,
this map cannot be interpreted in terms of a single depositional process. However, the
map does illustrate the general limit of sandstone deposition, and the position of the two
main lobate sandstone bodies within the study area: the Drumheller lobe and the
Lethbridge lobe.
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centred on Townships 6 and 30. These lobes mark areas of unusually thick sandstone
accumulation throughout the deposition of several allomembers. The two areas of thick
sandstone are defined in Section 5.1.9 (based on the lower Raven River Member) as the
Drumheller lobe (to the north) and the Lethbridge lobe (to the south). These lobes will be
discussed further in the context of the relevant allomembers.

5.1.4 Lower Nosehill Member (E1-1a interval)
The isopach map of the lower Nosehill Member (Fig. 5.5) shows a northwestward-thinning wedge. The arcuate, northwestern foredeep indicates orogenic loading
in the northwest.
No sandstone was observed in the lower Nosehill Member in this study, so an
isolith map is not presented here. The lack of sandstone was also noted in Section 4.3.2,
and indicates that the study area was probably >70 kilometres from the Nosehill shoreline.
The shoreline probably existed to the west, near the Cordilleran sediment source,
although any shoreface deposits have been destroyed in the deformed belt.

5.1.5. Upper Nosehill Member (1a-E2 interval)
The isopach map of the upper Nosehill Member (Fig. 5.6) shows thickening into
an arcuate-shaped foredeep that is centred on the northwest corner of the map. The
foredeep has shifted slightly south, relative to that of the lower Nosehill Member. In a
study of the Colorado Group, Plint et al. (2012) interpreted that changes in the location of
subsidence-controlled depocentres were caused by changes in the position of active
deformation in the fold-and-thrust belt. The southward shift in depocentre from the lower
to upper Nosehill Member can be interpreted in terms of a southward shift in the location
of the active tectonic load.
Sandstone is very rare in the upper Nosehill Member, and no evidence for
subaerial exposure is observed on E2. Therefore, no isolith or subaerial exposure map is
presented.
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Figure 5.5—Isopach map of the lower Nosehill Member (E1-1a interval). Contours in
metres. Allomember thickness increases northwestward into the foredeep, which indicates
a tectonic load in the northwest.
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Figure 5.6—Isopach map of the upper Nosehill Member (1a-E2 interval). Contours in
metres. The foredeep is centred in the northwest, and has shifted slightly south relative to
the lower Nosehill Member.
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5.1.6 Bickerdike Member (E2-E3 interval)
The Bickerdike Member thickens westwards (Fig. 5.7), and is more strongly
wedge-like than the upper Nosehill Member, indicating a period of increased loading and
flexural subsidence. The foredeep is in the west, indicating a southward shift in the area
of active loading relative to the upper Nosehill Member. Contour lines indicate an arcuate
moat around the foredeep.
The Bickerdike Member contains sandstone in the westernmost portion of the
study area (Fig. 5.8). Sandstone is thickest between Township 24 and 31 (although based
on limited data points), a position similar to that of the Drumheller lobe.
The extent of subaerial exposure of the Bickerdike Member is estimated based on
the distribution of chert pebbles and root traces on E3 in outcrop (Fig. 5.9). The map
suggests that the area of subaerial exposure, and therefore also the shoreline, was in the
northeast.

5.1.7 Hornbeck and Burnstick Members (E3-T4 interval)
The Hornbeck Member is characterized by a relatively thick southwestern
foredeep succession that thins rapidly north-eastward, indicating a continued southward
shift in the position of active deformation (Fig. 5.10). The regional isopach pattern of the
Hornbeck Member is overprinted by rapid south-westward thickening along a trend that
corresponds to the Lochend oil field (Fig. 5.11). The trend also corresponds with the
westernmost of the normal faults that were recognized in seismic sections by Lemiuex
(1999) and were mapped further by trend surface analysis in Chapter 2. A sandstone
isolith map of the Hornbeck Member (Figs. 5.12) also indicates the abrupt disappearance
of sandstone northeast of the Lochend trend and the basement faults. Because lowstand
deposits of the Burnstick Member were mapped with sandstone facies of the Hornbeck
Member, the abrupt thinning in the isolith map reflects a combination of an abrupt northeastward disappearance of sandstone and also the limit of lowstand shoreface deposits.
The area of continuous along-strike Burnstick conglomerate is outlined on the map to
distinguish it from progradational sandstone of the Hornbeck Member. Plotting the two
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Figure 5.7—Isopach map of the Bickerdike Member (E2-E3 interval). Contours in
metres. The foredeep is centred on the western portion of the map, as opposed to the
northwest as in the upper Nosehill Member, indicating a southward shift in the position of
the active tectonic load. The foredeep is characterized by an arcuate flexural moat, and is
more prominent in the Bickerdike Member than in the upper Nosehill Member, indicating
increased tectonic loading.
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Figure 5.8—Sandstone isolith map of the Bickerdike Member (E2-E3 interval). Contours
in metres. The Bickerdike Member marks the first appearance of mappable sandstone
within the study area. Sandstone is restricted to the westernmost portion of the study area.
The localized sand depocentre centred on Township 28, Range 11W5 may indicate
proximity to a fluvial source of sandy sediment, although the limited data in that area
make any interpretation speculative.
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Figure 5.9—Estimated extent of subaerial exposure of the Bickerdike Member, based on
the distribution of conglomerate and rooted horizons. The isolith map of the Bickedike
Member is superimposed on the map, with contours in metres. Evidence for subaerial
exposure is restricted to the northwestern corner of the study area.
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Figure 5.10—Isopach map of the Hornbeck and Burnstick members (E3-T4 interval).
Contours in metres. The foredeep of the Hornbeck Member shifted southward relative to
that of the Bickerdike Member. Beyond the thick, western foredeep succession, the
Hornbeck Member thins rapidly northeastward. The isolated zero-thickness ‘bulls-eye’ in
Township 32, Range 1W5 is due to the localized erosional truncation of E3 by E4 (Crosssection 2, Fig. 4.7).
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Figure 5.11—Isopach map of the Hornbeck and Burnstick members (E3-T4 interval) with
an overlay of relevant structural features. Contours in metres. South of the Vulcan Low,
abrupt, linear westward thickening corresponds approximately to the position of the two
westernmost basement faults that were recognized by Lemieux (1999). The linear trend
continues north of the Vulcan Low, beyond the mapped limit of basement faults, as
determined by trend surface analysis (Chapter 2). The trend also aligns with the Lochend
oil field, and is the basis for defining the ‘Lochend hinge zone’. Differential thickening
along the Lochend hinge zone becomes unrecognizable near the aeromagnetic Red Deer
High, suggesting that the Red Deer High magmatic complex may have overprinted the
differential subsidence across the Lochend hinge zone.
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sandstone types on the same map illustrates the spatial relationship between highstand
sandstone and lowstand conglomerate.
The well-developed linear thickness trend in the Hornbeck Member that follows
the orientation of the Lochend oil field may be controlled by a basement structure. The
rapid increase in subsidence across this feature could be explained by an area of faulting,
or by a flexural hinge zone. If the trend were due to faulting, an abrupt structural offset
would be indicated in structural residual maps. Trend surface analysis revealed linear
residual anomalies corresponding to faults south of the Vulcan Low, but no faults were
recognized by this method north of the Vulcan Low. South of the Vulcan Low, the linear
thickness trend may be explained by differential subsidence across basement faults.
However, north of the Vulcan Low, there is no structural evidence that indicates the
presence of basement faults. In contrast, a flexural hinge zone would not be revealed by a
residual map, but would cause the rapid south-westward thickening observed along this
trend. A hinge zone would undergo differential flexure when the regional flexural axis is
parallel to the hinge, such as during deposition of the Hornbeck Member. This welldeveloped linear trend in the Hornbeck Member, north of the Vulcan Low, is the basis for
defining the ‘Lochend hinge zone’.
The differential thickening across the Lochend hinge zone becomes
unrecognizable near the Red Deer High (Fig. 5.11). The Red Deer High is a magmatic
complex that formed during Paleoproterozoic plate collision, and therefore has different
physical properties than the surrounding crust. It is possible that the influence of the
Lochend hinge zone was overprinted by differential subsidence across the Red Deer High.
Differential compaction may be responsible for some of the abrupt north-eastward
thinning of the Hornbeck and Bickerdike members where thinning corresponds to the
abrupt seaward limit of lowstand conglomerate preservation (Fig. 5.12). A burial history
model for a well at 10-11-20-24W4 indicates that the maximum burial depth of the
Cardium Formation in that well was approximately 3 kilometres (Higley et al., 2005).
During burial to 3 kilometres, sandstone is typically compacted by 30%, whereas
mudstone is compacted by 70% (Baldwin and Butler, 1985). Therefore, the abrupt southwestward appearance of sandstone and conglomerate would create an abrupt thickness
change due to facies-controlled differential compaction. However, the linear thickness
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Figure 5.12—Sandstone isolith map of the Hornbeck and Burnstick members (E3-T4
interval). Contours in metres. The basinward extent of sandstone in the Hornbeck
Member is greater than that in the Nosehill or Bickerdike members. The Burnstick
conglomerate is mapped as a part of the Hornbeck Member, and the isolated sandstone
with a position corresponding to Caroline, Crossfield, and Lochend on this map (indicated
by the dashed outline) is a representation of the Burnstick Member. Pattison and Walker
(1992) demonstrated that the dimensions and position of the conglomerate closely
resemble that of the oil fields, so the position of these fields is used to supplement the
present regional mapping. The Burnstick Member reaches a maximum thickness of 6
metres at Garrington, Crossfield, and Caroline, and a maximum thickness of 4 metres at
Lochend (Pattison and Walker, 1992). Within the limit of Burnstick conglomerate
indicated by the dashed line on the map, most of the ‘sandstone’ consists of lowstand
conglomerate. The well spacing of this study does not capture the long, narrow geometry
of conglomerate pods, instead portraying them as a single continuous conglomerate body.
Outside of the limit of Burnstick conglomerate indicated on the map, sandstone
accumulation is primarily due to progradational sandstone within the Hornbeck Member,
although isolated lowstand conglomerate is also preserved. Sandstone forms a lobate
body extending eastwards between Township 7 and 16 in a position similar to that of the
Lethbridge lobe identified in the lower Raven River Member (Section 5.1.9).
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trend on the isopach map continues southward beyond the limit of the Burnstick Member,
indicating that differential compaction was not the primary cause for the isopach trend.
The sandstone isolith map of the Hornbeck and Burnstick members (Fig. 5.12)
represents sandstone deposited during the highstand and falling-stage systems tracts
(Hornbeck Member), and also lowstand shoreface conglomerate (Burnstick Member).
The present study does not aim to map the precise limits of the long, narrow Burnstick
Member, because previous studies have already documented the conglomerate
distribution and geometry within individual oil fields (e.g. Pattison and Walker, 1992).
The isolith map includes an overlay of the oil fields hosted by the Burnstick conglomerate,
which indicates the position of the Burnstick Member. The Burnstick conglomerate
continues south-eastward, beyond the oil fields indicated. The limit of continuous alongstrike preservation of the Burnstick lowstand preservation is indicated on the map. South
of the limit of strike-continuous lowstand deposits, the sandstone indicated on the isolith
map represents primarily the progradational shelf sandstones within the Hornbeck
Member, although some discontinuous remnants of the Burnstick Member are also
preserved. The eastward-protrusion of sandstone between Townships 7 and 16 occurs in
the same position as the Lethbridge lobe described in the lower Raven River Member
(Section 5.1.9).
None of the wells in the working cross-sections are in the Garrington field, and
too few wells were used from Lochend, Caroline, and Crossfield to accurately illustrate
the long, linear nature of the Burnstick conglomerate. There are two reasons that these
fields are underrepresented by the data in this study. Firstly, the linear lowstand
conglomerates occur in ‘pods’ that are <4 kilometres wide. This study uses an average of
two wells per township along cross-section lines, resulting in an approximate well
spacing of 5 kilometres. It is possible that a <4 kilometre wide conglomerate would occur
between the wells selected. Secondly, because this project focuses on the entire thickness
of the Cardium Formation, wells that penetrate the entire formation were preferred for
cross-sections. The abundant production wells within Garrington, Lochend, Caroline, and
Crossfield very commonly end directly below the Burnstick conglomerate reservoir,
providing an incomplete stratigraphic column for the purposes of this study. Although
some of these ‘incomplete’ wells were used (especially in instances where the well was
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cored), the complete wells were preferred, resulting in an under-representation of ‘onfield’ wells.
The subaerial extent of the Hornbeck Member is greater than that of the
Bickerdike Member (Fig. 5.13). The conglomerate at the Garrington field indicates the
most seaward extent of the lowstand shoreface deposits, and thus is the approximate limit
of subaerial exposure. The linear edge of sandstone north of Township 17 is primarily an
indication of the seaward extent of the lowstand shoreface deposits, and thus aids
interpretation of the subaerial limit. The limit of exposure is interpreted to deviate southwestward at approximately Township 12, based on the limit of sandstone preservation.

5.1.8 Summary of the Nosehill, Bickerdike, and Hornbeck Members
An isopach of the cumulative thickness of the Nosehill, Bickerdike, and Hornbeck
members (Fig. 5.14) shows a simple westward-thickening wedge with a flexural axis
oriented north-south. At an allomember resolution, the flexural depocentre shifted
gradually southward throughout deposition of these three allomembers. The shift in
depocentre is interpreted to record a southward shift in the locus of active deformation in
the thrust belt. The allomember-scale maps of the lower Nosehill, upper Nosehill,
Bickerdike, and Hornbeck members (Figs. 5.5, 5.6, 5.7, and 5.10 respectively) illustrate
the importance of detailed correlation and mapping if the complex relationship between
sedimentation and tectonism is to be understood. Mapping of thick units that represent a
long period of time will reveal only the long-term average subsidence history, in which
the detailed history of pulsed subsidence is not evident.

5.1.9 Lower Raven River Member (E4-E5 interval)
Whereas the Hornbeck Member is characterized by a well-developed
southwestern foredeep, the lower Raven River Member thickens westward only slightly,
having a relatively tabular geometry (Fig. 5.15). As discussed in Section 2.2.1, wedge
geometries are typical of periods of orogenic loading, causing rapid foredeep subsidence,
whereas tabular geometries indicate periods of tectonic quiescence (Jordan and Flemings,
1991; Varban and Plint, 2008b). The relatively tabular geometry of the lower Raven
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Figure 5.13 – Interpretation of the extent of subaerial exposure of the Hornbeck Member,
based on the distribution of conglomerate and rooted horizons. The sandstone isolith map
of the Hornbeck and Burnstick members is superimposed, with contours in metres. The
estimated limit of subaerial exposure follows the Garrington field, which represents the
most easterly of the lowstand shoreface deposits. The subaerial limit then follows the
eastern edge of sandstone where it corresponds to the easternmost extent of the Burnstick
Member (southward until Township 17), south of which the limit is guided by the
occurrence of conglomerate in core and outcrop.
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Figure 5.14—Isopach map of the Nosehill, Bickerdike, and Hornbeck members (E1-E4
interval collectively). Contours in metres. The combined isopach map suggests long-term
uniform flexure along the western margin. However, the isopach maps of each
allomember presented earlier indicate that the cumulative isopach map oversimplifies the
depositional history. This ‘simple wedge’ is actually the sum of spatially-variable
foredeep successions in the Nosehill, Bickerdike, and Hornbeck members. The history of
pulsed subsidence and shifting depocentres is obscured by long-term averaging.
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Figure 5.15—Isopach map of the lower Raven River Member (E4-E5 interval). Contours
in metres. The lower Raven River Member is very tabular relative to the wedge-like
Hornbeck Member, indicating deposition during a period of relatively slow flexural
subsidence.
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River Member indicates deposition during a time of tectonic quiescence and diminished
flexural subsidence.
There are a number of localized thickness changes superimposed on the tabular
geometry of the lower Raven River Member (Fig. 5.16). The lower Raven River Member
is unusually thick for ~40 kilometres on either side of the Lochend hinge zone north of
the Red Deer High. This thickening ends abruptly southward across the Red Deer High. A
west-east trending thin zone corresponds spatially to the Vulcan Low. In cross-section,
the thinning is seen to be caused by depositional thinning throughout most of the study
area (e.g. Line E, Fig. 4.23), but this pattern is overprinted by some erosional thinning in
the west (e.g. Line A, Fig. 4.19). Depositional thinning could be caused by a decreased
subsidence rate over the Vulcan Low, whereas erosional thinning in the west could be the
result of subtle uplift prior to, or during T5 transgressive ravinement.
A narrow erosionally-thinned zone in the lower Raven River Member occurs
directly above the Lochend hinge zone (Fig. 5.16). The narrowness of this erosional trend
is reminiscent of the geometry of the E4 surface beneath the Burnstick conglomerate. By
analogy with E4 (cf. Pattison and Walker, 1992; Hart and Plint, 1993a), uplift of the
Lochend hinge zone may have created topography that caused a ‘stillstand’ during the T5
transgression, allowing localized shoreface incision.
There are along-strike thickness changes, in addition to those corresponding with
the Vulcan Low and Lochend hinge zone, that appear on the map as thick or thin ‘bullseyes’. These thickness changes are due to erosional relief on E5, as demonstrated in
cross-section (e.g. Line A, Fig. 4.19). The presence of chert pebbles on E5 in areas of E5
erosional relief indicates that these areas had previously been subaerially exposed.
Therefore, erosional relief is probably due to a combination of subaerial erosion and
transgressive ravinement.
The sandstone isolith map of the lower Raven River Member illustrates that the
sandstone in this interval is the thickest and most extensive of any Cardium allomember
(Fig. 5.17). The sandstone is relatively tabular. Extensive, tabular sandstone units are
typical of periods of tectonic quiescence, as opposed to sandstone deposited during
orogenic loading and associated foredeep subsidence, which is primarily aggradational
and restricted to the foredeep (Jordan and Flemings, 1991; Varban and Plint, 2008b).
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Figure 5.16—Isopach map of the lower Raven River Member (E4-E5 interval) with an
overlay of relevant basement structures. Contours in metres. Depositional thinning occurs
across the Vulcan Low, indicating that the Vulcan Low was an area of reduced
accommodation relative to the regional trend. North of the Red Deer High, there is a
broad area of thickening that extends ~40 kilometres on either side of the Lochend hinge
zone. This thick area ends abruptly southward across the Red Deer High. Erosional
thinning of the lower Raven River Member occurs along the Lochend hinge zone,
indicating reduced subsidence and perhaps uplift in this area during E5 erosion. The
thickening above the region of basement faults corresponds to the position of the
Lethbridge lobe (Fig. 5.17), and so is probably caused by increased sediment supply
rather than differential subsidence. Thick and thin ‘bulls-eyes’ along the western margin
of the map are due to erosional relief on E5.
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Figure 5.17—Sandstone isolith map of the lower Raven River Member (E4-E5 interval).
Contours in metres. Sandstone is thicker and more extensive in the lower Raven River
Member than in any other allomember of the Cardium Formation. The northwestsoutheast trend of the sandstone limit may indicate the orientation of the shoreline. Thick
and thin ‘bulls-eyes’ along the western margin of the map are due to erosional relief on
E5 (also observed in the allomember isopach map, Fig. 5.15), which truncates sandstone
facies from the top down. The two lobate sandstone bodies that protrude east of the
regional sandstone limit are interpreted to reflect proximity to localized sources of sandy
sediment, and are named the Drumheller and Lethbridge lobes. The southwardasymmetry of the sandstone lobes may indicate the influence of southward-directed longshore currents.
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Therefore, the lower Raven River Member sandstone isolith map indicates deposition
during tectonic quiescence and minimal foredeep subsidence, consistent with the
subsidence history portrayed by the isopach map.
An abrupt north-eastward decrease in sandstone thickness coincides with the
Lochend hinge zone (Fig. 5.18). This may be a reflection of preferential sediment
trapping due to an increased subsidence rate southwest of the Lochend hinge zone.
The estimated seaward limit subaerial exposure of the lower Raven River Member
(Fig. 5.19) is greater than that of the Bickerdike and Hornbeck members. In the northern
portion of the study area, the estimated limit of subaerial exposure, and thus the
orientation of the shoreline, is approximately parallel to the abrupt linear edge of lower
Raven River sandstone. The sandstone limit continues south-eastward along the same
trend, eventually grading into mudstone. If this south-eastward continuation of the
sandstone trend indicated the trend of the shoreline, it would be very difficult to explain
the gradual south-eastward termination of that sandstone unless the shoreline deflected to
the southwest. The transition from shoreface facies and a probable subaerial E5 surface at
Lynx Creek, to only a thin HCS interval at Drywood River indicates a rapid offshore
facies transition. The limit of subaerial exposure is therefore estimated to occur at a point
somewhere between the restored position of these two outcrops. The orientation of the
shoreline must therefore have been redirected south-westward in the southern portion of
the study area, as indicated by the interpretation of lower Raven River Member subaerial
exposure (Fig. 5.19).
Well log correlations indicate east-southeastward shingling and offlap within the
sandstone lobe in the southern part of the study area, which contrasts with the tabular
geometry of sandstone in the northern part of the study area (e.g. Line 7 (Fig. 4.12) shows
westward offlap, and Line D (Fig. 4.22) shows a very oblique view of the offlap).
Shingling and offlap are typical of areas of high sediment supply and progradation,
including deltaic (Walker and Eyles, 1988) and progradational shoreface settings (Keith,
1991). Facies observed in core and interpreted from well log responses indicate that this
sandstone is not a clean, shoreface facies; therefore, the shingling probably does not
represent progradation of a shoreface. Alternatively, the shingled, heterolithic,
coarsening-up successions could indicate proximity to a localized source of sandy
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Figure 5.18—Sandstone isolith map of the lower Raven River Member (E4-E5 interval)
with an overlay of relevant basement structures. Contours in metres. Sandstone is
anomalously thin above the Vulcan Low, consistent with the interpretation that
subsidence rate was diminished over the Vulcan Low during deposition of the lower
Raven River Member. North of the Vulcan Low, sandstone thickness decreases abruptly
northeastward with a trend that approximately corresponds to the Lochend hinge zone.
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Figure 5.19—Interpretation of the extent of subaerial exposure of the lower Raven River
Member, based on the distribution of conglomerate. The sandstone isolith map of the
lower Raven River Member is also shown, with contours in metres. The estimated limit of
subaerial exposure was also guided by the trend of the seaward limit of sandstone
preservation. Subaerial exposure is inferred at Lynx Creek (southwest corner of map,
indicated by gray shading) based on a rooted horizon on E5.2. Because Lynx Creek was
subaerially exposed during the E5.2 lowstand, it was probably also exposure during the
long-term maximum lowstand marked by E5.
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sediment, resulting in a lobe of anomalously thick sandstone. The mudstone-sandstone
transition occurs very rapidly on the northern edge of this sandstone body, but very
gradually on the southern edge. This geometry suggests that sand delivered to this lobe
was transported southwards, giving the lobe an asymmetrical geometry. Oceanographic
circulation during the Turonian was directed southward along the west coast of the
Western Interior Seaway (Ericksen and Slingerland, 1990; Slingerland et al., 1996),
which may explain the southward asymmetry of this lobe. Southward-asymmetry of a
sandstone lobe is also observed in the northern part of the study area, where sandstone
continues south-westward away from the regional limit of sandstone. Although this
northern sandstone body is thin, and internal shingled architecture is difficult to recognize,
it can be interpreted as a prograding asymmetric sandstone lobe in an area with a high
influx of sandy sediment, based on analogy with the southern lobe. These lobes are here
named the Drumheller lobe (to the north) and the Lethbridge lobe (to the south).

5.1.10 Upper Raven River Member (E5-E5.2 interval)
All allomembers discussed up to this point have a general westward-thickening
trend (although the thickening is minimal in the lower Raven River Member). However,
the upper Raven River Member thins north-westward, eventually reaching zero-thickness
where it onlaps onto E5 (Figs. 5.20, 5.21). Onlap of the upper Raven River Member was
interpreted in Chapter 4 to be caused by the onset of a long-term transgression; landward
thinning and onlap are typical of the transgressive systems tract. However, onlap would
be more pronounced during a time of tectonic quiescence, and more evident still if
erosion in the orogen resulted in isostatic rebound in the western part of the basin. Given
that the lower Raven River Member was deposited during a period of tectonic quiescence,
it is possible that the upper Raven River Member represents the continuation of that
quiescent period. Additionally, the widespread progradation of sandstone in the upper
Raven River Member (Fig. 5.22) indicates that sand was not being trapped in a rapidly
subsiding foredeep, but instead prograded basinward, forming a tabular sandstone body.
All of these observations provide evidence for deposition during tectonic quiescence and
possibly isostatic rebound due to erosion in the orogenic wedge. Given the northwestward direction of onlap, isostatic rebound may have been more pronounced in the
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Figure 5.20—Isopach map of the upper Raven River Member (E5-E5.2 interval).
Contours in metres. All of the allomembers described earlier in this chapter thickened to
the northwest or to the west, but the upper Raven River Member thins northwestwards.
Northwestward thinning is due to the onlap of the upper Raven River Member onto E5.
The lack of westward thickening even in the south, where onlap does not occur, indicates
deposition during a time of relatively slow isostatic subsidence, and perhaps isostatic
rebound. Therefore, the tectonic quiescence that was interpreted to have occurred during
deposition of the lower Raven River Member probably continued during deposition of the
upper Raven River Member.
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Figure 5.21—Isopach map of the upper Raven River Member (E5-E5.2 interval) with an
overlay of relevant basement structures. Contours in metres. The onlap limit of the upper
Raven River Member onto E5 approximately corresponds with the Lochend hinge zone
between Townships 17 and 31. The linear thinning and lap-out of the upper Raven River
Member along the Lochend hinge zone suggest that this structure was an area of
decreased subsidence during deposition of the upper Raven River Member. A thick zone
lies directly south of the Vulcan Low in the eastern portion of the map area, indicating an
area of increased subsidence during deposition of the upper Raven River Member.
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Figure 5.22—Sandstone isolith map of the upper Raven River Member. Contours in
metres. Sandstone thickness and geographic extent within the upper Raven River Member
is slightly less than that of the lower Raven River Member. The north-western limit of
sandstone deposition is due to lap-out (indicated by the dashed line), whereas the southern
and eastern limit of sandstone deposition represents a gradational facies boundary.
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northwest, while subsidence may have continued in the southern portion of the study area.
The north-westward thinning of the upper Raven River Member is exactly opposite from
the north-westward thickening of the lower Nosehill Member.
North-westward thinning of the upper Raven River Member is, in general, very
gradual. However, there is relatively rapid westward thinning across the Lochend hinge
zone, and the lap-out point of the upper Raven River Member correlates closely with the
Lochend hinge zone between Townships 17 and 31 (Fig. 5.21). Additionally, sandstone
isoliths parallel the hinge zone, although ~10 kilometres to the northeast (Fig. 5.23). The
spatial correlation of the lap-out limit with the Lochend hinge indicates that the hinge was
an area of reduced subsidence during deposition of the upper Raven River Member, and
perhaps provided topography onto which the upper Raven River Member onlapped.
The upper Raven River Member thickens abruptly directly south of the Vulcan
Low in the eastern part of the map (Fig. 5.21). Although this thickening occurs slightly
south of the Vulcan Low, the orientation and dimensions of the thick area are similar to
those of the Vulcan Low, so it is possible that the thickening is related to increased
subsidence over that structure.
The limit of subaerial exposure of the upper Raven River Member is estimated
based on the distribution of chert conglomerate and rooted horizons on E5.2 (Fig. 5.24).
Onlap of the upper Raven River Member onto E5 is interpreted to represent onlap onto a
subaerial surface, based on evidence for subaerial exposure on the E5 surface. Therefore,
the onlap limit of the upper Raven River represents a minimum extent of subaerial
exposure, and all outcrops northwest of the onlap limit are inferred to have been
subaerially exposed. The limit of subaerial exposure of the upper Raven River Member
backsteps up to 50 kilometres relative to that of the lower Raven River Member.

5.1.7 Lower Dismal Rat Member (E5.2-E5.5 interval)
The lower Dismal Rat Member thins north-westward (Fig. 5.25), much like the
upper Raven River Member, eventually onlapping onto E5.2 or E5. The lack of a western
foredeep and the north-westward onlap indicate deposition when there was minimal
subsidence in the west. The lap-out limit of the lower Dismal Rat Member is further
northwest than that of the upper Raven River Member, indicating continued north-
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Figure 5.23—Sandstone isolith map of the upper Raven River Member (E5-E5.2 interval)
with an overlay of the Lochend hinge zone. Contours in metres. The offshore facies
transition from sandstone to mudstone follows a linear trend that parallels the Lochend
hinge zone, offset ~10 kilometres to the northeast of the hinge.
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Figure 5.24— Interpretation of the extent of subaerial exposure of the upper Raven River
Member, based on the distribution of conglomerate and rooted horizons on E5.2. A
sandstone isolith map of the upper Raven River Member is superimposed on this map,
with contours in metres. The north-westward onlap of the upper Raven River Member
represents onlap onto a subaerial surface, based on evidence for subaerial exposure of the
lower Raven River Member in that area.
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Figure 5.25—Isopach map of the lower Dismal Rat Member (E5.2-E5.5 interval).
Contours in metres. The lower Dismal Rat Member thins northwestward, and onlaps onto
E5 in the northwest corner of the study area. Localized onlap also occurs along the
western margin of the study area, creating isolated areas of zero-thickness. The relatively
tabular geometry suggests that the period of tectonic quiescence that characterized the
Raven River Member probably continued throughout deposition of the lower Dismal Rat
Member.
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westward transgression. The lower Dismal Rat Member laps out in isolated areas of
locally low accommodation throughout the western portion of the study area. The largest
isolated area of lap-out occurs directly west of the cluster of normal faults, and isopachs
parallel the orientation of those faults (Fig. 5.26). The faults were shown in Chapter 2 to
abut north-westward against the Vulcan Low, and thus are restricted to the Medicine Hat
Block. The isolated lap-out pattern is also restricted to the Medicine Hat Block. Therefore,
differential subsidence across the basement faults may have created some localized areas
of low accommodation onto which the lower Dismal Rat Member onlapped.
Although the general isopach trend of the lower Dismal Rat Member is one of
north-westward thinning, an area of anomalous thinning also occurs in the northeasternmost portion of the map area (Fig. 5.26). Thinning in the northeastern corner of the
map is more geographically extensive in the upper Karr Member (Section 5.1.13), and it
will be discussed further in that context.
Sandstone in the lower Dismal Rat Member (Fig. 5.27) is thinner and less
extensive than sandstone in the upper Raven River Member. The position and orientation
of the sandstone bodies have a strong correlation with the Lochend hinge zone (Fig. 5.28).
The southern limit of the largest continuous sandstone in the lower Dismal Rat Member
approximately corresponds to the northern limit of sandstone in the upper Raven River
Member. In the low-subsidence setting in which the lower Dismal Rat Member was
deposited, subtle changes in accommodation probably controlled sandstone depocentres.
Facies-controlled differential compaction of the upper Raven River Member may have
created differential accommodation for deposition of the lower Dismal Rat Member. By
this mechanism, successive sandstone units in low accommodation settings are commonly
offset spatially rather than stacked vertically (e.g. Kreitner, 2002; Runkel et al., 2007).
The limit of subaerial exposure of the lower Dismal Rat Member is interpreted
based on observed occurrences of conglomerate of E5.5, and the trend of the linear
sandstone that corresponds to the Lochend hinge zone (Fig. 5.29). The areas in which the
lower Dismal Rat Member laps out are all west of the estimated limit of subaerial
exposure, indicating onlap onto a subaerial surface. The isolated areas of lap-out may
represent areas of locally low accommodation and perhaps paleotopographic highs. The
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Figure 5.26—Isopach map of the lower Dismal Rat Member (E5.2-E5.5 interval), with an
overlay of relevant basement features. Contours in metres. The isolated onlap of the lower
Dismal Rat Member onto E5.2 corresponds to western edge of the cluster of basement
faults. Contours of westward thinning in this area also align with the orientation of the
faults. The faults probably controlled the position of a low accommodation setting in
which the lower Dismal Rat Member lapped-out. The basements faults were shown in
Chapter 2 to abut north-westward against the Vulcan Low, and are therefore restricted to
the Medicine Hat Block. The isolated lap-out is also restricted to the Medicine Hat Block,
providing further evidence the thinning was controlled by differential subsidence across
basement faults.
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Figure 5.27—Sandstone isolith map of the lower Dismal Rat Member (E5.2-E5.5
interval). Contours in metres. The thickness and extent of sandstone in the lower Dismal
Rat Member is less than that of the lower and upper Raven River Member. The thickness
and areal extent of sandstone decreases south-eastwards from the onlap limit of the lower
Dismal Rat Member.
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Figure 5.28—Sandstone isolith map of the lower Dismal Rat Member (E5.2-E5.5
interval), with an overlay of the Lochend hinge zone. Contours in metres. The sandstone
isolith map of the upper Raven River Member is also shown as a semi-transparent layer.
There is a very strong correlation between the position of sandstone and the Lochend
hinge zone. The most continuous sandstone body in the lower Dismal Rat Member occurs
near the northern limit of thick sandstone in the upper Raven River Member, indicating
that accommodation may have been limited such that successive sandstone bodies could
not stack vertically, and were instead offset.
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Figure 5.29— Interpreted extent of subaerial exposure of the lower Dismal Rat Member,
based on the distribution of conglomerate on E5.5. An isolith map of the lower Dismal
Rat Member is also shown, with contours in metres. The estimated limit of subaerial
exposure follows the trend of isolated sandstone bodies along the Lochend hinge zone.
Given that all occurrences of onlap of the lower Dismal Rat Member occur west of the
estimated limit of subaerial exposure, the lap-out may represent onlap onto a subaerial
surface and a paleotopographic high.
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extent of subaerial exposure of the lower Dismal Rat Member is similar to that of the
lower Raven River Member.

5.1.11 Upper Dismal Rat Member (E5.5-E6 interval)
The isopach map of the upper Dismal Rat Member (Fig. 5.30) marks a change in
depositional style relative to the upper Raven River and the lower Dismal Rat members.
The backstepping, onlapping pattern that characterized the upper Raven River and lower
Dismal Rat members is replaced, in a regional sense, by a relatively tabular geometry in
the upper Dismal Rat Member. The tabular geometry indicates that the period of tectonic
quiescence that preceded deposition of the lower Raven River Member continued
throughout deposition of the upper Dismal Rat Member.
There are many thickness irregularities that overprint the regional subsidence
pattern, and in many cases these can be correlated to structural features (Fig. 5.31). A
thick zone, 20-40 kilometres wide and trending approximately west-east, corresponds
with the position of the Vulcan Low, indicating increased subsidence of the Vulcan Low
during deposition of the upper Dismal Rat Member. An abrupt westward thickening
occurs with a position and orientation that corresponds to the cluster of basement faults.
Allomember thickening over these faults indicates that syndepositional faulting may have
created an area of locally increased accommodation during deposition of the upper
Dismal Rat Member. The basement faults are restricted to the southern Medicine Hat
Block, and abut against the Vulcan Low (Chapter 2). Correspondingly, the thickness
trends that correlate to the region of basement faulting do not continue north of the
Vulcan Low, providing further evidence that the thickness trend is fault controlled.
A linear, westward-thickening trend corresponds to the Lochend hinge zone.
However, the linear, westward thickening trend is interrupted by an area of thinning
between Townships 25 and 30 that corresponds to the position of the Red Deer High. It is
possible that the increased subsidence west of the Lochend hinge zone was overprinted by
reduced subsidence along the magmatic complex of the Red Deer High, highlighting the
independent subsidence history of physically-distinct basement domains.
Sandstone in the upper Dismal Rat Member is spatially restricted (Fig. 5.32).
However, the relatively common occurrence of conglomerate on E6 indicates that the
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Figure 5.30—Isopach map of the upper Dismal Rat Member (E5.5-E6 interval). Contours
in metres. Although there are numerous irregularities that obscure much of the regional
trend, the geometry of the allomember is relatively tabular, indicating tectonic quiescence
in the fold-and-thrust belt.

279

Figure 5.31—Isopach map of the upper Dismal Rat Member (E5.5-E6 interval), with an
overlay of relevant structural features. Contours in metres. A narrow, approximately westeast trending zone of thick upper Dismal Rat Member corresponds to the position of the
Vulcan Low, indicating locally increased syndepositional subsidence above the Vulcan
Low. An abrupt westward thickening occurs with a position corresponding to that of the
cluster of basement faults, possibly indicating an area of increased accommodation due to
syndepositional faulting. These faults are restricted to the southern Medicine Hat Block;
north of the Vulcan Low, on the Loverna Block, westward thickening somewhat
corresponds instead to the position of the Lochend hinge zone.
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Figure 5.32—Sandstone isolith map of the upper Dismal Rat Member (E5.5-E6 interval).
Contours in metres. Sandstone is of very limited extent in the upper Dismal Rat Member,
and is restricted to a few outcrops in the northwest portion of the study area.
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upper Dismal Rat Member was subaerially exposed in a portion of the study area (Fig.
5.33). The interpreted area of subaerial exposure of the upper Dismal Rat Member is less
extensive than that of the lower Dismal Rat Member, and is restricted primarily to the
northwest corner of the study area (although a thin conglomerate sits on E6 at Castle
River in the south). Subaerial exposure of the upper Dismal Rat Member in the northwest,
and north-westward onlap of the upper Raven River and lower Dismal Rat members,
indicate a protracted period of reduced accommodation in the northwest. The rare
occurrence of sandstone in the upper Dismal Rat Member is apparently inconsistent with
the evidence for subaerial exposure, and may be a reflection of very limited
accommodation during the FSST of the upper Dismal Rat Member, and extensive erosion
during subsequent transgression.

5.1.12 Lower Karr Member (E6-E6.5 interval)
The isopach map of the lower Karr Member is characterized by a strong northwestward thickening (Fig. 5.34), indicating a period of renewed flexural subsidence
following the tectonic quiescence that persisted throughout deposition of the Raven River
and Dismal Rat members. The northwestern foredeep resembles the flexural trend of the
lower Nosehill Member.
The flexural trend of the lower Karr Member is overprinted by localized thickness
anomalies, some of which correspond to structural features (Fig. 5.35). Thinning of the
lower Karr Member on the eastern edge of the map corresponds to the position of the
Vulcan Low. The 1 metre contour interval indicates the onlap limit of the lower Karr
Member onto E6 (demonstrated in cross-section on Line F, Fig. 4.24). The thinning and
onlap of the lower Karr Member indicate slow syndepositional subsidence over the
Vulcan Low, such that there was no accommodation for preservation of the lower Karr
Member.
The lower Karr Member thins in the north-easternmost corner of the map—an area
over which thinning also occurred in the lower Dismal Rat Member (Fig. 5.26). This
thinning is caused by erosion on E7, which truncates the entire upper Karr Member and
much of the lower Karr Member. Therefore, the thinning is not caused by depositional or
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Figure 5.33— Interpretation of the extent of subaerial exposure of the upper Dismal Rat
Member, based on the distribution of conglomerate on E6. A sandstone isolith map of the
upper Dismal Rat Member is also shown, with contours in metres. Evidence for subaerial
exposure is most common in the northwestern corner of the study area. The limit of
subaerial exposure backsteps between 20 and 80 kilometres relative to the limit of
exposure of the lower Dismal Rat Member.
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Figure 5.34—Isopach map of the lower Karr Member (E6-E6.5 interval). Contours in
metres. North-westward thickening indicates renewed tectonic loading in the northwest,
following tectonic quiescence during the deposition of the Raven River and Dismal Rat
members.
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Figure 5.35—Isopach map of the lower Karr Member (E6-E6.5 interval), with an overlay
of relevant basement structures. Contours in metres. The 1 metre contour line on the east
edge of the map marks the position of onlap of the lower Karr Member onto E6. The
position of this onlap correlates with the position of the Vulcan Low, indicating that
subsidence over this eastern part of the Vulcan Low was sufficiently slow that no
sediments could accumulate during lower Karr time. The anomalous thinning in the
northeast corner of the map is due to a combination of minor depositional thinning of the
lower Karr Member and major erosion on E7, which truncates the entire upper Karr
Member and much of the lower Karr Member. However, thinning due to E7 erosion is
unrelated to processes that occurred during deposition of the lower Karr Member, so this
thinning will be discussed later, in the context of E7. The anomalous thickening on the
west-central part of the map (approximately Range 7W5, Township 23) is due to an
unusually thick lower Karr Member at Elbow River (Line Ks, Fig. 4.15).
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erosional processes that occurred during lower Karr Member time, and is therefore best
discussed in the context of E7 erosion in Section 5.1.13.
Unusual thinning overprints the regional trend of the lower Karr Member in the
southwest corner of the map, and along the western edge of the map near Township 23.
These anomalies are due to unusual thicknesses of the lower Karr Member at Lynx Creek
(Line 8, Fig. 4.13) and Elbow River (Line Ks, Fig. 4.15) respectively. Because data are
sparse in the west, it is difficult to determine the extent of these thickness anomalies, and
therefore whether they correspond to particular structural elements.
The sandstone isolith map of the lower Karr Member (Fig. 5.36) indicates more
extensive sandstone preservation relative to the upper Dismal Rat Member. The extent of
subaerial exposure of the lower Karr Member is difficult to estimate because
conglomerate is only preserved on E6.5 at Castle River and at the Ferdig Type Section.
The rarity of conglomerate on E6.5 in Foothills outcrops contrasts with the presence of a
pebble bed on E6.5 at the Ferdig Type Section, which otherwise consists only of distal
facies (Facies 1 and 2). Due to the uncertainty created by such an anomalous pebble bed
at the Ferdig Type Section, and the fact that Castle River is the only other exposure of a
conglomerate on E6.5, the extent of subaerial exposure of the lower Karr Member is not
estimated.

5.1.13 Upper Karr Member (E6.5-E7 interval)
The isopach map of the upper Karr Member is dominated by irregular trends
caused by erosional relief on E7 (Fig. 5.37). Some westward thickening is observed,
indicating some flexural subsidence, although the position of the foredeep cannot be
determined due to erosional relief on E7. Many of the thickness irregularities correspond
to structural features (Fig. 5.38). Sandstone preservation is also largely affected by
erosional relief on E7, so the sandstone isolith map (Fig. 5.39) is discussed first, followed
by a discussion of erosional topography.
Sandstone thickness and extent is much greater in the upper Karr Member (Fig.
5.39) than in the lower Karr Member (Fig. 5.36). The abrupt, linear limit of upper Karr
sandstone in the northern part of the map is controlled by the eroded margin of the upper
Karr Member. Sandstone reaches a maximum thickness and eastward extent in the same
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Figure 5.36—Sandstone isolith map of the lower Karr Member (E6-E6.5 interval).
Contours in metres. The areal extent of sandstone in the lower Karr Member is greater
than that in the upper Dismal Rat Member, but less than that in the upper Karr Member.
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Figure 5.37—Isopach map of the upper Karr Member (E6.5-E7 interval). Contours in
metres. Erosional relief on E7 causes many irregular thickness trends that obscure the
regional flexural trend.
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Figure 5.38—Isopach map of the upper Karr Member (E6.5-E7 interval), with an overlay
of relevant basement structures. Contours in metres. Extensive erosional relief on E7
causes dramatic thinning on the east side of the Lochend hinge zone. Thickening west of
the Lochend hinge zone is diminished near the intersection of the Lochend hinge zone
and Red Deer High. Additional erosional relief occurs along the eastern flank of the Bow
Island Arch and over the unnamed feature in the northeast corner of the map.
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Figure 5.39—Sandstone isolith map of the upper Karr Member (E6.5-E7 interval).
Contours in metres. Erosion by E7 in the northern part of the map creates a sharp, linear
sandstone preservation limit. The maximum thickness and eastern extent of sandstone is
in the same position as the Lethbridge lobe mapped in the lower Raven River Member,
possibly indicating an area of long-lived fluvial input of sandy sediment.
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position as the Lethbridge lobe that was mapped in the lower Raven River Member,
providing evidence for continued localized influx of sandy sediment.
E7 erodes stratigraphically downwards directly east of the Lochend hinge zone
(Fig. 5.38). The erosional relief on E7 forms an asymmetrical step, with a steep western
margin. The geometry of the E7 surface in the Lochend-Caroline-Garrington area was
first mapped by Wadsworth and Walker (1991), although they described symmetrical
erosional relief in contrast to the asymmetrical relief observed on E4 (Pattison and
Walker, 1992) and E5 (Bergman and Walker, 1987; Leggitt et al., 1990). Because the
geometry of erosion was different on E7 than on E4 or E5, Wadsworth and Walker (1991)
did not believe that E7 relief was caused by shoreface incision into a tilted shelf during
sea-level stillstand, as was interpreted for E4 and E5. However, Wadsworth and Walker
(1991) admitted that the erosion surface remained enigmatic, and was perhaps caused by
an erosional process that had no known modern counterpart.
Hart and Plint (1993a) re-evaluated the E7 surface, adding more data from a
northern study area, and interpreted that an incised shoreface mechanism best explained
the erosional relief on E7. However, Hart and Plint (1993a) calculated that the observed
erosional relief would require an unreasonable amount of shelf tilting if regional tilting
alone had provided the topography into which the shoreface incised. They instead
proposed that reactivation of underlying faults could have caused localized topographic
steps into which the shoreface incised. Although trend surface analysis in the present
study did not recognize faults north of the Vulcan Low, localized erosional steps are
difficult to explain by flexure along the Lochend hinge zone alone. The mechanism that
caused localized incision therefore remains unproven.
Wadsworth and Walker’s (1991) map of E7 relief ended southward at Township
27; the present study extends the map southwards, demonstrating that the erosional notch
continues ~130 kilometres further along strike to the southeast (Fig. 5.38). However,
erosional relief on E7 along the Lochend hinge zone ends at the Vulcan Low, suggesting
that the mechanism responsible for localized uplift along the Lochend hinge zone within
the Loverna Block did not affect the Medicine Hat Block.
In addition to generating the prominent linear erosional step along the Lochend
hinge zone, E7 truncates significant portions of the upper Karr Member in the northeast
corner of the map area (Fig. 5.38). Erosional thinning of the upper Karr Member in the
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northeast was demonstrated in cross-section on Lines 1 and F (Figs. 4.6 and 4.24,
respectively). Erosion is interpreted to have been caused by wave bevelling of a
differentially uplifted seafloor, resulting in truncation of underlying strata. Wavebevelling and winnowing of the sea-floor during relative sea-level fall can cause erosion
and create an intraclastic lag, such as that observed on E7 in core 6-34-30-8W4 (Line F,
Fig. 4.24). Therefore, E7 erosion in this northeastern area could be explained by wavescouring and winnowing over a tectonically uplifted area during relative sea-level fall,
although this process does not preclude transgressive modification of a subaerial surface.
Tectonic uplift in this area has not previously been described, and this position does not
appear to correspond with any gravity or magnetic anomalies. To better understand the
nature of this ‘structure’, correlations should be continued north and east of the present
study to delineate the extent of E7 erosion; this is an opportunity for future research.
Erosional thinning of the upper Karr Member is also observed in the southeast
corner of the map, in a position that corresponds to the east flank of the Bow Island Arch.
The thinning was shown on Line F (Fig. 4.24) to be primarily due to erosion on E7,
indicating uplift of the Bow Island Arch during horizontal planation by E7 (either by
lowering of wave base, transgressive ravinement, or a combination of both). In order to
understand the nature of the uplift and erosion, a more detailed isopach map of the strata
between E5.5 and E7 was created, using over 3100 wells in an area between Townships
1-20 and Ranges 18W4-8W4 (Fig. 5.40). The E5.5-E7 interval was mapped instead of the
E6.5-E7 interval because, in order to accomplish the correlation of over 3100 wells in a
relatively timely manner, the horizons had to be relatively easily recognized. E5.5 is more
easily correlated in this area than E6 or E6.5, so was used for the purpose of mapping.
Although this map shows thinning of the entire E5.5-E7 interval, correlations on the south
end of Line F (Fig. 4.24) indicate that almost all of the thinning is due to erosion on E7.
The asymmetrical steps on E7 are very similar to those observed in previous
studies on E4 (Pattison and Walker, 1992), E5 (Bergman and Walker, 1987; Leggitt et al.,
1990; Walker and Eyles, 1991), and E7 (Wadsworth and Walker, 1991; Hart and Plint,
1993a). In each of these cases, the asymmetrical steps were interpreted to have formed by
shoreface incision into an uplifted shelf during transgression (with the exception of
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Figure 5.40a—Isopach of the E5.5-E7 interval for the entire study area, showing the
location of the detailed map in Figure 5.40b. Contours in metres.
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Figure 5.40b—Isopach map of the E5.5-E7 interval for the inset area indicated in Figure
5.40a. The erosional relief on E7 is characterized by two separate asymmetric ‘steps’,
similar to the steps observed on E4 by Pattison and Walker (1992) and on E5 by Bergman
and Walker (1987) and Leggitt et al. (1990). ‘En echelon’ asymmetric steps may have
formed by shoreface incision during ravinement by a north-westward transgressing
shoreline.
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Wadsworth and Walker’s (1991) interpretation of ‘enigmatic’ E7 erosion). It is therefore
possible that the Bow Island Arch area was subaerially exposed during the E7 lowstand,
and that uplift of the Bow Island Arch may have provided the relief into which a wave-cut
shoreface may have incised during transgression. This interpretation would suggest that
E7 represents a subaerial surface throughout much of the study area. Evidence for
subaerial exposure of the upper Karr Member is extensive along the Foothills (Fig. 5.41).
The E7 surface is marked by a pebble lag in the Pembina field, the position of which is
projected along-strike into the present study area. Based on the presence of conglomerate
on E7 in Pembina and the asymmetrical steps on E7 on the east flank of the Bow Island
Arch and east of the Lochend hinge zone, E7 is interpreted as a subaerial erosion surface
throughout much of the western portion of the study area. Such an extensive subaerial
erosion surface indicates a major relative sea-level fall.
5.2 Tectonic Controls on Deposition
5.2.1 Plate Flexure
Subsidence in a foreland basin occurs as a result of two primary mechanisms:
static and dynamic loading (Section 2.1). Dynamic subsidence, driven by asthenospheric
flow above the descending plate, has a long wavelength (i.e. ~1000 kilometers; Liu and
Nummedal, 2004) and was responsible for subsidence across the entire Western Canada
foreland basin. The long-wavelength dynamic subsidence does not create a foredeep, and
therefore produces strata with a relatively sheet-like geometry. Subsidence due to static
loading, caused by crustal thickening in the fold-and-thrust belt, is responsible for the
subsidence of the foredeep. Models of static loading show that subsidence occurs
geologically instantaneously in response to loading (Jordan, 1981). Static loading is
probably responsible for pulses of subsidence in the foredeep, whereas dynamic
subsidence is responsible for the ‘background’ subsidence that creates additional
accommodation across the entire basin, including the backbulge.
Rapid subsidence of the foredeep due to static loading results in strata with a
wedge-like geometry and aggradational facies belts. Relatively slow foredeep subsidence
or even minor uplift due to isostatic rebound results in a highly-progradational, sheet-like
stratal geometry (Jordan and Flemings, 1991; Varban and Plint, 2008a; Plint et al., 2012).
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Figure 5.41— Interpretation of the minimum extent of subaerial exposure of the upper
Karr Member. The sandstone isolith of the upper Karr Member is also shown, with
contours in metres. E7 is marked by conglomerate at all Foothills outcrops in which it is
exposed, with the exception of Marias River; the remaining inconclusive Foothills
outcrops represent localities at which E7 is not exposed. Krause and Nelson (1984)
reported a pebble lag on E7 in core from Pembina field (e.g. 6-31-49-10W5), and the
position of this core is projected along-strike onto the northern edge of this map, adding
an additional data point for the estimate of subaerial exposure. The limit of subaerial
exposure is interpreted to be east of the erosional ‘step’ along the Lochend hinge zone,
indicating that shoreface erosion is a plausible mechanism for the observed relief. The
asymmetric ‘steps’ on the east flank of the Bow Island Arch are interpreted to have
formed by shoreface incision into an uplifted shelf, and therefore are evidence for
subaerial exposure.
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In the Colorado Group, loading cycles have been described on a variety of time-scales.
For example, the wedge-like Kaskapau Formation is overlain by the relatively sheet-like
Cardium Formation on a time-scale of ~5 m.y. (Varban and Plint, 2008b). Likewise, the
relatively wedge-like Shaftsbury and Muskiki Formations are overlain by the relatively
sheet-like Dunvegan and Marshybank Formations, respectively (Plint et al., 1993). On a
shorter time-scale, Units 1-3 of the Santonian-Campanian Puskwaskau Formation each
demonstrate an initially high but gradually diminishing subsidence rate on timescales of
~750 k.y. each (Hu and Plint, 2009). Loading cycles therefore appear to have a fractal
quality and are nested on different timescales.
Based on the interpretations in this chapter, allomembers of the Cardium
Formation can be described in terms of two pulses of isostatic subsidence, separated by a
period of tectonic quiescence. The wedge-like Nosehill, Bickerdike, and Hornbeck
members indicate a period of tectonic loading that also involved southward migration of
the load. The relatively sheet-like Raven River and Dismal Rat members showed that
loading slowed dramatically during their deposition. The foredeep again underwent more
rapid subsidence during deposition of the lower Karr Member, marking the onset of the
second pulse of tectonic loading. It is difficult to interpret the role of flexural subsidence
during deposition of the upper Karr Member, because localized erosional relief on E7
overprints the regional thickness trend. However, given that the underlying lower Karr
Member and the overlying Muskiki Formation were deposited during times of rapid
flexural subsidence (Plint et al., 1993; Grifi et al., submitted), the same condition can be
reasonably inferred for the upper Karr Member.
The two pulses of subsidence and intervening quiescence can be explained in the
context of critical taper theory (DeCelles and Mitra, 1995; recall Fig. 2.5). The wedgelike Nosehill, Bickerdike, and Hornbeck members represent a critical and supercritical
phase, during which uplift and advance of the orogenic wedge generated an isostatic load
on the plate margin. The diminished rate of foredeep subsidence during deposition of the
relatively sheet-like Raven River and Dismal Rat members can be interpreted in terms of
the stalling of the orogenic wedge during the subcritical state. Erosion of the stalled
wedge caused a mass transfer from the wedge to the basin, resulting in isostatic unloading
of the orogenic wedge. A pulse of renewed foredeep subsidence occurred during
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deposition of the lower Karr Member, indicating a transition of the orogenic wedge back
to a supercritical or critical state.
The history of flexural subsidence can subdivided further on an allomember scale.
The three main flexural events (two pulses separated by a period of quiescence) are each
discussed here.

Nosehill, Bickerdike and Hornbeck Members (E1-E4 interval)
The Nosehill, Bickerdike, and Hornbeck members were deposited during a pulse
of subsidence in the late Middle and Late Turonian. Between deposition of the lower
Nosehill and Hornbeck members, the load and resulting flexural moat shifted southward
by >200 kilometres. The time necessary to accomplish this shift in the locus of
deformation (i.e. the duration of the Nosehill, Bickerdike, and Hornbeck members) is
difficult to estimate, because the age of the base of the Nosehill Member is poorly
constrained, both biostratigraphically and geochronologically (Fig. 4.28a). The interval
between E3 and E5.5 is better constrained biostratigraphically and geochronologically
than the Nosehill and Bickerdike members. The E3-E5.5 interval contains 4 sequences
spanning a total of ~1.59 m.y. The average duration of each of these sequences is
therefore ~400 k.y. In the absence of any better relative or absolute age constraint for the
Nosehill and Bickerdike members, the same duration is assumed for each of those
sequences. Given that the northern tectonic load was active during deposition of at least a
portion of the Nosehill Member, and that the southern load was active during deposition
of at least a portion of the Hornbeck Member, the >200 kilometre southward shift of the
active load occurred in less than the duration of three sequences (~400 k.y. each), and
therefore in <1.2 m.y.
A rapid shift of the active tectonic load was postulated by Plint et al. (2012) to
have resulted from along-strike partitioning of the thrust front by high-strain transfer
zones that allowed short segments of the fold-and-thrust belt to be active at any given
time. Lawton et al. (1994) interpreted that such transfer zones allowed along-strike
variability in the geometry of the critical taper wedge. The geometry of the wedge, and
particularly the height of the wedge, controls subsidence in the foredeep (DeCelles and
Mitra, 1995). Abrupt along-strike changes in the height of the orogenic wedge across
transfer zones would cause correspondingly abrupt changes in along-strike subsidence
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rate and subsidence-controlled depocentres. Therefore, the >200 kilometre shift in the
primary tectonic load that occurred in the <1.2 m.y. between deposition of the lower
Nosehill and Hornbeck members could have been caused by a diminished rate of
thickening of a northern wedge segment, and the uptake of stress by deformation of a
more southerly segment of the wedge.

Raven River and Dismal Rat Members (E4-E6 interval)
The lower and upper Raven River members and lower and upper Dismal Rat
members are each characterized by a relatively sheet-like geometry, indicating deposition
during a period of diminished foredeep subsidence that implies tectonic quiescence.
Although some subsidence must have occurred during deposition of these allomembers to
allow for accumulation of sediment, the subsidence was perhaps driven primarily by
dynamic loading, which causes a broad, relatively uniform subsidence pattern.
Additionally, the extensive progradation of sand would redistribute the static load across
a larger portion of the basin, thereby reducing the prominence of the foredeep. Isostatic
rebound in the northwest, perhaps due to erosion of the orogenic wedge, may have
created a south-eastward-dipping topographic gradient onto which the upper Raven River
and lower Dismal Rat members onlapped.
The highly progradational stratal architecture of the lower Raven River Member is
explicable in terms of two effects: tectonic unloading which caused minimal
accommodation, and a late Turonian eustatic fall (as recognized in Chapter 4 by
correlation of a relative sea-level fall in the Western Interior Seaway and the Bohemian
Basin). The combined effects of tectonic quiescence and eustatic fall caused sandstone
within the lower Raven River Member to prograde further than any other allomember of
the Cardium Formation.

Karr Member (E6-E7 interval)
The relatively wedge-like geometry of the lower Karr Member indicates renewed
subsidence of the foredeep. The flexural depocentre was located towards the northwest
corner of the map area; this subsidence pattern is similar to that of the lower and upper
Nosehill Member. It is possible that the same segment of the orogenic wedge that was
active during deposition of the Nosehill Member was reactivated during deposition of the
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lower Karr Member. A renewed pulse of subsidence would explain the greatly increased
thickness of the Karr Member in the present study area relative to that further north (e.g.
Plint et al., 1986; Hart and Plint, 1990, 1993a; Wadsworth and Walker, 1991).
It is difficult to interpret the role of flexural subsidence during deposition of the
upper Karr Member due to abundant overprinting of thickness trends by localized
anomalies. A foredeep was established in the northern part of the study area during
deposition of the lower Karr Member, and also during the lowest portion of the Muskiki
Formation (Grifi et al., submitted). Some flexure can therefore be inferred during
deposition of the upper Karr Member, although the flexural trend cannot be determined.

5.2.2 Influence of Basement Structures
It is well established that crustal discontinuities in the Precambrian basement can
affect foreland basin subsidence and sedimentation. Modelling studies (e.g. Waschbusch
and Royden, 1992; Heller et al., 1993) and backstripping (e.g. Pang and Nummedal, 1995)
have recognized the effects of inherited structures on foreland basin subsidence. Intraplate
stress affects a heterogeneous crust differentially, and can cause subtle (metres to 10’s of
metres) localized uplift (Heller et al., 1993). The influence of deep-seated structures on
sedimentation is greater during times of tectonic quiescence when the subtle differential
movement is not overprinted by rapid foredeep subsidence (Heller et al., 1993).
Stratigraphic studies have identified numerous examples of changes in thickness (e.g.
Brandley et al., 1996; Donaldson et al., 1998) or fluvial architecture (e.g. Zaleha et al.,
2001; Zaitlin et al., 2002; Plint and Wadsworth, 2006) across faults or basement domains,
which were interpreted to be caused by differential subsidence due to basement
heterogeneity. However, Ross and Eaton (1999, 2001) cautioned that the geographic
coincidence of thickness or facies trends with the boundaries of Precambrian basement
domains is insufficient evidence to prove a causal correlation. Ross and Eaton (1999,
2001) emphasized that Precambrian structures are only reactivated when stress fields
have an orientation that is optimal to cause movement along terrane boundaries or faults,
and that deep seismic data from the Lithoprobe transects (vertical resolution of ~30
metres; Lemieux, 1999) only rarely show evidence for reactivation of Precambrian
structures. However, Precambrian terranes with different physical properties respond
differentially to tectonic loading (Waschbusch and Royden, 1992), and subsidence rate

300
may therefore have varied across the boundaries of Precambrian domains. Bearing in
mind the caveats of Ross and Eaton (1999, 2001), it is possible that abrupt changes in
accommodation across the boundaries of Precambrian terranes are more likely to be a
response to differential flexure, rather than fault displacement.
Many thickness anomalies observed in isopach maps in Section 5.1 correlate
spatially with known Precambrian structures, the influence of which will now be
discussed in a more general sense.

Vulcan Low
The aeromagnetic Vulcan Low marks the suture zone between the Loverna Block
and the Medicine Hat Block, two Archean terranes that collided during the
Paleoproterozoic (Section 2.5.1). Previous studies have recognized changes in fluvial
style (Zaitlin et al., 2002) and in the thickness of sedimentary units (Lis and Price, 1976;
Brandley et al., 1996) across the Vulcan structure in strata of Neoproterozoic,
Carboniferous, and Cretaceous age. In the Cardium Formation, the lower Raven River
and upper Dismal Rat members thin along a trend that approximately corresponds with
the Vulcan Low (Figs. 5.16 and 5.31 respectively), whereas the upper Raven River
Member thickens on the south side of the Vulcan Low (Fig. 5.21). These examples
indicate that the Vulcan Low may have acted as an area of differential subsidence at times
during deposition of the Cardium Formation.

Sweetgrass Arch and Bow Island Arch
The Sweetgrass Arch includes three smaller components, of which the Bow Island
Arch is most prominent in the study area. Although the Sweetgrass Arch has long been
known to affect Phanerozoic sedimentation, the tectonic cause of this structure remains
poorly understood. Lorenz (1982) compiled previously published descriptions of activity
on the Sweetgrass Arch and organized them based on the timing of occurrence. Some
thickness changes across the Sweetgrass Arch have been observed in strata that were
deposited prior to the foreland basin stage (Lorenz, 1982, and references therein). Lorenz
(1982) proposed that the Sweetgrass Arch may have been a crustal weakness that
localized the hinge zone of the Paleozoic passive margin. However, it is the occurrences
of stratigraphic thickening or thinning over the Sweetgrass Arch during the foreland basin
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phase that are of particular interest in this study. A literature review by Lorenz (1982)
suggests that the most commonly reported influences of the Sweetgrass Arch on
sedimentation are in the Middle to Late Jurassic (approximately coeval with the docking
of the Stikine terrane; Evenchick et al., 2007) and the Upper Cretaceous (approximately
coeval with the Laramide orogeny, which began in the Campanian; Lorenz, 1982). The
Sweetgrass Arch has been interpreted as a forebulge that was localized by a zone of
crustal weakness (Beaumont, 1981), and the relationship between orogenic events and
arch uplift somewhat validates this interpretation (Lorenz, 1982).
In the present study, the upper Karr Member thins over the east flank of the Bow
Island Arch (Fig. 5.38), primarily due to erosion on E7, indicating uplift and erosion
during the formation of the E7 surface. The erosional relief on E7 overprints the regional
flexural trend making it difficult to determine whether the upper Karr Member was
deposited during a period of rapid flexure, which might have been accompanied by
flexural uplift of a peripheral bulge.

Basement Faults
Based on seismic profiles, Lemieux (1999) recognized westward-dipping faults
within the Medicine Hat Block that were initiated in the Precambrian basement and
propagated up into Phanerozoic strata. Trend surface analysis of the Second White
Specks Formation, presented in Chapter 2, revealed the geographic extent of those faults.
Unusual thickness changes in the lower and upper Dismal Rat Member occur in a position
corresponding to the faults, although the nature of the thickness anomaly is different in
each allomember. The lower Dismal Rat Member thins westward across the cluster of
faults (Fig. 5.26). Thinning culminates with the onlap of the lower Dismal Rat Member
onto E5.2 in a position that corresponds to the most westerly of the normal faults. The
thinning on the west side of these faults indicates uplift of the western, hanging wall, and
therefore a reverse sense of movement. An exact correlation to each individual fault
cannot be demonstrated in this study, because the well-spacing is insufficient to do so.
In contrast, the upper Dismal Rat Member thickens westward across these faults,
indicating subsidence of the hanging wall, and therefore normal faulting (Fig. 5.31).
Lemieux (1999) used Lithoprobe seismic data to demonstrate that the most westerly fault
began as a normal fault but was later inverted. It is possible that similar alternations
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between normal and reverse faulting occurred along the other faults as well, but involved
offset on a scale that is below the vertical resolution of the Lithoprobe data (~30 metres).
Further study of the lower and upper Dismal Rat Member with greater spatial resolution
may yield further insight into this hypothesis.
The concept of reactivated basement faults affecting deposition of the Cardium
Formation has been discussed before. Jones (1980) demonstrated that linear features in a
number of stratigraphic units (including the Cardium Formation) correlate geographically
with one another, and interpreted this correlation as evidence for syndepositional fault
control. Jones (1980) interpreted that basement faults were locked during times of flexure,
but became reactivated during times of tectonic unloading. North of Township 65, Hart
and Plint (1990, 1993a) recognized faulted strata in well log cross-sections, and abrupt
linear thickness changes in isopach maps that they interpreted as evidence for
syndepositional fault control. Hart and Plint (1993a) also proposed that the geographic
coincidence of erosional notches on E4 and E7 in the Caroline-Garrington area may have
been controlled by basement faults. However, the trend surface analysis of the Second
White Specks Formation showed no indication of faulting in the Carroline-Garrington
area, leaving this hypothesis unproven.

Lochend Hinge Zone and Red Deer High
The Lochend hinge zone was identified in Section 5.1.7 based on the abrupt
westward thickening of the Hornbeck Member along a linear trend (Fig. 5.11). Linear
thickness trends were also observed along the Lochend hinge zone in the lower Raven
River, upper Raven River, lower Dismal Rat, upper Dismal Rat, lower Karr, and upper
Karr members (Figs. 5.16, 5.21, 5.28, 5.31, 5.35, 5.38 respectively). Erosional thickness
changes of Cardium allomembers have also been observed along this trend in previous
studies (e.g. Wadsworth and Walker, 1991; Pattison and Walker, 1992). Although
reactivation of basement faults has been postulated as the cause for these linear trends
(Hart and Plint, 1993a), trend surface analysis did not reveal any abrupt offsets in
structural elevation of the Second White Specks Formation. An alternative mechanism to
faults could involve a hinge zone that responded anomalously to tectonic loading and
flexure. In the method of trend surface analysis, flexure is incorporated into the regional
elevation (structure) map, and therefore would not appear on the residual map.
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The Lochend hinge zone corresponds in part to an unnamed aeromagnetic high
within the Rimbey domain (Fig. 5.42). This aeromagnetic high has not been discussed in
the literature, so its origin is unknown. This feature may represent a portion of the crust
that has a different composition, and therefore different physical properties. The Lochend
hinge zone may be related to the unnamed aeromagnetic anomaly within the Rimbey
domain, but this feature would not explain the extension of the Lochend hinge zone
further southward.
The Red Deer High cross-cuts the Lochend hinge zone in the northern part of the
study area. In some allomembers, thickness trends along the Lochend hinge zone are
cross-cut by differential thickness trends in proximity to the Red Deer High (e.g.
Hornbeck, lower Raven River, and upper Dismal Rat members; Figs. 5.11, 5.16, and 5.21
respectively). Brandley et al. (1996) recognized abrupt thickness changes in the Lower
Carboniferous Mount Head Formation across the Red Deer High, and postulated that
differential subsidence across the trend was the result of a discontinuity between
basement domains, across which there was differential subsidence. Differential
movement of basement domains across the Red Deer High would explain the overprinting
of thickness trends in Cardium allomembers along the Lochend hinge zone.
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Figure 5.42—Aeromagnetic map of southwestern Alberta and southeastern British
Columbia, with an overlay of the Lochend hinge zone and linear Burnstick conglomerate
bodies. Aeromagnetic map from Brandley et al. (1996), Burnstick oil fields from Pattison
and Walker (1992). High potential field values are shown in red and magenta, median
values in yellow and green, and low values in blue and purple. Basement features are
labelled: MHB, Medicine Hat Block; VL, Vulcan Low; MZH, Matzhiwan High; LB,
Loverna Block; RDT, Red Deer Trend (Red Deer High); LD, Lacombe domain; RD,
Rimbey domain. Major geologic features of the Rocky Mountains are shown for
reference: EDB, edge of deformation belt; MC, McConnell thrust; LIV, Livingstone
thrust; LEW, Lewis thrust. North of the Red Deer High, in the Caroline-Lochend area, the
Lochend hinge zone corresponds to an unnamed aeromagnetic high. Future study of the
nature of this unnamed aeromagnetic anomaly may help explain the cause of the Lochend
hinge zone.
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CHAPTER 6—DEPOSITIONAL HISTORY AND PALEOGEOGRAPHIC
EVOLUTION OF THE CARDIUM FORMATION
6.1 Relative Sea-Level History
The facies and geometry of Cardium allomembers have been presented in crosssection (Chapter 4) and in map-view (Chapter 5). Based on these observations, the
relative sea-level history of the Cardium Formation can be interpreted (Fig. 6.1). An
abrupt downward shift in facies below E1 marks the ‘initial Cardium fall’, indicating the
onset of a long-term falling-stage systems tract. This FSST continues throughout the
Nosehill, Bickerdike, Hornbeck, and lower Raven River members, as indicated by the
increasing abundance of sandstone in successively younger allomembers (Fig. 6.2).
Sharp-based forced regressive successions within the Nosehill, Bickerdike, Hornbeck,
and lower Raven River members indicate that these regressions were caused by higherfrequency relative sea-level falls, superimposed on the long-term FSST. Lowstand
shoreface conglomerate on E3, E4, and E5 indicates the extent of subaerial exposure
during lowstand.
The lower Raven River Member represents the last high-frequency forced
regression superimposed on the long-term FSST. A very low rate of subsidence during
deposition of the lower Raven River Member also promoted the progradation of
sandstone. Backstepping sandstone bodies and north-westward onlap of the upper Raven
River and lower Dismal Rat members indicate the onset of a long-term TST (Fig. 6.3).
Erosion surfaces E5.2 and E5.5 formed as a result of high-frequency relative sea-level
falls that resulted in minor shoreline progradation and subaerial exposure of the shelf
during this long-term TST.
As the long-term transgression progressed during deposition of the upper Dismal
Rat Member, the influence of the high-frequency sea-level falls was diminished and sand
delivery and subaerial erosion surfaces were restricted to the western margin of the basin.
The presence of siderite and phosphate nodules, pyrite, and rare ooids in the upper Dismal
Rat and lower Karr members indicate diminished clastic influx and slow sedimentation
rates, and provide further evidence for long-term transgression and sediment storage in
terrestrial areas.
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Figure 6.1—Interpreted relative sea-level history for the Cardium Formation, based on
the observations in this study. ‘Initial Cardium Fall’ marks the abrupt downward shift in
facies that is indicated by a dotted line below E1 in cross-sections. GS (gritty siderite) and
E0 were not correlated in this study, but were recognized to be regional markers by Hart
(1990). 1a is a flooding surface, but no lowstand deposits are associated with 1a so it is
not assigned an E label, nor is the magnitude of relative sea-level fall as great. The brief
fall that marks the cycle after E7 represents the pebble bed commonly observed <5 metres
above E7 in outcrop.
Biozones shown are based on the summary of biostratigraphy presented in Figure 4.28a,
and using the zonation of Walaszczyk and Cobban (2000; Fig. 4.28b). Species shown in
Figure 4.28a that are not index fossils in the zonation of Walaszczyk and Cobban (2000)
are not included in Figure 6.1. The Scaphites whitfieldi zone is inferred based on the
presence of Inoceramus dakotensis, which is age-equivalent to the S. whitfieldi zone (Fig.
4.28b). Some biozones are missing (particularly between Prionocyclus hyatti and S.
whitfieldi), but an unconformity is not necessary, because some index fossils may simply
not have been found. Inoceramid zonation is only shown for the Coniacian portion
because insufficient material was found in the Turonian succession to determine zonation.
Spacing in time is schematic: The duration of E2-E5.5 (1.59 m.y.) is shown as longer than
the duration of E5.5 to E7 (0.25 m.y.), although the exact proportions of this spacing are
not scaled equally, so that the details of E5.5-E7 are not overly compressed.
Sources of radiometric dates—1: Nielsen et al. (2003), argon-argon; 2: Siewert et al. (in
press), astronomically-tuned argon-argon and uranium-lead geochronology; 3—Siewert et
al. (in press), argon-argon.
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Figure 6.2—Seaward limit of progradational shelf sandstone (including heterolithic
Facies 3 and 4) in the Bickerdike, Hornbeck, and lower Raven River members. Lowstand
shoreface deposits are not included in this map, allowing the limit of only the HST and
FSST portion of the succession to be compared. The maximum seaward extent of
sandstone increases progressively through the Bickerdike, Hornbeck, and lower Raven
River members, indicating that these members represent high-frequency regressions
superimposed on a longer-term regression. In the Hornbeck and lower Raven River
members, the offshore extent of sandstone is greatest in the area of the Lethbridge lobe,
indicating proximity to a long-lived source of sandy sediment.

310

Figure 6.3— Seaward limit of progradational shelf sandstone in the lower and upper
Raven River and lower and upper Dismal Rat members. The progression from the lower
Raven River Member to upper Dismal Rat Member is characterized by backstepping
sandstone limits, indicating that sandstones were deposited during high-frequency
regressions, superimposed on a long-term transgression.
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Regressions occurred during deposition of both the lower and upper Karr Member,
and these were responsible for depositing sand increasingly further seaward relative to the
upper Dismal Rat Member (Fig. 6.4). The regression that is recorded by the upper Karr
Member culminated in a major relative sea-level fall that is indicated by widespread
subaerial exposure of the shelf (E7). Transgression following the upper Karr lowstand
caused extensive ravinement, which, in combination with localized tectonic uplift, was
responsible for the erosional relief on E7. The T7 transgression marked the beginning of
deposition of the Muskiki Formation. A pebble bed commonly observed <5 metres above
E7 is interpreted to have formed during a minor relative sea-level fall during this
transgression.
Stratigraphic evidence suggests that the upper Dismal Rat and Karr members
represent high-frequency regressive-transgressive cycles that are superimposed on a
major, continuous regression (e.g. the stepped progradation of sandstone in Figure 6.4).
However, available geochronology suggests that the upper Dismal Rat and Karr members
represent only ~250 k.y., and are therefore not comparable to the long-term regression
represented by the E1-E5 interval. The upper Dismal Rat and Karr succession therefore
represents a brief, but very major relative sea-level fall. As explained in Chapter 4,
recalibration of standards for radiometric dating has resulted in significant changes to the
radiometric age of some previously analyzed bentonites (e.g. Kuiper et al., 2008; Meyers
et al., 2012; Siewert et al., in press). Re-evaluation of the bentonite samples reported by
Nielsen et al. (2003), or radiometric dating of bentonites collected in the present study,
may cause the age of the basal Muskiki Formation to change, thus changing the apparent
duration of the Karr Member.
Throughout the Western Interior of North America, a Late Turonian transgression
has been recognized, and is named the ‘Niobrara transgression’ (Kauffman and Caldwell,
1993). At Pueblo, Colorado, the Niobrara transgression is marked by the base of the Fort
Hays Limestone, which occurs within the Mytiloides scupini biozone, equivalent to the
Prionocyclus germari zone (Walaszczyk and Cobban, 2000). The Niobrara transgression
is therefore equivalent to the T5 transgression in the Cardium Formation, which also
occurs in the Late Turonian P. germari zone. This interpretation contrasts with that of
Nielsen et al. (2003), who placed the ‘Carlile-Niobrara boundary’ in southern Alberta at
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Figure 6.4— Seaward limit of progradational shelf sandstone in the upper Dismal Rat
Member, and lower and upper Karr members. Sandstone extent increases progressively
from the upper Dismal Rat Member to the upper Karr Member. This geometry indicates
that the upper Dismal Rat and Karr members represent high-frequency regressions,
superimposed on a longer-term regression. Sandstone in the upper Karr Member extends
furthest offshore in the area of the Lethbridge lobe, indicating proximity to a source of
sandy sediment.
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what has here been shown here to be E7, which lies well above the base of the Coniacian
and is equivalent to the contact between the Ferdig and Kevin Members in Montana.
Figure 6.1 shows only the relative sea-level changes that have been mapped
regionally. Higher-frequency regressive-transgressive cycles are recognized within some
allomembers. For example, there are commonly 5 to 7 sandier-up successions between E6
and E7, but only the most regionally extensive cycles that are capped by chert pebble
veneers (E6.5 and E7) are shown in Figure 6.1. High-frequency relative sea-level falls
may be responsible for the ‘extra’ pebble beds seen above E4 in numerous cores and
outcrops, above E6 at Highwood River, and below E6.5 at the Ferdig Type Section.

6.1.1 Implications of the E6.5 Pebble Bed at the Ferdig Type Section
A 2 centimetre thick conglomerate is present on E6.5 at the Ferdig Member Type
Section, located 140 kilometres (restored) from the nearest contemporaneous sandstone
(Facies 4 sandstone at Marias River). This is puzzling because pebbles are very rare on
the same surface in proximal settings. There are no known mechanisms that can move
pebbles 140 kilometres offshore across a shallow, low-gradient ramp. Therefore it must
be inferred that pebbles were transported by rivers flowing across dry land at sea-level
lowstand, and were subsequently reworked during transgressive ravinement. This
interpretation requires shoreline regression of >140 kilometres, although no sandstone
appears to be preserved. Given that patterns of flexural subsidence can change very
rapidly (as demonstrated in Chapter 5), and that accommodation decreased southeastwards during deposition of the lower Karr Member (Fig. 5.34), it is possible that brief
uplift of a forebulge, approximately in the position of the Bow Island Arch, caused a
forced regression with little time or accommodation for deposition of shallow marine
sandstone, at which time the shoreline was driven eastwards to the position of the Ferdig
Type Section.

6.1.2 Mechanisms of Relative Sea-Level Change
Many authors have discussed methods for distinguishing tectonic from eustatic
components of relative sea-level change (e.g. Vail et al., 1991; Embry, 1997, 2009; Miall,
1997). For example, Embry (1997) used tilting of strata below an unconformity (sequence
boundary) as evidence that the overlying sequence was caused by a tectonic mechanism.
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Other authors have used this same logic to invoke a tectonic mechanism (e.g. Vakarelov
and Bhattacharya, 2009; Fielding, 2010). However, although tilting indicates an active
tectonic process, it does not preclude the role of eustasy, especially if the evidence for
relative sea-level change can be observed beyond the area of active deformation.
The critical characteristic of eustasy is that it operates on a global scale (Miall,
2010). Flooding surfaces mapped in the Cardium allostratigraphic framework have now
been correlated along-strike for >900 kilometres (from northeastern British Columbia to
northern Montana) and offshore for ~300 kilometres, and therefore are at least of regional
extent. Flooding surfaces of such great extent could not be due to autocyclic processes, so
they must be explained by allocyclic processes—either tectonic or eustatic. Tectonicallydriven sequences cannot readily be correlated regionally along strike (Krystinik and
DeJarnett, 1995) or along dip across different tectonic zones of the basin (e.g. from the
foredeep towards the forebulge; Catuneanu et al., 1997b). Indeed, the along-strike growth
and decay of flexural moats on <1 m.y. time scales, as illustrated in Chapter 5, makes it
difficult to explain the continuity of surfaces across moats and intervening arches unless
eustasy was the controlling mechanism. Therefore, for the purpose of this study, it is
tentatively interpreted that any flooding surface that can be correlated over a regional
scale (e.g. from the foredeep towards the forebulge, and along strike for hundreds of
kilometres) is eustatic in origin. This interpretation is consistent with previous regionalscale allostratigraphic studies from the Upper Cretaceous of western North America (e.g.
Plint, 1991; Gardner, 1995; Laurin and Sageman, 2007; Plint and Kreitner, 2007).
Although correlation of flooding surfaces for >900 kilometres along strike
provides some evidence that a sequence or flooding surface is caused by a eustatic
fluctuation, proof of eustasy requires intercontinental correlation. Intercontinental
correlation of eustasy has been demonstrated on time scales of tens to hundreds of
millions of years (e.g. Soares et al., 1978), but correlation of higher-frequency sequences
requires high-resolution relative or absolute dating techniques. Sequences with durations
of less than 1 m.y. are especially difficult to correlate intercontinentally because the time
scale approaches the limit of biostratigraphic resolution. High-frequency Cretaceous
sequences have, in rare cases, been correlated on an intercontinental scale, thus proving a
eustatic mechanism (Gale et al., 2002, 2008). The Late Turonian maximum regression in
the Cardium Formation (E5) is overlain by two backstepping sequences, also of Late
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Turonian age (upper Raven River and lower Dismal Rat Members). In the transtensional
Bohemian basin of the Czech Republic, Uličný et al. (2009) also recognized a maximum
regression overlain by two backstepping Late Turonian regressions. In both of these cases,
the first appearance of Cremnoceramus deformis erectus (indicating the base of the
Coniacian) has been recognized directly above the last backstepping succession. The
synchroneity of these regressive-transgressive cycles makes global eustasy a probable
cause for relative sea-level change. Although the other sequences in the Cardium
Formation have not yet been correlated intercontinentally, the regional extent of those
sequences is very similar to that of the lower Raven River, upper Raven River, and lower
Dismal Rat members, and therefore a eustatic mechanism could also reasonably be
expected.
The magnitude of relative sea-level change can also be estimated based on a
bathymetric gradient and the distance of lateral shoreline excursion. The lack of
clinoform geometry in most Cardium allomembers indicates that the entire onshoreoffshore profile was deposited above the mud accommodation envelope, and therefore
probably no deeper than ~70 metres (Plint, submitted). Additionally, the recognition of
wave-formed sedimentary structures in thin sandstone beds at Deer Creek and in core
1-24-16-5W4 (Fig. 3.10) indicates that even the most offshore portion of the study area
was within effective storm wave base for very fine-grained sand (~40 metres depth in the
Western Interior Seaway; Plint, submitted) for at least some portion of the depositional
history. If the position of the shoreline is approximated by the palinspastically restored
position of the Lynx Creek outcrop, coeval sediments at Deer Creek were deposited
approximately 250 kilometres offshore. Water depth of 40 metres at a distance 250
kilometres offshore indicates a bathymetric gradient of ~1:6,000.
The magnitude of lateral shoreline excursions can be reconstructed for the
Hornbeck and Burnstick Members because of good exposure of both highstand
(Hornbeck) and lowstand (Burnstick) shoreface deposits. The position of the highstand
Hornbeck shoreline is estimated later in this chapter (Fig. 6.7b), based on the distribution
of shoreface facies in outcrop and inferred shoreface facies in well logs. The most
seaward extent of lowstand shoreface facies of the Burnstick Member is represented by
the Burnstick conglomerate at the Garrington field, 70 kilometres offshore from the
position of the highstand Hornbeck shoreline. A forced-regressive shoreline excursion of
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70 kilometres on a shelf with a gradient of 1:6,000 requires ~12 metres of relative sealevel fall.
The Cardium Formation spans ~2.3 m.y., and contains 9 sequences that are
interpreted to have been caused by a relative sea-level fall (i.e. allomembers bounded by
conglomeratic ‘E’ surfaces). The duration of each sequence is therefore ~250 k.y. If the
sequences are interpreted to have been caused by eustatic fluctuations, based on their
regional extent, and by the apparent equivalence of the lower Raven River, upper Raven
River, and lower Dismal Rat members to relative sea-level falls in the Bohemian Basin,
then eustatic cycles had a frequency of ~250 k.y. and a magnitude of ~12 metres. Eustatic
cycles of this frequency and magnitude are best explained by glacioeustasy (Miller et al.,
2005a). The possibility of glaciation during the Cretaceous ‘greenhouse’ has been
addressed based on stratigraphic observations (e.g. Plint, 1991; Gale et al., 2002; Miller et
al., 2003, 2005a, 2005b; Laurin and Sageman, 2007; Plint and Kreitner, 2007; Gale et al.,
2008; Galeotti et al., 2009; Kuhnt et al., 2009) and geochemical analyses (Stoll and
Schrag, 2000; Bornemann et al., 2008). Definitive intercontinental correlation of all
Cardium sequences would provide additional evidence to the growing body of research
that supports the possibility of glacioeustasy during the Cretaceous.
6.2 Paleoceanographic Controls
6.2.1 Paleoceanography of the Western Interior Seaway
The Western Interior Seaway was a long, narrow seaway that connected polar and
subtropical water masses (Hay et al., 1993). Steady-state circulation in the seaway formed
a counterclockwise gyre, with northward flow along the eastern margin and southward
flow along the western margin (Slingerland et al., 1996). This circulation was primarily
driven by Coriolis deflection of freshwater input, which created shore-parallel
geostrophic flows (Slingerland et al., 1996). However, sediment transport was primarily
caused by storms, rather than the steady-state flow (Ericksen and Slingerland, 1990).
There are two types of storms that affected Western Interior Seaway: hurricanes
and severe winter storms. Barron (1989) reviewed the genesis and distribution of these
storms on a geologic time scale, with a focus on their influence during the Cretaceous.
Hurricanes are low-pressure systems that form over warm seawater, and derive energy
from the condensation of water vapour. The primary long-term control on the distribution
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of hurricanes is sea-surface temperature. Global temperature during the Cretaceous was
warmer than at present, and therefore hurricanes were probably more common. However,
hurricanes formed primarily off the west coast of Africa, and were directed southward,
thus limiting their influence in the Western Interior Seaway (Barron, 1989).
Severe mid-latitude storms are the result of a juxtaposition of two air masses with
different temperatures, humidities, and pressures (Barron, 1989). Such storms are most
common in the winter, when the temperature gradient between polar and lower-latitude
air masses is the greatest. The early Atlantic Ocean during the Cretaceous was too narrow
to develop extreme thermal and pressure contrasts, but such contrasts could form in the
Pacific Ocean (Barron, 1989). An area of high pressure-gradient spanned the northern
Pacific Ocean, and extended over northwestern North America. As a result, severe winter
storms were relatively common in the Western Interior Seaway, and were initiated in the
northern part of the seaway.
Ericksen and Slingerland (1990) modelled the influence of severe winter storms in
the Western Interior Seaway. The leading edge of eastward-migrating storms caused an
initially weak northward flow of ocean currents. As the storm migrated further eastward,
easterly winds on the trailing edge of the storm caused coastal set-up against the western
margin of the basin. Coastal set-up generated seaward-directed underflows that were
affected by Coriolis deflection and became southward-directed geostrophic flows. Thus,
severe winter storms along the western margin of the seaway caused southward net
sediment transport. Paleocurrent data from numerous localities and various stratigraphic
intervals support the predicted southward-directed storm flows (see compilation in
Ericksen and Slingerland, 1990).

6.2.2 Paleoceanographic controls on sediment transport and deposition
Paleocurrent measurements provide a means to interpret the direction of wave
oscillation and net sediment transport. Varban and Plint (2008a) mapped paleoflow
directions in the Kaskapau Formation (directly underlying the Cardium Formation) in
northern Alberta and British Columbia (Fig. 6.5). Varban and Plint (2008a) reconstructed
paleocurrents from a range of facies that represented nearshore and offshore settings. In
nearshore settings (represented by conglomerate and SCS sandstone), wave-ripple crests
were oriented parallel to the shoreline, and gutter casts were typically oriented at an angle
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Figure 6.5—Paleocurrent indicators across a shore-to-shelf profile for the Kaskapau
Formation. Northerly steady-state and storm winds created along-shore currents, which
were refracted in shallow water to a shore-parallel orientation, causing wave-ripples to
trend along-shore. Coastal set-up drove offshore geostrophic flows that created
combined-flow ripples with shore-normal crest trends and south-eastward along-shore
dips. The variable orientation of gutter casts in nearshore and offshore settings indicates
multiple genetic mechanisms. Varban and Plint (2008a).
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20° to 30° away from shore-parallel. Further offshore, in HCS sandstone-dominated
facies, gutter cast orientation was highly variable, with orientations between shore
parallel and shore normal, but most commonly oriented at approximately 30° away from
the shoreline trend. Wave-ripple crests in HCS-sandstone facies also diverge from the
shoreline orientation by a small angle. Further offshore still, in thinly-interbedded
sandstone and mudstone facies, combined-flow ripple-crests were oriented perpendicular
to shore, with internal laminae dipping south-eastward (alongshore).
The summary of Varban and Plint (2008a) indicates that the dominant
oceanographic control on sedimentation differed along the onshore-offshore profile.
Storm-driven winds were primarily directly alongshore from the north in the Western
Interior Seaway (Ericksen and Slingerland, 1990; Slingerland and Keen, 1999). Northerly
storm winds in the Western Interior Seaway would create wave-crests trending east-west,
oriented normal to shore. However, wave refraction in shallow water would cause wavecrests to rotate to a shore-parallel orientation (King, 1972). Therefore, in nearshore
settings, oscillatory wave-action was shore-normal, creating shore-parallel ripple crests
(Varban and Plint, 2008a). The shore-oblique orientation of gutter casts in nearshore
settings may reflect the combined influence of waves and shore-oblique geostrophic
flows (Varban and Plint, 2008a). Further offshore, in HCS sandstone-dominated facies,
the shore-oblique orientation of wave ripple-crests and gutter casts reflects the alongshore
direction of wave-forcing, with some influence of wave-refraction causing the oblique
orientation. In offshore settings, recognized by thinly-interbedded heterolithic facies,
combined-flow ripples reflect sediment transport by geostrophic flows directed alongshore. The variable orientation of gutter casts in offshore settings may indicate a variety
of distinct genetic processes (Varban and Plint, 2008a).
Paleocurrent data were measured in outcrops in the present study (Fig. 6.6). Data
were grouped into northern, central, and southern regions, and also grouped based on the
facies in which they were measured: shoreface, inner shelf, and outer shelf. These
groupings allowed paleocurrent data to be assessed in spatial context, based on distance
from the shoreline. Where data are sparse (i.e. n<10), interpretations are unreliable due to
high data variability. Where data are more abundant (n≥10), the flow directions can be
interpreted more readily. In central outcrops, combined-flow ripple crests are oriented
shore parallel in inner shelf facies, with internal lamination dipping primarily seaward
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Figure 6.6—Summary of paleocurrent data collected from outcrops in this study. Rose
diagram segments are 5°. Ripple crests and gutter casts are plotted bidirectionally,
whereas the internal dip of combined-flow ripples are plotted unidirectionally. Sectors on
rose diagrams represent combined-flow ripple crests if a combined-flow dip is indicated;
otherwise, the trend is that of a wave ripple crest. Data were sorted by three outcrop
regions to take account of the changing orientation of the shoreline along-strike. The
‘shoreline’ is schematic, based on the ‘average’ limit of sandstone in all allomembers.
Facies boundaries are also schematic. Shoreface facies: Facies 3 (amalgamated HCS
only), 5,6, and 7. Inner shelf facies: Facies 3 (isolated HCS sandstone only). Outer shelf
facies: Facies 1, 2, 3 (thinly-interbedded sandstone only), and 8. Northern Outcrops:
Cripple Ck., Ram R., Red Deer R., Burnt Timber Ck. (west). Central Outcrops: Bow R.
(Seebe Dam and Oldfort Ck. sections), Highwood R., Jumpingpound Ck., Elbow R.,
Kananaskis R., Millarville road-cut, Sheep R. Southern Outcrops: Cataract Ck., Dutch
Ck., Oldman R., Drywood R., Castle R. Paleocurrent data were only collected at the
outcrops listed here.
Where n<10, paleocurrent data often have a high degree of variability, making
interpretation of the data difficult. Where n≥10, paleocurrent data can more readily be
interpreted. Wave-ripple crests in outer shelf facies of northern outcrops trend
approximately shore parallel. Wave-ripple crests and combined-flow ripple crests in
central outcrops show a consistent trend: In inner shelf facies, crests are shore-parallel,
and combined-flow ripples dip primarily seaward, although some ripples dip landward. In
outer shelf facies of central outcrops, ripple crests are oriented approximately shorenormal, and combined-flow ripples dip shore-parallel, approximately southeastward.
Gutter casts are also oriented approximately shore-parallel in central offshore outcrops.
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(although some dip landward). Further offshore, in outer shelf facies, combined-flow
ripple crests are oriented approximately shore-normal, and internal lamination dips
alongshore south-eastward. The southward rotation of combined-flow ripples is consistent
with southward deflection of geostrophic flows offshore. Gutter casts in outer shelf facies
of central outcrops are also oriented approximately shore-normal, perpendicular to wavecrests, and therefore consistent with oscillatory motion oriented shore-parallel. Waveripple crests (as opposed to combined-flow ripples) in outer shelf facies of northern
outcrops are oriented shore-parallel, apparently contrasting the shore-parallel oscillation
indicated by combined-flow ripples in offshore facies of central outcrops. An
approximately orthogonal relationship between wave-ripple and combined-flow ripple
crests was also observed by Varban and Plint (2008a; Fig. 6.5). It is possible that the
relative strength of geostrophic flows and influence of wave refraction varied in storms of
varying magnitude, duration, and wind direction; the interaction between these controls
may be responsible for the orthogonal relationship between wave ripples and combinedflow ripples.
The southward flow of both steady-state and storm-driven currents along the
western margin of the Seaway affected the long-term sediment transport direction.
Longshore currents can promote downdrift progradation of deltas, causing delta
asymmetry (Bhattacharya and Giosan, 2003). Fielding (2010) and Li et al. (2011)
recognized southward asymmetry of the Natom delta of the Turonian Ferron Sandstone
Member in Utah (Cardium-equivalent strata), and attributed the asymmetry to southwarddirected longshore currents. Vakarelov and Bhattacharya (2009) described parasequences
that offlap southward along-shore in the Cenomanian Second Frontier Sandstone in
Wyoming. Charvin et al. (2010) attributed delta asymmetry in the Campanian Blackhawk
Formation of Utah to southward-directed sediment transport by alongshore currents.
The alongshore currents that produced the asymmetrical geometry of deltaic
sandstones throughout the evolution of the Western Interior Seaway probably also caused
the southward asymmetry of the Lethbridge and Drumheller lobes in the lower Raven
River Member. These lobes are not accessible in outcrop, so paleocurrent data are
unavailable. However, based on analogy with previously-described southward asymmetry
in Cretaceous sandstones along the western margin of the Western Interior Seaway, the
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southward asymmetry of the Lethbridge and Drumheller lobes is probably due to
southward-directed storm-driven geostrophic currents.
6.2.3 Onshore‐offshore Facies Profile
Varban and Plint (2008a) studied a series of outcrops that represented an onshoreto-offshore transition, and recognized a set of lateral facies relationships. Clean sandstone
(equivalent to Facies 6, 5, and amalgamated HCS of Facies 3 in this study) extended a
maximum of ~20 kilometres offshore. Decimetre-scale HCS (equivalent to the HCS
portion of Facies 3 in this study) was preserved 5 to 30 kilometres offshore, whereas
centimetre-scale interbedded sandstone and mudstone (equivalent to the thinly-bedded
portion of Facies 3 in this study) was the dominant facies 30 to 100 kilometres offshore.
Laminated and bioturbated silty mudstone (Facies 1 and 2 in this study) existed 100 to
200 kilometres offshore, beyond which calcareous claystone (very rarely recognized in
this study) was the predominant facies.
Varban and Plint (2008a) benefited from good outcrop exposure across the
onshore-offshore profile. Although the present study lacks outcrops in the intermediate
portion of the profile, estimates can still be made for the offshore transport limit of
sandstone. To do so, the approximate position of the most regressive highstand shoreline
must be known. Although lowstand shoreface deposits are locally preserved, most of the
sandstone in each allomember represents progradation during highstand and falling-stage.
Highstand shoreface deposits are preserved most extensively in the Bickerdike and
Hornbeck Members, and the approximate position of the highstand shoreline can be
mapped for these allomembers (Fig. 6.7a,b). The seaward extent of sandstone (including
heterolithic Facies 3 and 4) beyond the interpreted highstand shoreline is highly variable,
ranging from 10 to 70 kilometres, and up to 150 kilometres in the position of the
Lethbridge lobe. Variability may be due to a combination of factors, including variable
preservation of coeval shoreface deposits (from which the sandstone limit is measured),
and points sources of sandy sediment that caused areas of extensive sandstone deposition.
The offshore limit of silt deposition cannot be estimated for this study as it was by Varban
and Plint (2008a), because siltstone persists to the eastern edge of the study area.
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Figure 6.7a— Sandstone isolith map of the Bickerdike Member, with an overlay of the
approximate limit of highstand shoreface facies. Where measurable, sandstone (including
heterolithic Facies 3 and 4) extends between 10 and 35 kilometres offshore in the
Bickerdike Member. The estimated limit of shoreface facies follows the sandstone isoliths
as closely as possible and also honours the distribution of shoreface facies in outcrop.
Shoreface sandstone facies are not observed in the southern part of the map, so the
offshore limit of sandstone preservation cannot be measured.
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Figure 6.7b— Sandstone isolith map of the Hornbeck Member, with an overlay of the
approximate limit of highstand shoreface facies. Sandstone typically extends between 30
and 70 kilometres offshore, although sandstone extends up to 150 kilometres offshore in
the area of the Lethbridge lobe. The distance from the Hornbeck shoreface to the edge of
Burnstick conglomerate is not measured, because these are not coeval strata.
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6.3 Tectonic and Paleogeographic History of the Cardium Formation
The history of subsidence (Chapter 5) and relative sea-level controls (this chapter)
have now been interpreted for the Cardium Formation. The combined influence of
subsidence, relative sea-level changes and paleogeography can now be described. During
deposition of the Nosehill Member, the shoreline was almost entirely west of the study
area, with most of the area dominated by shallow marine conditions (Fig. 6.8). Although
the Nosehill Member represents a period of relatively high sea-level, the sea-floor was
still frequently reworked by storms, and was within the mud accommodation envelope,
indicating a water depth of <70 metres. A northern foredeep recorded active uplift in a
northern segment of the orogenic wedge. Through a series of regressive-transgressive
cycles, progradation of the Nosehill, Bickerdike, and Hornbeck members resulted in the
eastward advance of the shoreline (Fig. 6.9). Simultaneously, the position of active
deformation in the fold-and-thrust belt shifted southward, causing a corresponding shift in
the position of the locus of active subsidence. A relative sea-level fall marked the end of
deposition of the Hornbeck Member, and the forced regression caused the lowstand
shoreline to advance 70 kilometres seaward of the highstand shoreline. Transgression
caused reworking of the lowstand deposits, and incised shoreface deposits formed linear
conglomerate bodies, the position of which may have been controlled by localized, linear
warping of the shelf (Fig. 6.10). Transgressive mudstone at the base of the lower Raven
River Member was deposited above the regional E4 erosion surface. Following
transgression, progradation of sandstone within the lower Raven River Member was
promoted by a diminished rate of flexural subsidence, interpreted to be related to erosion
in the fold-and-thrust belt and isostatic rebound (Fig. 6.11). A eustatic fall combined with
tectonic quiescence caused widespread subaerial exposure of the shelf. The subsequent
transgression was punctuated by at least two forced regressions, recorded by the upper
Raven River and lower Dismal Rat members (Fig. 6.12). Northwestward onlap of the
upper Raven River and lower Dismal Rat members was promoted by continued tectonic
quiescence, erosion, and resulting isostatic rebound in the orogen, particularly in the north.
After a maximum flooding interval, represented by the upper Dismal Rat Member, a
regression, punctuated by brief transgressions, caused progradation of the lower and
upper Karr Member (Fig. 6.13). A northern foredeep was re-established, possibly due to
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the reactivation of the northern portion of the orogenic wedge that had previously been
responsible for the depocentre during deposition of the Nosehill Member. A major
relative sea-level fall at the end of deposition of the upper Karr Member caused subaerial
exposure of large portions of the shelf (Fig. 6.14). A subsequently transgressing shoreline
caused incision of asymmetrical steps on the eastern flank of the Bow Island Arch.
During continued transgression, shoreface erosion truncated much of the underlying
lower and upper Karr Member, and produced an erosional notch in a position that
corresponded to that of the narrow, linear incised shoreface deposits of the underlying
Burnstick Member (Fig. 6.15). Mudstone overlying the upper Karr Member represents
deposition during continued transgression.
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Figure 6.8— Depositional setting of the Nosehill Member. Sea-level was relatively high,
following the highstand of the Greenhorn cycle. As a result, the shoreline was in the far
west. Orogenic loading in the north created a foredeep in the northern part of the study
area.
Notes for this and all subsequent block diagrams: Arcuate, dotted lines shown in plan
view indicate schematic isopachs, to illustrate the position of the locus of active
subsidence (or direction of thinning, if indicated). The green-shaded facies belt along the
western edge of the block represents alluvial facies that must have existed between the
fold-and-thrust belt and the shoreline, although these alluvial facies were not preserved in
this study. Dimensions are not to scale.
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Figure 6.9— Depositional setting of the Bickerdike and Hornbeck members. Long-term regression caused the shoreline to
advance eastwards, and higher-frequency relative sea-level changes produced forced regressions. A lobe of unusually
extensive sandstone in the south indicates the position of a point-source of sandy sediment. The locus of active subsidence
shifted southward, probably due to a reduced rate of thickening in the northern part of the orogen, and the uptake of stress by a
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southern portion of the orogenic wedge.

Figure 6.10— Depositional setting of the Burnstick Member. Relative sea-level fall following deposition of the Hornbeck
Member promoted the deposition of a lowstand conglomeratic shoreface. Wave-scouring during transgression caused a
backstepping series of incised shorefaces. The position of shoreface incision may have been controlled by warping of the shelf
or faulting, which created topography that caused relative sea-level ‘stillstand’.
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Figure 6.11— Depositional setting of the lower Raven River Member. Relative sea-level fall, combined with tectonic
quiescence and isostatic rebound in the orogen, resulted in extensive sandstone deposition and a sheet-like stratal geometry.
The Lethbridge and Drumheller lobes were two areas of especially extensive sandstone deposition, indicating proximity to
sources of sandy sediment. Southward-directed currents caused southward asymmetry of these lobes.
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Figure 6.12— Depositional setting of the lower Dismal Rat Member. Transgression following deposition of the lower Raven
River Member caused backstepping of the shoreline in the upper Raven River and lower Dismal Rat members. Northwestward
thinning and onlap were caused by erosion of a northern segment of the orogenic wedge, which resulted in isostatic rebound.
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Figure 6.13— Depositional setting of the Karr Member during HST. Following a maximum flooding interval (represented by the
upper Dismal Rat Member), the shoreline once again prograded eastward during deposition of the Karr Member. A northern
depocentre indicates renewed loading in the northern part of the orogen.
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Figure 6.14— Depositional setting of the upper Karr Member during the FSST and LST. Relative sea-level fall caused
widespread subaerial exposure of the shelf. A very thin FSST was probably deposited, although this was mostly removed
during subsequent transgressive ravinement. The tectonically-uplifted shelf in the northeast corner of the study area was
eroded by wave scouring during a lowering of wave-base. Uplift of the Bow Island Arch created topography that was
subjected to shoreface erosion during lowstand and early transgression.
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Figure 6.15— Depositional setting during the T7 transgression. Warping of the shelf, possibly caused by faulting, may have
created topography that was eroded by transgressive ravinement, thereby creating extensive erosional relief on E7. Continued
transgression caused the shoreline to retreat west of the modern-day deformation front, and mudstone was deposited in an
offshore setting throughout most of the study area.
336
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CHAPTER 7 – CONCLUSIONS
7.1 Conclusions
The conclusions of this study address the research goals outlined in Chapter 1, and are
summarized in point form here:
1. The Cardium Formation is subdivided into 10 allomembers. This study has shown
that marine flooding surfaces, used to define allomembers further north, can be
correlated >900 kilometres along strike, from northern British Columbia to
northern Montana. Physical and biostratigraphic correlation indicates that the top
of the Cardium Formation in Alberta is equivalent to the top of the Ferdig
Member of the Marias River Shale in Montana.
2. The E5 surface that was defined in central Alberta by Plint et al. (1986) and
correlated southward by Walker and Wadsworth (1991) is onlapped northwards in
southern Alberta by two previously unrecognized surfaces, defined here as E5.2
and E5.5. These new surfaces have necessitated subdivision of the
allostratigraphic framework, resulting in the recognition of a lower and upper
Raven River Member, and a lower and upper Dismal Rat Member. Similarly,
recognition of a regional mappable flooding surface within the Nosehill Member
has resulted in the description of a lower and upper Nosehill Member. The E6.5
surface recognized by Walker and Eyles (1988) and Wadsworth and Walker (1991)
partitions the Karr Member into what are here described as the lower and upper
Karr Member.
3. Facies successions are dominated by a gradual sandier-up trend that coarsens from
thinly-bedded and bioturbated mudstone and siltstone, to heterolithic facies (either
bioturbated or bedded), to clean sandstone facies. The gradual facies transition is
sometimes punctuated by an abrupt downward shift in facies that can either be
correlated to a basal surface of forced regression, or to a lowstand erosion (‘E’)
surface (sequence boundary). Conglomerate often lies unconformably above the
‘E’ surface and represents either an in-situ or reworked lowstand shoreface
deposit. Conglomerate is overlain by transgressive marine mudstone.
4. Internal stratal architecture within the Cardium Formation is typified by a tabular,
as opposed to a clinoform geometry. A tabular geometry indicates deposition
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within the mud accommodation envelope at a depth of <70 metres. Additionally,
the presence of wave-formed sedimentary structures >250 kilometres from coeval
shoreface deposits indicates that, at times, the distal shelf was within effective
wave-base for sand (~40 metres).
5. Facies relationships and stacking patterns indicate that the E1-E5 and E6-E7
intervals were each deposited during periods of long-term relative sea-level fall,
whereas the E5-E6 interval was deposited during a long-term relative sea-level
rise. High-frequency (and in some cases, high-magnitude) relative sea-level
changes were superimposed on the long-term cycle.
6. The Lethbridge lobe and, to a lesser extent, the Drumheller lobe, indicate areas of
high sand influx throughout the history of the Cardium Formation, suggesting that
major rivers maintained stable positions. The southward asymmetry of the
Lethbridge and Drumheller lobes, and evidence from paleocurrent data, indicate
predominantly southward, along-shelf sediment transport.
7. Previously published biostratigraphic and radiometric age-control, combined with
new inoceramid biostratigraphy by Dr. I. Walaszczyk (University of Warsaw),
indicate that the Cardium Formation represents a duration of ~2.3 m.y.
Recognition of the Turonian-Coniacian boundary ~2 metres above E5.5 at both
Horseshoe Dam and Deer Creek—two outcrops separated by ~360 kilometres—
validates the allostratigraphic correlations and also the underlying allostratigraphic
method. Recognition of the Turonian-Coniacian boundary allows confident
intercontinental correlation.
8. The sequence stacking pattern and age of the lower and upper Raven River and
lower Dismal Rat members are very similar to those of coeval sequences in the
Bohemian Basin of the Czech Republic. The relative sea-level changes that
controlled deposition of the lower and upper Raven River and lower Dismal Rat
members are therefore best explained in terms of global eustatic fluctuations.
Most of the other Cardium sequences have been correlated >900 kilometres along
strike by this and previous studies, and are very similar in geometry to the lower
and upper Raven River and lower Dismal Rat members. These remaining
sequences are therefore also possibly eustatic in origin. Facies relationships across
flooding surfaces indicate that eustatic fluctuations had a magnitude of ~12 metres
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and a frequency of ~250 k.y., and are therefore best explained in terms of
glacioeustasy.
9. The subsidence history of the Cardium Formation in southern Alberta is
characterized by two pulses of subsidence (recorded by the E1-E4 and E6-E7
intervals), separated by a period of tectonic quiescence (represented by the E4-E6
interval). During the first pulse of subsidence, the position of the active load
shifted southwards by >200 kilometres in <1.2 m.y. Rapid shifting of subsidencecontrolled depocentres is best explained by along-strike partitioning of the thrust
front.
10. Localized thickness variations, often expressed as linear trends, commonly
overprint the pattern of flexural subsidence. The Vulcan Low, Sweetgrass Arch,
and Red Deer High all influenced depositional and erosional thickness trends in
the Cardium Formation. Basement faults, recognized previously on seismic
profiles and mapped geographically here by trend surface analysis, also influenced
sedimentation. A linear trend, recognized by abrupt thickness changes in multiple
allomembers and forming an extension of the trend of the Lochend oil field, is
best explained by differential subsidence across a hinge zone, and is defined here
as the Lochend hinge zone. Anomalous erosion also occurs in the northeast corner
of the study area, although does not correspond to any previously described
basement structure.
7.2 Opportunities for Future Research
The following topics are suggested for future work:
1. The newly recognized E5.2 and E5.5 surfaces should be correlated northwards
from the eastern part of the present study area, where they do not onlap E5, and
then westwards into previously studied areas (e.g. Pembina) to determine the
existence/position of E5.2 and E5.5 in these previously studied areas.
2. Correlation of surfaces beyond the north-eastern corner of the present study area
would better delineate the area of anomalous thinning, demonstrated most
prominently by thinning of the upper Karr Member due to erosional relief on E7.
Better understanding of the extent and geometry of this thinning may aid in an
interpretation of the cause of uplift and erosion.
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3. Erosion surfaces with irregular topography in heavily-cemented, sandstonedominated facies probably represent erosion of a lithified or semi-consolidated
substrate. Future research could examine these surfaces petrographically and
geochemically to determine the diagenetic history, and to determine the
mechanism of erosion (subaerial and/or transgressive erosion).
4. Newly-collected bentonites will be processed in collaboration with Dr. D. Moser
(University of Western Ontario) and S. Kamo (University of Toronto) for
radiometric age dating, and will help to further constrain the age of individual
allomembers.

341
REFERENCES
Aitken, J.D. 1989. The Sauk Sequence: Cambrian to Lower Ordovician miogeocline and
platform. In: Ricketts, B.D. (ed) Western Canada Sedimentary Basin: A Case History.
Canadian Society of Petroleum Geologists, p. 105-119.
Aller, R.C., Mackin, J.E., and Cox, R.T. 1986. Diagenesis of Fe and S in Amazon inner
shelf muds: apparent dominance of Fe reduction and implications for the genesis of
ironstones. Continental Shelf Research, 6: 263-289.
Aller, R.C., Hannides, A., Heilbrun, C., and Panzeca, C. 2004. Coupling of early
diagenetic processes and sedimentary dynamics in tropical shelf environments: the Gulf
of Papua deltaic complex. Continental Shelf Research, 24: 2455-2486.
Arnott, R.W.C. 1991. The Carrot Creek “K” Pool, Cardium Formation, Alberta: a
conglomeratic reservoir related to a wave-reworked distributary mouth-bar complex.
Bulletin of Canadian Petroleum Geology, 39: 43-53.
Arnott, R.W.C. and Southard, J.B. 1990. Exploratory flow-duct experiments on
combined-flow bed configurations, and some implications for interpreting storm-event
stratification. Journal of Sedimentary Petrology, 60: 211-219.
Arnott, R.W.C., Hein, F.J., and Pemberton, S.G. 1995. Influence of the ancestral
Sweetgrass Arch on sedimentation of the Lower Cretaceous Bootlegger Member, northcentral Montana. Journal of Sedimentary Research, B65: 222-234.
Baldwin, B. and Butler, C.O. 1985. Compaction curves. AAPG Bulletin, 69: 622-626.
Bann, K.L. and Fielding, C.R. 2004. An integrated ichnological and sedimentological
comparison of non-deltaic shorface and subaqueous delta deposits in Permian reservoir
units of Australia. In: McIllroy, D (ed.) the Application of Ichnology to
Palaeoenvironmental and Stratigraphic Analysis. Geological Society of London, Special
Publication no. 228: 273-310.
Barker, I.R., Moser, D.E., Kamo, S.L., and Plint, A.G. 2011. High-precision U-Pb zircon
ID-TIMS dating of two regionally extensive bentonites: Cenomanian stage, Western
Canada Foreland Basin. Canadian Journal of Earth Sciences, 48: 543-556.
Barnes, P.M. 1995. High-frequency sequences deposited during Quaternary sea-level
cycles on a deforming continental shelf, north Canterbury, New Zealand. Sedimentary
Geology, 97: 131-156.
Barron, E.J. 1983. A warm, equable Cretaceous: the nature of the problem. Earth Science
Reviews, 19: 305-338.
Barron, E.J. 1989. Severe storms during Earth history. Geological Society of America
Bulletin, 101: 601-612.

342

Beach, F.K. 1955. Cardium a turbidity current deposit. Journal of the Alberta Society of
Petroleum Geologists, 5: 89-98.
Beaumont, C. 1981. Foreland basins. Geophysical Journal of the Royal Astronomical
Society, 65: 291-329.
Beaumont, C., Quinlan, G.M., and Stockmal, G.S. 1993. The evolution of the Western
Interior Basin: causes, consequences, and unsolved problems. In: Caldwell, W.G.E. and
Kauffman, E.G. (eds) Evolution of the Western Interior Basin. Geological Association of
Canada, Special Paper no. 39: 97-117.
Bell, J.S., Price, P.R., and McLellan, P.J. 1994. In-situ stress in the Western Canada
Sedimentary Basin. In: Mossop, G. and Shetsen, I (eds.) Geological Atlas of the Western
Canada Sedimentary Basin. Canadian Society of Petroleum Geologists, Alberta Research
Council, and Geological Survey of Canada, p. 439-446.
Bergman, K.M. and Walker, R.G. 1987. The importance of sea-level fluctuations in the
formation of linear conglomerate bodies; Carrot Creek Member of Cardium Formation,
Cretaceous Western Interior Seaway, Alberta, Canada. Journal of Sedimentary Petrology,
57: 651-665.
Berner, R.A. 1970. Sedimentary pyrite formation. American Journal of Science, 268: 123.
Berven, R.J. 1966. Cardium sandstone bodies, Crossfield-Garrington area, Alberta.
Bulletin of Canadian Petroleum Geology, 14: 208-240.
Bhattacharya, J.P. 2010. Deltas. In: James, N.P. and Dalrymple, R.W. (eds) Facies
Models 4. St. John’s, Geological Association of Canada, p. 233-264.
Bhattacharya, J.P. and Giosan, L. 2003. Wave-influenced deltas: geomorphological
implications for facies reconstruction. Sedimentology, 50: 187-210.
Bhattacharya, J.P. and MacEachern, J.A. 2009 Hyperpycnal rivers and prodeltaic shelves
in the Cretaceous Seaway of North America. Journal of Sedimentary Research, 79: 184209.
Blair, T.C. and Bilodeau, W.L. 1988. Development of tectonic cyclothems in rift, pullapart, and foreland basins: sedimentary response to episodic tectonism. Geology, 16: 517520.
Blatt, H., Middleton, G.V., and Murray, R.C. 1980. Origin of Sedimentary Rocks, 2nd
Edition. Prentice-Hall, Englewood Cliffs, New Jersey. 782 pp.
Blatt, H. 1992. Sedimentary Petrology, 2nd Edition. Freeman, New York. 514 pp.

343
Bloch, J.D., Schroder-Adams, C.J., and Leckie, D.A. 2002. The petrology of Late
Cretaceous Colorado Group shales from the Pasquia Hills, east-central Saskatchewan:
preliminary results. Summary of Investigations 2002, vol. 1, Saskatchewan Geological
Survey, Saskatchewan Industry and Resources, Misc. Rep. 2002-4.1: 126-133.
Blum, M.D. and Tornqvist, T.E. 2000. Fluvial responses to climate and sea-level change:
a review and look forward. Sedimentology, 47: 2-48.
Boerner, D.E., Kurtz, R.D., Craven, J.A., Rodenay, S., and Qian, W. 1995. Buried
Proterozoic foredeep under the Western Canada Sedimentary Basin. Geology, 23: 297300.
Boettcher, D.J., Thomas, M., Hrudey, M.G., Lewis, D.J., O’Brien, C., Oz, B., Repol, D.,
and Yuan, R. 2010. The Western Canada Foreland Basin: a basin-centred gas system. In:
Vining, B.A. and Pickering, S.C. (eds.) Petroleum Geology: From Mature Basins to New
Frontiers. Geological Society of London, Petroleum Geology Conference Series no. 7:
1099-1123.
Bond, G.C. and Kominz, M.A. 1984. Construction of tectonic subsidence curves for the
early Paleozoic miogeocline, southern Canadian Rocky Mountains: Implications for
subsidence mechanisms, age of breakup, and crustal thinning. Geological Society of
America Bulletin, 95: 155-173.
Bornemann, A., Norris, R.D., Friedrich, O., Beckmann, B., Schouten, S., Sinninghe
Damste, J.S., Vogel, J., Hofmann, P., and Wagner, T. 2008. Isotopic evidence for
glaciation during the Cretaceous supergreenhouse. Science, 319: 189-192.
Bourgeois, J. and Leithold, E.L. 1984. Wave-worked conglomerates—depositional
processes and criteria for recognition. In: Koster, E.H. and Steel, R.J. (eds)
Sedimentology of Gravels and Conglomerates. Canadian Society of Petroleum Geologists,
Memoir no. 10: 331-343.
Brandley, R.T., Krause, F.F., Varsek, J.L., Thurston, J., and Spratt, D.A. 1996. Implied
basement-tectonic control on deposition of Lower Carboniferous carbonate ramp,
southern Cordillera, Canada. Geology, 24: 467-470.
Braunberger, W.F. 1994. Molluscan biostratigraphy of the Cardium Formation (Upper
Cretaceous, Turonian-Coniacian) and contiguous strata, Alberta foothills and adjacent
subsurface. Unpublished M.Sc. thesis, University of Calgary, Calgary, Alberta. 309 pp.
Braunberger, W.F. and Hall, R.L. 2001a. Ammonoid faunas from the Cardium Formation
(Turonian-Coniacian, Upper Cretaceous) and contiguous units, Alberta Canada: I.
Scaphitidae. Canadian Journal of Earth Science, 38: 333-346.
Braunberger, W.F. and Hall, R.L. 2001b. Ammonoid faunas from the Cardium Formation
(Turonian-Coniacian; Upper Cretaceous) and contiguous units, Alberta, Canada: II.

344
Collignoniceratidae and Placenticeratidae. Canadian Journal of Earth Science, 38: 11171128.
Buatois, L.A. and Mángano, M.G. 2011. Ichnology: Organism-substrate interactions in
space and time. Cambridge University Press, New York, 358 pp.
Bustin, R.M. 1991. Organic maturity in the Western Canada Sedimentary Basin. In:
Kalkreuth, W., Bustin, R.M., and Cameron, A.R. (eds.) Recent Advances in Organic
Petrology and Geochemistry: A Symposium Honoring Dr. P. Hacquebard. International
Journal of Coal Geology, 19: 319-358.
Cairnes, D.D. 1907. Moose Mountain District of Southern Alberta. Geological Survey of
Canada Report 968. 55 pp.
Caldwell, W.G.E., North, B.R., Stelck, C.R., and Wall, J.H. 1978. A Foraminiferal zonal
scheme for the Cretaceous system in the Interior Plains of Canada. In: Stelck, C.R. and
Chatterton, B.D.E. (eds.) Western and Arctic Canadian Biostratigraphy. Geological
Association of Canada, Special Paper no. 18: 495-575.
Cant, D. J. and Stockmal, G.S. 1989. The Alberta foreland basin: relationship between
stratigraphy and Cordilleran terrane-accretion events. Canadian Journal of Earth Science,
26: 1964-1975.
Cattaneo, A., Correggiari, A., Langone, L., and Trincardi, F. 2003. The late-Holocene
Gargano subaqueous delta, Adriatic shelf: sediment pathways and supply fluctuations.
Marine Geology, 193: 61-91.
Cattaneo, A., Trincardi, F., Asioli, A., and Correggiari, A. 2007. The Western Adriatic
shelf clinoforms: energy-limited bottomset. Continental Shelf Research, 27: 506-525.
Catuneanu, O. 2004a. Retroarc foreland systems—evolution through time. Journal of
African Earth Sciences, 38: 225-242.
Catuneanu, O. 2004b. Basement control on flexural profiles and the distribution of
foreland facies: the Dwyka Group of the Karoo Basin, South Africa. Geology, 32: 519520.
Catuneanu, O. 2006. Principles of Sequence Stratigraphy. Elsevier, Amsterdam. 375 pp.
Catuneanu, O., Beaumont, C., and Waschbusch, P. 1997a. Interplay of static loads and
subduction dynamics in foreland basins: reciprocal stratigraphies and the “missing”
peripheral buldge. Geology, 25: 1087-1090.
Catuneanu, O., Sweet, A.R., and Miall, A.D. 1997b. Reciprocal architecture of Bearpaw
T-R sequences, uppermost Cretaceous, Western Canada Sedimentary Basin. Bulletin of
Canadian Petroleum Geology, 45: 75-94.

345
Catuneanu, O. and 27 others. 2009. Towards the standardization of sequence stratigraphy.
Earth-Science Reviews, 92: 1-33.
Cecile, M.P. and Norford, B.S. 1993. Ordovician and Silurian. In: Stott, D.F. and Aitken,
J.D. (eds) Sedimentary Cover of the Craton of Canada. Geological Survey of Canada,
Geology of Canada vol. 5: 125-149.
Chapple, W.M. 1978. Mechanics of thin-skinned fold-and-thrust belts. Geological Society
of America Bulletin 89: 1189-1198.
Charvin, K., Hampson, G.J., Gallagher, K.L., and Labourdette, 2010. Intra-parasequence
architecture of an interpreted asymmetrical wave-dominated delta. Sedimentology, 57:
760-785.
Cheel, R.J. and Leckie, D.A. 1993. Hummocky cross-stratification. In: Wright, V.P. (ed)
Sedimentology Review. Blackwell Scientific Publications, Oxford U.K., p. 103-122.
Christie-Blick, N., Mountain, G.S., and Miller, K.G. 1990. Seismic stratigraphic record of
sea-level change. In: Revelle, R (ed) Sea-level Change. National Research Council,
Studies in Geophysics. National Academy Press, Washington, p. 116-140.
Clifton, H.E. 1976. Wave-formed sedimentary structures—A conceptual model. In: Davis,
R.A. Jr. and Ethington, R.L. (eds) Beach and Nearshore Sedimentation. Society of
Economic Paleontologists and Mineralogists, Special Publication no. 24: 126-148.
Clifton, H.E. 2006. A re-examination of facies models for clastic shorelines. In:
Posamentier, H.W. and Walker, R.G. (eds) Facies Models Revisited. Society of Economic
Paleontologists and Mineralogists, Special Publication no. 84: 293-337.
Cloetingh, S. 1988.Intraplate stresses: a tectonic cause for third-order cycles in apparent
sea level? In: Wilgus, C.K., Ross, C.A., and Posamentier, H. (eds.) Sea-level Changes—
An Integrated Approach. Society of Economic Paleontologists and Mineralogists Special
Publication no. 42: 19-29.
Cobban, W.A., Erdmann, C.E., Lemke, R.W., and Maughan, E.K. 1976. Type Sections
and Stratigraphy of the Members of the Blackleaf and Marias River Formations
(Cretaceous) of the Sweetgrass Arch, Montana. United States Geological Survey,
Professional Paper no. 974. 63 pp.
Cobban, W.A., Walaszczyk, I., Obradovich, J.D., and McKinney, K.C. 2006. A USGS
zonal table for the Upper Cretaceous Middle Cenomanian-Maastrichtian of the Western
Interior of the United States based on ammonites, inoceramids, and radiometric ages.
USGS Open File Report 2006-1250.
Colbert, E.H. 1964. Climatic zonation and terrestrial faunas. In: Nairn, A.E.M. (ed)
Problems in Paleoclimatology. Interscience Publishers, New York. p. 617-638.

346
Coleman, M.L., Curtis, D.C., and Irwin, H. 1979. Burial rate a key to source and reservoir
potential. World Oil, 188: 83-92.
Covey, M. 1986. The evolution of foreland basins to steady state: evidence from the
western Taiwan foreland basin. In: Allen, P.A. and Homewood, P. (eds.) Foreland Basins.
International Association of Sedimentologists Special Publication no. 8: 77-90.
Crampton, S.L. and Allen, P.A. 1995. Recognition of forebulge unconformities associated
with early stage foreland basin development: example from north Alpine foreland basin.
AAPG Bulletin, 79: 1495-1514.
Cross, T.A. and Lessenger, M.A. 1988. Seismic Stratigraphy. Annual Reviews of Earth
and Planetary Science, 16: 319-354.
Cummings, D.I., Dumas, S., and Dalrymple, R.W. 2009. Fine-grained versus coarsegrained wave ripples generated experimentally under large-scale oscillatory flow. Journal
of Sedimentary Research, 79: 83-93.
Dahlen, F.A. 1990. Critical taper model of fold-and-thrust belts and accretionary wedges.
Annual Reviews of Earth and Planetary Science, 18: 55-99.
Dahlstrom, C.D.A. Balanced cross sections. Canadian Journal of Earth Sciences, 6: 743757.
Dalrymple, R.W. 2010. Interpreting Sedimentary Successions: Facies, Facies Analysis
and Facies Models. In: James, N.P. and Dalrymple, R.W. (eds) Facies Models 4. St.
John’s, Geological Association of Canada, p. 3-18.
Davis, R.A. Jr. 1985. Beach and nearshore zone. In: Davis, R.A. Jr. (ed) Coastal
Sedimentary Environments, Second Revised Expanded Edition. Springer-Verlag, New
York. 716 pp.
Davis, J.C. 2002. Statistical and Data Analysis in Geology. 3rd Edition. John Wiley &
Sons, New York, U.S.A. 656 pp.
DeCelles, P.G. and Mitra, G. 1995. History of the Sevier orogenic wedge in terms of
critical taper models, northeast Utah and southwest Wyoming. Geological Society of
America Bulletin, 107: 454-462.
DeCelles, P.G. and Giles, K.A. 1996. Foreland basin systems. Basin Research, 8: 105-123.
De Wiel, J.E.F. 1956. Viking and Cardium not turbidity current deposits. Journal of the
Alberta Society of Petroleum Geologists, 4: 173-174.
Dickinson, W.R. 1974. Plate tectonics and sedimentation. In: Dickinson, W.R. (ed.)
Tectonics and Sedimentation. Society of Economic Paleontologists and Mineralogists,
Special Publication no. 22: 1-27.

347
Dobbin, C.E. and Erdmann, C.E. 1955. Structure contour map of the Montana Plains.
United States Geological Survey, Oil and Gas Investment Map OM-178A, scale
1:1,000,000.
Donaldson, W.S., Plint, A.G., and Longstaffe, F.J. 1998. Basement tectonic control on
distribution of the shallow marine Bad Heart Formation, Peace River Arch area,
northwest Alberta. Bulletin of Canadian Petroleum Geology, 46: 576-598.
Donaldson, W.S., Plint, A.G., and Longstaffe, F.J. 1999. Tectonic and eustatic control on
deposition and preservation of Upper Cretaceous ooidal ironstone and associated facies:
Peace River Arch area, NW Alberta, Canada. Sedimentology, 46: 1159-1182.
Douglas, R.J.W. 1949. Gap west of Fifth Meridian, Alberta. Geological Survey of Canada,
Map 978a.
Douglas, R.J.W. 1958. Mount Head map-area, Alberta. Geologic Survey of Canada,
Memoir no. 291. 241 pp.
Drake, D.E. 1976. Suspended sediment transport and mud deposition on continental
shelves. In: Stanley, D.J. and Swift, D.J.P. (eds.) Marine Sediment Transport and
Environmental Management. New York, N.Y., John Wiley and Sons, p. 127-158.
Drummond, C.N. and Wilkinson, B.H. 1996. Stratal thickness frequencies and the
prevalence of orderedness in stratigraphic sequences. Journal of Geology, 104: 1-18.
Duke, W.L. 1985. Sedimentology of the Upper Cretaceous Cardium Formation in
southern Alberta, Canada. Unpublished Ph.D. thesis, McMaster University, Hamilton,
Canada. 724 pp.
Duke, W.L. 1990. Geostrophic circulation or shallow marine turbidity currents? The
dilemma of paleoflow patterns in storm-influenced prograding shoreline systems. Journal
of Sedimentary Petrology, 60: 870-883.
Dumas, S. and Arnott, R.W.C. 2006. Origin of hummocky and swaley crossstratification– the controlling influence of unidirectional current strength and aggradation
rate. Geology, 34: 1073-1076.
Dumas, S., Arnott, R.W.C., and Southard, J.B. 2005. Experiments on oscillatory-flow and
combined-flow bed forms: implications for interpreting parts of the shallow-marine
sedimentary record. Journal of Sedimentary Research, 75: 501-513.
Eaton, D.W. and Ross, G.M. 1995. SALT and VAuLT: summary of data acquisition and
processing of the Vulcan Low. In: Ross, G.M. (ed) 1995 Alberta Basement Transects
Workshop. Lithoprobe Report no. 51: 1-10.

348
Eaton, D.W., Ross, G.M., and Clowes, R.M. 1999. Seismic-reflection and potential-field
studies of the Vulcan structure, western Canada: A Paleoproterozoic Pyrenees? Journal of
Geophysical Research, 104: 23,255-23,269.
Embry, A.F. 1993. Transgressive-regressive (T-R) sequence analysis of the Jurassic
Succession of the Sverdrup Basin, Canadian Arctic Archipelago. Canadian Journal of
Earth Sciences, 30: 301-320.
Embry, A.F. 1995. Sequence boundaries and sequence hierarchies: problems and
proposals. In: Steel, R.J., Felt, V.L., Johannesson, E.P., and Mathieu, C. (eds) Sequence
Stratigraphy on the Northwest European Margin. Norwegian Petroleum Society, Special
Publication no. 5: 1-11.
Embry, A.F. 1997. Global sequence boundaries of the Triassic and their identification in
the Western Canada Sedimentary Basin. Bulletin of Canadian Petroleum Geology, 45:
415-433.
Embry, A.F. 2009. Practical sequence stratigraphy XV: tectonics versus eustasy and
applications to petroleum exploration. Reservoir, 36 (8): 17-23.
Embry, A.F. and Johannessen, E.P. 1992. T-R sequence stratigraphy, facies analysis, and
reservoir distribution in the uppermost Triassic – Lower Jurassic succession, western
Sverdrup Basin, Arctic Canada. In: Vorren, T.O., Bergsager, E., Dahl-Stammes, O.A.,
Holter, E.,m Johansen, B., Lie, E., and Lund, T.B. (eds) Arctic Geology and Petroleum
Potential. Norwegian Petroleum Society, Special Publication no. 2: 121-146.
Erdman, O.A. 1946. Cripple Creek, west of Fifth Meridian, Alberta. Geological Survey of
Canada, Preliminary Map 46-22A.
Ericksen, M.C. and Slingerland, R. 1990. Numerical simulations of tidal and wind-driven
circulation in the Cretaceous Interior Seaway of North America. Geological Society of
America Bulletin, 102: 1499-1516.
Erickson, P.L. and Bergman, K.M. 1997. Influence of basement movements on the
location of Cretaceous linear Cardium sandbodies in the Western Canada Sedimentary
Basin (WCSB). Lithoprobe Report 59: 115-128.
Evenchick, C.A., McMechan, M.E., McNicoll, V.J., and Carr, S.D. 2007. A synthesis of
the Jurassic-Cretaceous tectonic evolution of the central and southeastern Canadian
Cordillera: exploring links across the orogen. In: Sears, J.W., Harms, T.A., and
Evenchick (eds.) Whence the Mountains? Inquiries into the Evolution of Orogenic
Systems: A Volume in Honor of Raymond A. Price. Geological Society of America
Special Paper no. 433: 117-145.
Fermor, P. 1999. Aspects of the three-dimensional structure of the Alberta Foothills and
Front Ranges. Geological Society of America Bulletin, 111: 317-346.

349
Fielding, C.R. 2010. Planform and facies variability in asymmetric deltas: facies analysis
and depositional architecture of the Turonian Ferron Sandstone in the western Henry
Mountains, south-central Utah, U.S.A. Journal of Sedimentary Research, 80: 455-479.
Fielding, C.R. 2011. Foreland basin structural growth recorded in the Turonian Ferron
Sandstone of the Western Interior Seaway basin, U.S.A. Geology, 39: 1107-1110.
Flemings, P.B. and Jordan, T.E. 1989. A synthetic stratigraphic model of foreland basin
development. Journal of Geophysical Research, 94: 3851-3866.
Frakes, L.A. 1979. Climates Throughout Geologic Time. Elsevier Scientific Publishing
Company, Amsterdam. 310 pp.
Frakes, L.A. 1999. Estimating the global thermal state from Cretaceous sea surface and
continental temperature data. In: Barrera, E. and Johnson, C.C. (eds) Evolution of the
Cretaceous Ocean-Climate System. Geological Society of America Special Paper no. 332:
49-57.
Frakes, L.A., and Francis, J.E. 1988. A guide to Phanerozoic cold polar climates from
high-latitude ice-rafting in the Cretaceous. Nature, 333: 547-549.
Francis, J.E. 1986. Growth rings in Cretaceous and Tertiary wood from Antarctica and
their paleoclimatic implications. Paleontology, 29: 665-684.
Francis, J.E., and Frakes, L.A. 1993. Cretaceous Climates. Sedimentology Review, 1: 1730.
Friedrichs, C.T. and Wright, L.D. 2004. Gravity-driven sediment transport on the
continental shelf: implications for equilibrium profiles near river mouths. Coastal
Engineering, 51: 795-811.
Gale, A.S., Hardenbol, J., Hathway, B., Kennedy, W.J., Young, J.R., Phansalkar, V. 2002.
Global correlation of Cenomanian (Upper Cretaceous) sequences: Evidence for
Milankovitch control on sea level. Geology, 30: 291-294.
Gale, A.S., Voigt, S., Sageman, B.B., and Kennedy, W.J. 2008. Eustatic sea-level record
for the Cenomanian (Late Cretaceous)—extension to the Western Interior Basin, U.S.A.
Geology, 36: 859-862.
Galeotti, S., Rusciadelli, G., Sprovieri, M., Lanci, L., Gaudio, A., and Pekar, S. 2009.
Sea-level control on facies architecture in the Cenomanian-Coniacian Apulian margin
(Western Tethys): A record of glacio-eustatic fluctuations during the Cretaceous
greenhouse? Palaeogeography, Palaeoclimatology, Palaeoecology, 276: 196-205.
Galloway, W.E. 1989. Genetic stratigraphic sequences in basin analysis I: architecture
and genesis of flooding-surface bounded depositional units. AAPG Bulletin, 73: 125-142.

350
Gardner, M.H. 1995. Tectonic and eustatic controls on the stratal architecture of midCretaceous stratigraphic sequences, central Western Interior foreland basin of North
America. In: Dorobek, S.L. and Ross, G.M. (eds) Stratigraphic Evolution of Foreland
Basins. Society of Economic Paleontologists and Mineralogists, Special Publication no.
52: 243-281.
Gehrels, G. 2012. Detrital zircon U-Pb geochronology: current methods and new
opportunities. In: Busby, C. and Azor, A.P. (eds) Tectonics of Sedimentary Basins:
Recent Advances. Blackwell Publishing, Oxford, U.K. p. 47-62.
Grifi, M.D. (in progress). Sedimentology and allostratigraphy of the Muskiki and
Marshybank members, southern Alberta and northwestern Montana. M.Sc. thesis,
University of Western Ontario, London, Canada.
Grifi, M.D., Plint, A.G., and Walaszczyk, I. Submitted. Rapidly changing styles of
subsidence revealed by high-resolution mudstone allostratigraphy: Coniacian of
Sweetgrass Arch area, southern Alberta and northern Montana. Canadian Journal of Earth
Science.
Hall, R.L., Krause, F.F., Joiner, S.D., and Deutsch, K.B. 1994. Biostratigraphic
evaluation of a sequence stratigraphic bounding surface: the Cardinal/Leyland
unconformity (“E5/T5 surface”) in the Cardium Formation (Upper Cretaceous; upper
Turonian-lower Coniacian) at Seebe, Alberta. Bulletin of Canadian Petroleum Geology,
42: 296-311.
Hallam, A. 1985. A review of Mesozoic climates. Journal of the Geological Society of
London, 142: 433-445.
Hankel, R.C., Davies, G.R., and Krouse, H.R. 1989. Eastern Medicine Hat gas field: a
shallow, Upper Cretaceous, bacteriogenic gas reservoir of southeastern Alberta. Bulletin
of Canadian Petroleum Geology, 37: 98-112.
Haq, B.U., Hardenbol, J., and Vail, P.R. 1987. Chronology of fluctuating sea levels since
the Triassic. Science, 235: 1156-1167.
Haq, B.U., Hardenbol, J., and Vail. P.R. 1988. Mesozoic and Cenozoic
chronostratigraphy and eustatic cycles. In: Wilgus, C.K., Ross, C.A., and Posamentier, H.
(eds.) Sea-level Changes—An Integrated Approach. Society of Economic Paleontologists
and Mineralogists Special Publication no. 42: 71-108.
Harding, S.R.L. 1955. Regional discussion of the Cardium Formation. Bulletin of the
Canadian Institute of Mining and Metallurgy, 48: 19-24.
Harms, J.C., Southard, J.B., Spearing, D.R., and Walker, R.G. 1975. Depositional
environments as interpreted from primary sedimentary structures and stratification
sequences. Society for Sedimentary Geology (SEPM) Short Course no. 2, 161 pp.

351
Hart, B.S. 1990. The stratigraphy and sedimentology of the Cretaceous Cardium
Formation in Northwestern Alberta and adjacent British Columbia. Unpublished PhD
thesis, University of Western Ontario, London, Canada. 505 pp.
Hart, B.S. and Plint, A.G. 1989. Gravelly shoreface deposits: a comparison of modern and
ancient facies sequences. Sedimentology, 36: 551-557.
Hart, B.S. and Plint, A.G. 1990. Upper Cretaceous warping and fault movement on the
southern flank of the Peace River Arch, Alberta. Bulletin of Canadian Petroleum Geology,
38A: 190-195.
Hart, B.S. and Plint, A.G. 1993a. Relative influence on deposition and erosion in a ramp
setting: Upper Cretaceous Cardium Formation, Alberta Foreland Basin. AAPG Bulletin,
77: 2092-2107.
Hart, B.S. and Plint, A.G. 1993b. Origin of an erosion surface in shoreface sandstones of
the Kakwa Member (Upper Cretaceous Cardium Formation, Canada): importance for
reconstruction of stratal geometry and depositional history. International Association of
Sedimentologists, Special Publication no. 18: 451-467.
Hart, B.S. and Plint, A.G. 1995. Gravelly shoreface and beachface deposits. In: Plint, A.G.
(ed) Sedimentary Facies Analysis – A Tribute to the Work and Teaching of Harold G.
Reading. International Association of Sedimentologists Special Publication no. 22: 75-99.
Hart, B.S. and Plint, A.G. 2003. Stratigraphy and sedimentology of shoreface and fluvial
conglomerates: insights from the Cardium Formation in NW Alberta and adjacent British
Columbia. Bulletin of Canadian Petroleum Geology, 51: 437-464.
Hart, B.S., Longstaffe, F.J., and Plint, A.G. 1992. Evidence for relative sea level change
from isotopic and elemental composition of siderite in the Cardium Formation, Rocky
Mountain Foothills. Bulletin of Canadian Petroleum Geology, 40: 52-59.
Hay, W.W., Eicher, D.L., and Diner, R. 1993. Physical oceanography and water masses
in the Western Interior Seaway. In: Caldwell, W.G.E. and Kauffman, E.G. (eds.)
Evolution of the Western Interior Basin. Geological Association of Canada, Special Paper
no. 39: 297-318.
Hayes, B.J.R. 1983. Stratigraphy and petroleum potential of the Swift Formation (Upper
Jurassic), southern Alberta and north-central Montana. Bulletin of Canadian Petroleum
Geology, 31: 37-52.
Hayes, B.J.R., and Smith, D.G. 1987. Discussion of Cardium 6. Stratigraphic framework
of the Cardium in subsurface. Bulletin of Canadian Petroleum Geology, 35: 363-365.
Hays, J.D. and Pitman, W.C. III. 1973. Lithospheric plate motion, sea level changes and
climatic and ecological consequences. Nature, 246: 18-22.

352
Hays, J.D., Imbrie, J., and Shackleton, N.J. 1976. Variations in the Earth’s orbit:
pacemaker of the ice ages. Science, 194: 1121-1132.
Hein, F.J. and McMechan, M.E. 1994. Proterozoic and Lower Cambrian Strata of the
Western Canada Sedimentary Basin. In: Mossop, G. and Shetsen, I (eds.) Geological
Atlas of the Western Canada Sedimentary Basin. Canadian Society of Petroleum
Geologists, Alberta Research Council, and Geological Survey of Canada, p. 57-68.
Helland-Hansen, W. and Gjelberg, J.G. 1994. Conceptual basis and variability in
sequence stratigraphy: a different perspective. Sedimentary Geology, 92: 31-52.
Helland-Hansen, W. and Martinsen, O.J. 1996. Shoreline trajectories and sequences:
description of variable depositional-dip scenarios. Journal of Sedimentary Research, 66:
670-688.
Heller, P.L., Angevine, C.L., Winslow, N.S., and Paola, C. 1988. Two-phase stratigraphic
model of foreland-basin sequences. Geology, 16: 501-504.
Heller, P.L., Beekman, F., Angevine, C.L., and Cloetingh, S.A.P.L. 1993. Cause of
tectonic reactivation and subtle uplifts in the Rocky Mountain region and its effect on the
stratigraphic record. Geology, 21: 1003-1006.
Hiebert, S.N. and Spratt, D.A. 1996. Geometry of the thrust front near Pincher Creek,
Alberta. Bulletin of Canadian Petroleum Geology, 44: 195-201.
Higley, D.K., Henry, M., Roberta, L.N.R., and Steinshouer, D.W. 2005. 1-D/3-D
geologic model of the Western Canada Sedimentary Basin. The Mountain Geologist, 42:
53-66.
Hill, P.S. and 11 others. 2007. Sediment delivery to the seabed on continental margins. In:
Nittrouer, C.A., Austin, J.A., Field, M.E., Kravitz, J.H., Syvitski, J.P.M. and Wiberg, P.L.
(eds) Continental Margin Sedimentatioin. International Association of Sedimentologists
Special Publication no. 37: 49-100.
Hoffman, P.F. 1988. United plates of America, the birth of a craton: Early Proterozoic
assembly and growth of Laurentia. Annual Review of Earth and Planetary Science, 16:
543-603.
Hope, J. and Eaton, D. 2002. Crustal structure beneath the Western Canada Sedimentary
Basin: constrains from gravity and magnetic modelling. Canadian Journal of Earth
Science, 39: 291-312.
Hope, J.H., Eaton, D.W., and Ross, G.M. 1999. Lithoprobe seismic transect of the
Alberta Basin: Compilation and overview. Bulletin of Canadian Petroleum Geology 47:
331-345.

353
Hu, Y.G. and Plint, A.G. 2009. An allostratigraphic correlation of a mudstone-dominated,
syn-tectonic wedge: the Puskwaskau Formation (Santonian-Campanian) in outcrop and
subsurface, Western Canada Foreland Basin. Bulletin of Canadian Petroleum Geology, 57:
1-33.
Huber, B.T. 1998. Tropical paradise at the Cretaceous poles? Science, 282: 2199-2200.
Hunt, D. and Tucker, M.E. 1992. Stranded parasequences and the forced regressive
wedge systems tract: deposition during base-level fall. Sedimentary Geology, 81: 1-9.
Jacobs, D.K., and Sahagain, D.L. 1993. Climate-induced fluctuations in sea level during
non-glacial time. Nature, 361: 710-712.
Jarvis, I., Gale, A.S., Jenkyns, H.C., and Pearch, M.A. 2006. Secular variation in Late
Cretaceous carbon isotopes: a new δ13C carbonate reference curve for the Cenomanian—
Campanian (99.6-70.6 Ma). Geological Magazine 143: 561-608.
Jennings, R. and Shulmeister, J. 2002. A field based classification scheme for gravel
beaches. Marine Geology, 186: 211-228.
Jervey, M.T. 1992. Siliciclastic sequence development in foreland basins, with examples
from the Western Canada foreland basin. In: Macqueen, R.W. and Leckie, D.A. (eds)
Foreland Basins and Fold Belts. AAPG Memoir, 55: 47-80.
Jones, R.M.P. 1980. Basinal isostatic adjustment faults and their petroleum significance.
Bulletin of Canadian Petroleum Geology, 28: 211-251.
Jordan, T.E. 1981. Thrust loads and foreland basin evolution, Cretaceous, Western United
States. AAPG Bulletin, 65: 2506-2520.
Jordan, T.E. 1995. Retroarc Foreland and Related Basins. In: Busby, C.J. and Ingersoll,
R.V. (eds.) Tectonics of Sedimentary Basins. Blackwell Science, Oxford, p. 331-362.
Jordan, T.E. and Flemings, P.B. 1991. Large-scale stratigraphic architecture, eustatic
variation, and unsteady tectonism: a theoretical evaluation. Journal of Geophysical
Research, 96: 6681-6699.
Kanasewich, E.R., Clowes, R.M., and McCloughan, C.H. 1969. A buried Precambrian rift
in western Canada. Tectonophysics, 8: 513-527.
Katz, B.J. 2005. Controlling factors on source rock development—a review of
productivity, preservation, and sedimentation rate. In: Harris, N.B. (ed) The Deposition of
Organic-Carbon-Rich Sediments: Models, Mechanisms, and Consequences. Society of
Economic Palaeontologists and Mineralogists, Special Publication no. 82: 7-16.
Kauffman, E.G. 1984. Paleobiogeography and evolutionary response dynamic in the
Cretaceous Western Interior Seaway of North America. In: Westernmann, G.E.G. (ed.)

354
Jurassic-Cretaceous biochronology and paleogeography of North America. Geological
Association of Canada, Special Paper 27: 273-306.
Kauffman, E.G. and Caldwell, W.G.E. 1993. The Western Interior Basin in space and
time. In: Caldwell, W.G.E. and Kauffman, E.G. (eds.) Evolution of the Western Interior
Basin. Geological Association of Canada, Special Paper no. 39: 1-30.
Keith, D.W.A. 1991. Truncated prograding strandplain or offshore sand body?—
sedimentology and geometry of the Cardium (Turonian) sandstone and conglomerate at
Willesden Green Field, Alberta. In: Swift, D.J.P., Oertel, G.F., Tillman, R.W., and
Thorne, J.A. (eds.) Shelf Sand and Sandstone Bodies: Geometry, Facies and Sequence
Stratigraphy. International Association of Sedimentologists, Special Publication no. 14:
457-487.
Kent, D.M. 1994. Paleogeographic evolution of the cratonic platform—Cambrian to
Triassic. In: Mossop, G. and Shetsen, I (eds.) Geological Atlas of the Western Canada
Sedimentary Basin. Canadian Society of Petroleum Geologists, Alberta Research Council,
and Geological Survey of Canada, p. 69-86.
Kent, D.M. and Christopher, J.E. 1994. Geologic history of the Williston Basin and
Sweetgrass Arch. In: Mossop, G. and Shetsen, I (eds.) Geological Atlas of the Western
Canada Sedimentary Basin. Canadian Society of Petroleum Geologists, Alberta Research
Council, and Geological Survey of Canada, p. 421-429.
King, C.A.M. 1972. Beaches and Coasts, 2nd Edition. Edward Arnold, London, U.K.
570 pp.
Krause, F.F. and Nelson, D.A. 1984. Storm event sedimentation: Lithofacies association
in the Cardium Formation, Pembina area, west-central Alberta, Canada. In: Stott, D.F.
and Glass, D.J. (eds.) The Mesozoic of Middle North America. Canadian Society of
Petroleum Geologists, Memoir 9: 485-511.
Krause, F.F. and Nelson, D.A. 1991. Evolution of an Upper Cretaceous (Turonian) shelf
sandstone ridge: analysis of the Crossfield-Cardium pool, Alberta, Canada. In: Swift,
D.J.P., Oertel, G.F., Tillman, R.W., and Thorne, J.A. (eds.) Shelf Sand and Sandstone
Bodies: Geometry, Facies and Sequence Stratigraphy. International Association of
Sedimentologists, Special Publication no. 14: 427-456.
Krause, F.F., Deutsch, K.B., Joiner, S.D., Barclay, J.E., Hall, R.L., and Hills, L.V. 1994.
Cretaceous Cardium Formation of the Western Canada Sedimentary Basin. In: Mossop, G.
and Shetsen, I. (eds.) Atlas of the Western Canada Sedimentary Basin. Canadian Society
of Petroleum Geologists, Alberta Research Council and Geological Survey of Canada,
375-385.
Krause, F.F., Hall, R.L., Joiner, S.D., and Deutsch, K.B. 1995. Reply to discussion of
biostratigraphic evaluation of a sequence stratigraphic bounding surface: the
Cardinal/Leyland unconformity (“E5/T5 surface”) in the Cardium Formation (Upper

355
Cretaceous; Upper Turonian-Lower Coniacian) at Seebe, Alberta. Bulletin of Canadian
Petroleum Geology, 43: 347-355.
Kreitner, M.A. 2002. Sedimentology, stratigraphy, and paleogeography of the lower
Kaskapau Formation, Upper Cretaceous (Cenomanian), northwest Alberta and northeast
British Columbia. Unpublished M.Sc. thesis, University of Western Ontario, London,
Canada. 209 pp.
Krystinik, L.E. and DeJarnett, B.B. 1995. Lateral variability of sequence stratigraphic
framework in the Campanian and Lower Maastrichtian of the Western Interior Seaway. In:
Van Wagoner, J.C. and Bertram, G.T. (eds) Sequence Stratigraphy of Foreland Basin
Deposits: Outcrop and Subsurface. AAPG Memoir, 64: 11-26.
Kuhnt, W., Gale, A., Chellai, E.H., and Kennedy, W.J. 2009. Cenomanian sequence
stratigraphy and sea-level fluctuations in the Tarfaya Basin (SW Morocco). Geological
Society of America Bulletin, 121: 1695-1710.
Kuiper, K.F., Deino, A., Hilgen, F.J., Krijgsman, W., Renne, P.R., and Wijbrans, J.R.
2008. Synchronizing rock clocks of Earth history. Science, 320: 500-504.
Larson, R.L. 1991. Geological consequences of superplumes. Geology, 19: 963-966.
Laurin, J., and Sageman, B.S. 2007. Cenomanian-Turonian coastal record in SW Utah,
U.S.A.: orbital-scale transgressive-regressive events during Oceanic Anoxic Event II.
Journal of Sedimentary Research, 77: 731-756.
Lawton, T.F., Boyer, S.E., and Schmitt, J.G. 1994. Influence of inherited taper on
structural variability and conglomerate distribution, Cordilleran fold and thrust belt,
western United States. Geology, 22: 339-342.
Leckie, D.A. 1988. Wave-formed, coarse-grained ripples and their relationship to
hummocky cross stratification. Journal of Sedimentary Petrology, 44: 169-180.
Leckie, D.A. and Walker, R.G. 1982. Storm- and tide-dominated shoreline in Cretaceous
Moosebar- Lower Gates interval – outcrop equivalents of Deep Basin gas trap in western
Canada. AAPG Bulletin, 66: 138-157.
Leckie, D.A. and Smith, D.G. 1992. Regional setting, evolution, and depositional cycles
of the Western Canada Foreland Basin. In: Macqueen, R.W. and Leckie, D.A. (eds)
Foreland Basins and Fold Belts. AAPG Memoir, 55: 9-46.
Leggitt, S.M., Walker, R.G., and Eyles, C.H. 1990. Control of reservoir geometry and
stratigraphic trapping by erosion surface E5 in the Pembina-Carrot Creek area, Upper
Cretaceous Cardium Formation, Alberta, Canada. AAPG Bulletin, 74: 1165-1182.

356
Lemieux, S. 1999. Seismic reflection expression and tectonic significance of Late
Cretaceous extensional faulting of the Western Canada Sedimentary Basin in southern
Alberta. Bulletin of Canadian Petroleum Geology, 47: 375-390.
Lemieux, S., Ross, G.M., and Cook, F.A. 2000. Crustal geometry and tectonic evolution
of the Archean crystalline basement beneath the southern Alberta Plains, from new
seismic reflection and potential-field studies. Canadian Journal of Earth Science, 37:
1473-1491.
Li, W., Bhattacharya, J.P., Zhu, Y., Garza, D., and Blankenship, E. 2011. Evaluating delta
asymmetry using three-dimensional facies architecture and ichnological analysis, Ferron
‘Natom Delta’, Capital Reef, Utah, U.S.A. Sedimentology, 58: 478-507.
Lis, M.G. and Price, R.A. 1976. Large-scale block faulting during deposition of the
Windermere Supergroup (Hadrynian) in southeastern British Columbia. Geological
Survey of Canada Paper no. 1976-1A: 135-136.
Liu, J.P., Xu, K.H., Li, A.C., Milliman, J.D., Velozzi, D.M., Xiao, S.B., and Yang, Z.S.
2007. Flux and fate of Yangtze River sediment delivered to the East China Sea.
Geomorphology, 85: 208-224.
Liu, S. and Nummedal, D. 2004. Late Cretaceous subsidence in Wyoming: quantifying
the dynamic component. Geology, 32: 397-400.
Lorenz, J.C. 1982. Lithospheric flexure and the history of the Sweetgrass Arch in
northwestern Montana. In: Powers, R.B. (ed.) Geological Studies of the Cordilleran
Thrust Belt. Rocky Mountain Association of Geologists, p. 77-89.
Loutit, T.S., Hardenbol, J., Vail, P.R., and Baum, G.R. 1988. Condensed sections: the key
to age determination and correlation of continental margin sequences. In: Wilgus, C.K.,
Hastings, B.S., Kendal, C.G.St.C., Posamentier, H.W., Ross, C.A., and Van Wagoner, J.C.
(eds.) Sea Level Changes – An Integrated Approach. Society of Economic
Paleontologists and Mineralogists, Special Publication no. 42: 183-213.
Lovley, D.R. and Phillips, E.J.P. 1986. Competitive mechanisms for inhibition of
sulphate reduction and methane production in the zone of ferric iron reduction in
sediments. Applied and Environmental Microbiology, 53: 2636-2641.
MacEachern, J.A., Bann, K.L., Bhattacharya, J.P., and Howell, C.D. Jr. 2005. Ichnology
of deltas: organism responses to the dynamic interplay of rivers, waves, storms, and tides.
In: Giosan, L., and Bhattacharya, J.P. (eds) River Deltas—Concepts, Models, and
Examples. Society of Economic Paleontologists and Mineralogists, Special Publication
no. 83: 49-85.
MacEachern, J.A., Pemberton, G.S., Gingras, M.K., and Bann, K.L. 2010. Ichnology and
Facies Models. In: James, N.P. and Dalrymple, R.W. (eds.) Facies Models 4.St. John’s,
Geological Association of Canada, p. 19-58.

357
Macquaker, J.H.S. and Taylor, K.G. 1996. A sequence-stratigraphic interpretation of a
mudstone-dominated succession: the lower Jurassic Cleveland Ironstone Formation, UK.
Journal of the Geological Society, 153: 759-770.
Macquaker, J.H.S. and Adams, A.E. 2003. Maximizing information from fine-grained
sedimentary rocks: an inclusive nomenclature for mudstones. Journal of Sedimentary
Research, 73: 735-744.
Macquaker J.H.S. and Jones, C.R. 2003. A sequence stratigraphic study of mudstone
heterogeneity: a combined petrographic/wireline log investigation of Upper Jurassic
Mudstones from the North Sea (U.K.). In: Lovell, M. and Parkinson, N. (eds.) Geological
Applications of Well Logs. AAPG Methods in Exploration Series 13: 123-141.
Macquaker, J.H.S. and Bohacs, K.M. 2007. On the accumulation of mud. Science, 318:
1734-1735.
Macquaker, J.H.S., Bentley, S.J., and Bohacs, K.M. 2010a. Wave enhanced sedimentgravity flows and mud dispersal across continental shelves: reappraising sediment
transport processes operating in ancient mudstone successions. Geology, 38: 947-950.
Macquaker, J.H.S., Keller, M.A., and Davies, S.J. 2010b. Algal blooms and “marine
snow”: mechanisms that enhance preservation of organic carbon in ancient fine-grained
sediments. Journal of Sedimentary Research, 80: 934-942.
Malloch, G.S. 1911. Bighorn coal basin, Alberta. Geological Survey of Canada Memoir
no. 9. 66 pp.
Manning, A.J., Baugh, J.V., Spearman, J.R., and Whitehouse, R.J.S. 2010. Flocculation
settling characteristics of mud:sand mixtures. Ocean Dynamics, 60: 237-253.
Martinsen, O.J., Martinsen, R.S., and Steidmann, J.R. 1993. Mesaverde Group (Upper
Cretaceous), southeastern Wyoming: allostratigraphy versus sequence stratigraphy in a
tectonically active area. AAPG Bulletin, 77: 1351-1373.
McCarthy, P.J. and Plint, A.G. 1998. Recognition of interfluve sequence boundaries:
integrating paleopedology and sequence stratigraphy. Geology, 26: 387-390.
McCausland, P.J.A., Symonds, D.T.A., Hart, C.J.R., and Blackburn, W.H. 2006.
Assembly of the northern Cordillera: New paleomagnetic evidence for coherent,
moderate Jurassic to Eocene motion of the Intermontane belt and Yukon-Tanana terranes.
In: Haggart, J.W., Enkin, R.J., Monger, J.W.H. (eds.) Paleogeography of the North
American Cordillera: Evidence for and against large-scale displacements. Geological
Association of Canada, Special Paper number no. 46: 147-170.

358
McIlroy, D. 2004. Some ichnological concepts, methodologies, applications and frontiers.
In: McIlroy, D. (ed.) The Application of Ichnology to Palaeoenvironmental and
Stratigraphic Analysis. Geological Society of London Special Publication no. 228, 3-27.
McKay, J.L., Longstaffe, F.J., and Plint, A.G. 1995. Early diagenesis and its relationship
to depositional environment and relative sea-level fluctuations (Upper Cretaceous
Marshybank Formation, Alberta and British Columbia). Sedimentology, 42: 161-190.
McLean, J.R. 1971. Stratigraphy of the Upper Cretaceous Judith River Formation in
Canadian Great Plains. Saskatchewan Research Council, Geological Division, Report no.
11. 96 pp.
Mei, S. 2009. Geologist-controlled trends versus computer-controlled trends: introducing
a high-resolution approach to subsurface structural mapping using well-log data, trend
surface analysis, and geospatial analysis. Canadian Journal of Earth Science, 46: 309-329.
Merewether, E.A., Cobban, W.A., and Obradovich, J.D. 2007. Regional disconformities
in the Turonian and Coniacian (Upper Cretaceous) strata in Colorado, Wyoming, and
adjoining states—biochronological evidence. Rocky Mountain Geology, 42: 95-122.
Meyers, S.R., Siewert, S.E., Singer, B.S., Sageman, B.B., Condon, D.J., Obradovich, J.D.,
Jicha, B.R., and Sawyer, D.A. 2012. Intercalibration of radioisotopic and
astrochronologic time scales for the Cenomanian-Turonian boundary interval, Western
Interior Basin, U.S.A. Geology, 40: 7-10.
Miall, A.D. 1991. Stratigraphic sequences and their chronostratigraphic correlation.
Journal of Sedimentary Petrology, 61: 497-505.
Miall, A.D. 1997. The Geology of Stratigraphic Sequences. Springer, Berlin, Germany.
433 pp.
Miall, A.D. 2010. The Geology of Stratigraphic Sequences, 2nd Edition. Springer, Berlin,
Germany, 522 pp.
Michaelis, E.R. 1957. Cardium sedimentation in the Pembina River area. Journal of the
Alberta Society of Petroleum Geologists, 5: 73-77.
Michaelis, E.R., and Dixon, G. 1969. Interpretation of depositional processes from
sedimentary structures in Cardium Sands. Bulletin of Canadian Petroleum Geology, 17:
410-433.
Michener, C.E. 1934. The northward extension of the Sweetgrass Arch. Journal of
Geology, 42: 45-61.
Miller, K.G., Sugarman, P.J., Browning, J.V., Kominz, M.A., Hernandez, J.C., Olsson,
R.K., Wright, J.D., Feigenson, M.D., and Sickel, W.V. 2003. Late Cretaceous chronology

359
of large, rapid sea-level changes: glacioeustasy during the greenhouse world. Geology, 31:
585-588.
Miller, K.G., Kominz, M.A., Browning, J.V., Wright, J.D., Mountain, G.S., Katz, M.E.,
Sugarman, P.J., Cramer, B.S., Christie-Blick, N., and Pekar, S.F. 2005a. The Phanerozoic
record of global sea-level change. Science, 310: 1293-1298.
Miller, K.G., Wright, J.D., and Browning, J.V. 2005b. Visions of ice sheets in a
greenhouse world. Marine Geology, 217: 215-231.
Milne, G.A. and Mitrovica, J.X. 2008. Searching for eustasy in deglacial sea-level
histories. Quaternary Science Reviews, 27: 2292-2302.
Mitchum, R.M. 1977. Seismic stratigraphy and global changes in sea leve, part II:
glossary of terms used in seismic stratigraphy. In: Payton, C.E. (ed.) Seismic
Stratigraphy—Applications to Hydrocarbon Exploration. American Association of
Petroleum Geologists Memoir no. 26: 205-212.
Mitrovica, J.X. 2009. A eulogy for eustasy (Abstract). American Geophysical Union, Fall
Meeting 2009, abstract #T34A-01.
Mitrovica, J.X., Beaumont, C., and Jarvis, G.T. 1989. Tilting of continental interiors by
the dynamical effects of subduction. Tectonics, 8:1079-1094.
Monger, J.W.H. 1993. Cretaceous tectonics of the North American cordillera. In:
Caldwell, W.G.E. and Kauffman, E.G. (eds.) Evolution of the Western Interior Basin.
Geological Association of Canada, Special Paper no. 39: 31-48.
Monger, J.W.H. 1997. Plate tectonics and northern cordilleran geology: An unfinished
revolution. Geoscience Canada, 24: 189-198.
Montana State University Research Coordination Network. 2009. RCN Utilities and
Tools. In: Research Coordination Network, Montana State University and Yellowstone
National Park. Retrieved March 1, 2012 from
http://www.rcn.montana.edu/resources/tools/coordinates.aspx
Moucha, R., Forete, A.M., Mitrovica, J.X., Rowley, D.B., Quere, S., Simmons, N.A., and
Grand, S.P. 2008. Dynamic topography and long-term sea-level variations: there is no
such thing as a stable continental platform. Earth and Planetary Science Letters, 271: 101108.
Mudge, M.R., Earhart, R.L., Perry, W.J.Jr., and Bohannon, R.G. 1983. Geologic map of
the Mitten Lake, Half Dome Crag, Hyde Creek, East Glacier Park, Big Rock, and Magee
Ranch Quadrangles, Pondera and Glacier Counties, Montana. United States Geologic
Survey, Open-File Report 82-1030.

360
NACSN (North American Commission on Stratigraphic Nomenclature) 1983. North
American Stratigraphic Code. AAPG Bulletin, 67: 841-875.
Nielsen, K.S., Schroder-Adams, C.J., and Leckie, D.A. 2003. A new stratigraphic
framework for the Upper Colorado Group (Cretaceous) in southern Alberta and
southwestern Saskatchewan, Canada. Bulletin of Canadian Petroleum Geology, 51: 304346.
Nielsen, K.S., Schroder-Adams, C.J., Leckie, D.A., Haggart, J.W., and Elberdak, K. 2008.
Turonian to Santonian paleoenvironmental changes in the Cretaceous Western Interior
Seaway: the Carlile and Niobrara formations in southern Alberta and southwestern
Saskatchewan, Canada. Palaeogeography, Palaeoclimatology, Palaeoecology, 270: 64-91.
Nittrouer, C.A., Huehl, S.A., Figueiredo, A.G., Allison, M.A., Somerfield, C.K., Rine,
J.M., Faria, L.E., and Silveria, O.M. 1996. The geological record preserved by Amazon
shelf sedimentation. Continental Shelf Research, 16: 817-841.
Nummedal, D., Riley, G.W., Cole, R.D., and Trevena, A.S. 1992. The falling sea level
systems tract in ramp settings (Abstract). In: Mesozoic of the Western Interior. Society of
Economic Paleontologists and Mineralogists, Theme Meeting, Fort Collins, Colorado,
August 17-19, 1992. p.50.
Nurkowski, J.R. 1984. Coal quality, coal rank variation and its relation to reconstructed
overburden, Upper Cretaceous and Tertiary plains coals, Alberta, Canada. AAPG Bulletin,
68: 285-295.
Obradovich, J.D. 1993. A Cretaceous time scale. In: Caldwell, W.G.E. and Kauffman,
E.G. (eds.) Evolution of the Western Interior Basin. Geological Association of Canada,
Special Paper no. 39: 379-396.
O’Connell, S.C., Dix, G.R., and Barclay, J.E. 1990. The origin, history, and regional
structural development of the Peace River Arch, Western Canada. Bulletin of Canadian
Petroleum Geology, 38A: 4-24.
Olariu, C., Steel, R.J., and Petter, A.L. 2010. Delta-front hyperpycnal bed geometry and
implications for reservoir modelling: Cretaceous Panther Tongue delta, Book Cliffs, Utah.
AAPG Bulletin, 94: 819-845.
Ollenrenshaw, N.C. 1978. Calgary, west of Fifth Meridian, Alberta-British Columbia.
Geological Survey of Canada, Map 1457A.
Pang, M. and Nummedal, D. 1995. Flexural subsidence and basement tectonics of the
Cretaceous Western Interior Basin, United States. Geology, 23: 173-176.
Pattison, S.A.J. 1987. Relative sea level control of incised shoreface sediments in the
Burnstick Member, Cardium Formation, Upper Cretaceous Alberta. Unpublished M.Sc.
thesis, McMaster University. Hamilton, Canada. 206 pp.

361
Pattison, S.A.J. and Walker, R.G. 1992. Deposition and interpretation of long, narrow
sandbodies underlain by a basinwide erosion surface: Cardium Formation, Cretaceous
Western Interior Seaway, Alberta, Canada. Journal of Sedimentary Petrology, 62: 292309.
Pemberton, S.G., MacEachern, J.A., and Saunders, T. 2004. Stratigraphic applications of
substrate-specific ichnofacies: delineating discontinuities in the rock record. In: McIllroy,
D. (ed) The Application of Ichnology to Palaeoenvironmental and Stratigraphic Analysis.
Geological Society of London, Special Paper no. 228: 29-62.
Pettijohn, F.J. 1975. Sedimentary Rocks, 3rd Edition. Harper & Row, New York. 628 pp.
Pigram, C.J., Davies, P.J., Feary, D.A., and Symonds, P.A. 1989. Tectonic controls on
carbonate platform evolution in southern Papua New Guinea: passive margin to foreland
basin. Geology, 17: 199-202.
Plint, A.G. 1988. Sharp-based shoreface sequences and “offshore bars” in the Cardium
Formation of Alberta: Their relationship to relative changes in sea level. In: Wilgus, C.K.,
Ross, C.A., and Posamentier, H. (eds.) Sea-level Changes—An Integrated Approach.
Society of Economic Paleontologists and Mineralogists Special Publication no. 42: 357370.
Plint, A.G. 1991. High-frequency relative sea-level oscillations in Upper Cretaceous shelf
clastics of the Alberta foreland basin: possible evidence for a glacio-eustatic control? In:
Macdonald, D.I.M. (ed.) Sedimentation, Tectonics and Eustasy. International Association
of Sedimentologists, Special Publication no. 12: 409-428.
Plint, A.G. 2010. Wave- and Storm-Dominated Shoreline and Shallow-Marine Systems.
In: James, N.P. and Dalrymple, R.W. (eds.) Facies Models 4. St. John’s, Geological
Association of Canada, p. 167-200.
Plint, A.G. Submitted. The role of geostrophic and wave-enhanced gravity flows in
sediment dispersal across a muddy prodelta: Upper Cretaceous Dunvegan Formation,
Alberta, Canada. Submitted to Sedimentology.
Plint, A.G., and Kreitner, M.A. 2007. Extensive thin sequences spanning Cretaceous
foredeep suggest high-frequency eustatic control: Late Cenomanian, Western Canada
foreland basin. Geology, 35: 735-738.
Plint, A.G. and Nummedal, D. 2000. The falling stage systems tract: Recognition and
importance in sequence stratigraphic analysis. In: Hunt, D. and Gawthorpe, R.L.G. (eds.)
Sedimentary responses to forced regressions. Geological Society of London Special
Publication no. 172: 1-17.
Plint, A.G. and Wadsworth, J.A. 2006. Delta-plain paleodrainage patterns reflect smallscale fault movement and subtle forebulge uplift: Upper Cretaceous Dunvegan Formation,

362
Western Canada Foreland Basin. In: Dalrymple, R.W., Leckie, D.A., and Tillman, R.W.
(eds.) Incised Valleys in Time and Space. Society of Economic Paleontologists and
Mineralogists Special Publication no. 85: 219-237.
Plint, A.G. and Walker, R.G. 1987. Cardium Formation 8: Facies and environments of the
Cardium shoreline and coastal plain in the Kakwa field and adjacent areas, northwestern
Alberta. Bulletin of Canadian Petroleum Geology, 35: 28-64.
Plint, A.G., Walker, R.G., and Bergman, K.M. 1986. Cardium Formation 6: Stratigraphic
framework of the Cardium in subsurface. Bulletin of Canadian Petroleum Geology, 34:
213-225.
Plint, A.G., Walker, R.G., and Bergman, K.M. 1987. Reply to discussions on Cardium 6.
Stratigraphic framework of the Cardium in subsurface. Bulletin of Canadian Petroleum
Geology, 35: 365-374.
Plint, A.G., Walker, R.G., and Duke, W.L. 1988. An outcrop to subsurface correlation of
the Cardium Formation in Alberta. In: James, D.P. and Leckie, D.A. (eds.) Sequences,
Stratigraphy, Sedimentology: Surface and Subsurface. Canadian Society of Petroleum
Geologists Memoir no. 15: 167-184.
Plint, A.G., Eyles, N., Eyles, C.H., and Walker, R.G. 1992. Chapter 2: Control of sea
level change. In: Hunt, D. and Gawthorpe, R.L. (eds.) Facies Models: Response to Sea
Level Change. Geological Association of Canada, p. 15-25.
Plint, A.G., Hart, B.S., and Donaldson, S.W. 1993. Lithospheric flexure as a control on
stratal geometry and facies distribution in Upper Cretaceous rocks of the Alberta foreland
basin. Basin Research, 5: 69-77.
Plint, A.G., McCarthy, P.J., and Faccini, U.F. 2001. Nonmarine sequence stratigraphy:
updip expression of sequence boundaries and systems tracts in a high-resolution
framework, Cenomanian Dunvegan Formation, Alberta Foreland basin, Canada. AAPG
Bulletin, 85: 1967-2001.
Plint, A.G., Tyagi, A., Hay, M.J., Varban, B.L. Zhang, H., and Roca X. 2009. Clinoforms,
paleobathymetry, and mud dispersal across the Western Canada Cretaceous Foreland
Basin: evidence from the Cenomanian Dunvegan Formation and contiguous strata.
Journal of Sedimentary Research, 79: 144-161.
Plint, A.G., Tyagi, A., McCausland, P.J.A., Krawetz, J.R., Zhang, H., Roca, X., Varban,
B.L., Hu, Y.G., Kreitner, M.A., and Hay, M.J. 2012. Dynamic relationship between
subsidence, sedimentation, and unconformities in mid-Cretaceous, shallow-marine strata
of the Western Canada Foreland Basin: links to Cordilleran tectonics. In: Busby, C., and
Azor, A.P. (eds) Tectonics of Sedimentary Basins: Recent Advances. Blackwell
Publishing, Oxford, U.K.. p. 480-507.

363
Plint, A.G., Macquaker, J.H.S., and Varban, B.L. In press. Bedload transport of mud
across a wide, storm-influenced ramp: Cenomanian-Turonian Kaskapau Formation,
Western Canada Foreland Basin. Journal of Sedimentary Research.
Podruski, J.A. 1988. Contrasting the Character of the Peach River and Sweetgrass Arches,
Western Canada Sedimentary Basin. Geoscience Canada, 15: 94-97.
Posamentier, H.W. and Allen, G.P. 1993. Siliciclastic sequence stratigraphic patterns in
foreland ramp-type basins. Geology, 21: 455-458.
Posamentier, H.W., Jervey, M.T., and Vail, P.R. 1988. Eustatic controls on clastic
deposition I – conceptual framework. In: Wilgus, C.K., Hastings, B.S., Kendal, C.G.St.C.,
Posamentier, H.W., Ross, C.A., and Van Wagoner, J.C. (eds.) Sea Level Changes – An
Integrated Approach. Soceity of Economic Paleontologists and Mineralogists, Special
Publication no. 42: 125-154.
Posamentier, H.W., Allen, G.P., James, D.P. and Tesson, M. 1992. Forced regressions in
a sequence stratigraphic framework: concepts, examples, and exploration significance.
AAPG Bulletin, 76: 1687-1709.
Potter, P.E., Maynard, J.B., and Pryor, W.A. 1980. Sedimentology of Shale. SpringerVerlag, New York. 306 pp.
Price, R.A. 1962. Fernie map-area, east half, Alberta and British Columbia 82G E1/2.
Geological Survey of Canada, Report and Map 35-1961.
Price, R.A. 1981. The Cordillerian thrust and fold belt in the southern Canadian Rocky
Mountains. In: McClay, K.R. and Price, N.J (eds.) Thrust and Nappe Tectonics.
Geological Society of London, Special Publication no. 9: 427-448.
Price, R.A. 1994. Cordilleran tectonics and the evolution of the Western Canada
Sedimentary Basin. In: Mossop, G.D. and Shetsen, I. (eds.) Geological Atlas of the
Western Canada Sedimentary Basin. Canadian Society of Petroleum Geologists and
Alberta Research Council, p. 13-24.
Price, R.A. and Sears, J.W. 2000. A preliminary palinspastic map of the Mesoproterozoic
Belt-Purcell Supergroup, Canada and U.S.A.: implications for the tectonic setting and
structural evolution of the Purcell anticlinorium and the Sullivan deposit. In: Lydon, J.W.,
Hoy, T., Slack, J.F., and Knapp, M.E. (eds) The Geological Environment of the Sullivan
Deposit, British Columbia. Geological Association of Canada, Mineral Deposits Division,
Special Publication no. 1: 61-81.
Quinlan, G.M. and Beaumont, C. 1984. Appalachian thrusting, lithospheric flexure, and
the Paleozoic stratigraphy of the Eastern Interior of North America. Canadian Journal of
Earth Science, 21: 973-996.

364
Raiswell, R. 1982. Pyrite texture, isotopic composition and the availability of iron.
American Journal of Science, 282: 1244-1263.
Retallack, G.J. 1991. Untangling the effects of burial alteration and ancient soil formation.
Annual Reviews of Earth and Planetary Science, 19: 183-206.
Raymo, M.E., Mitrovica, J.X., O’Leary, M.J., DeConto, R.M., and Hearty, P.J. 2011.
Departures from eustasy in Pliocene sea-level records. Nature Geoscience, 4: 328-332.
Rine, J.M., Helmold, K.P., and Bartlett, G.A. 1987. Discussion of Cardium 6.
Stratigraphic framework of the Cardium in subsurface. Bulletin of Canadian Petroleum
Geology, 35: 362-363.
Ross, G.M. and Eaton, D.W. 1999. Basement reactivation in the Alberta Basin:
observational constraints and mechanical rationale. Bulletin of Canadian Petroleum
Geology, 47: 391-411.
Ross, G.M. and Eaton, D.W. 2001. Reply to comment: Basement reactivation in the
Alberta Basin: observational constrains and mechanical rationale. Bulletin of Canadian
Petroleum Geology, 49: 429-433.
Ross, G.M., McMechan, M.E., and Hein, F.J. 1989. Proterozoic history: The birth of the
miogeocline. In: Ricketts, B.D. (ed.) Western Canada Sedimentary Basin: A Case History.
Canadian Society of Petroleum Geologists, p. 79-104.
Ross, G.M., Parrish, R.R., M.E. Villeneuve, and Bowring, S.A. 1991. Geophysics and
geochronology of the crystalline basement of the Alberta Basin, Western Canada.
Canadian Journal of Earth Science, 28: 512-522.
Ross, G.M., Milkereit, B., Eaton, D., White, D., Kanasewich, E.R., and Burianyk, M.J.A.
1995. Paleoproterozoic collisional orogen beneath western Canada sedimentary basin
imaged by Lithoprobe crustal seismic-reflection data. Geology, 23: 195-199.
Royden, L.H. 1993. The tectonic expression slab pull at continental convergent
boundaries. Tectonics, 12: 303-325.
Runkel, A.C., Miller, J.F., McKay, R.M., Palmer, A.R., and Taylor, J.F. 2007. Highresolution sequence stratigraphy of lower Paleozoic sheet sandstones in central North
America: the role of special conditions of cratonic interiors in development of stratal
architecture. Geological Society of America Bulletin, 119: 860-881.
Rutherford, R.L. 1927. Geology along the Bow River between Cochrane and Kananaskis,
Alberta. Alberta Science and Industry Research Council, Report no. 17. 46 pp.
Schieber, J. 2009. Discovery of agglutinated benthic foraminifera in Devonian black
shales and their relevance for the redox state of ancient seas. Palaeogeography,
Palaeoclimatology, Palaeoecology, 271: 292-300.

365
Schieber, J., Southard, J.B., and Thiesen, K. 2007. Accretion of mudstone beds from
migrating floccule ripples. Science, 318: 1960-1963.
Schieber, J., Southard, J.B, and Schimmelmann, A. 2010. Lenticular shale fabrics
resulting from intermittent erosion of water-rich muds—interpreting the rock record in
the light of recent flume experiments. Journal of Sedimentary Research, 80: 119-128.
Schlager, W. 1993. Accommodation and supply—a dual control on stratigraphic
sequences. Sedimentary Geology, 86: 111-136.
Schlager, W. 2004. Fractal nature of stratigraphic sequences. Geology, 32: 185-188.
Schoene, B., Crowley, J.L., Condon, D.J., Schmitz, M.D., and Bowring, S.A. 2006.
Reassessing the uranium decay constants for geochronology using ID-TIMS U-Pb data.
Geochimica et Cosmochimica Acta, 70: 426-445.
Schröder-Adams, C.J., Adams, P.J., Leckie, D.A., Block, J., Craig, J., and El-Dein, S.A.S.
1997. Upper Cretaceous Medicine Hat Formation and First White Speckled Shale in
southeastern Alberta: Evidence for localized shallow water deposition. Bulletin of
Canadian Petroleum Geology, 45: 356-376.
Schröder-Adams, C.J., Adams, P.J., Hagggart, J., Leckie, D.A., Bloch, J., Craig, J., and
McIntyre, D.J. 1998. An integrated paleontological approach to reservoir problems:
Upper Cretaceous Medicine Hat Formation and First White Speckled Shale in southern
Alberta, Canada. Palaios, 13: 361-375.
Schulz, M. and Schafer-Neth, C. 1997. Translating Milankovitch climate forcing into
eustatic fluctuations via thermal deep water expansion: a conceptual link. Terra Nova, 9:
228-231.
Schwans, P. 1995. Controls on sequence stacking and fluvial to shallow-marine
architecture in a foreland basin. In: Van Wagoner, J.C. and Bertram, G.T. (eds.) Sequence
Stratigraphy of Foreland Basin Deposits. American Association of Petroleum Geologists
Memoir no. 64: 55-102.
Schwarzacher, W. 1993. Cyclostratigraphy and the Milankovitch theory. Elsevier,
Amsterdam, Netherlands. 225 pp.
Shanley, K.W. and McCabe, P.J. 1994. Perspectives on the sequence stratigraphy of
continental strata. AAPG Bulletin, 78: 544-568.
Siewert, S.E., Singer, B.S., Meyers, S.R., Sageman, D.J., Jicha, B.R., Obradovich, J.D.,
and Sawyer, D.A. In press. Integrating 40Ar/39Ar, U-Pb, and astronomical clocks in the
Cretaceous Niobrara Formation, Western Interior Basin, U.S.A. Geological Society of
America Bulletin.

366
Skuce, A.G., Goody, N.P., and Maloney, J. 1992. Passive-roof duplexes under the Rocky
Mountain foreland basin, Alberta. AAPG Bulletin, 76: 67-80.
Slingerland, R. and Keen, T.R. 1999. Sediment transport in the Western Interior Seaway
of North America: predictions from a climate-ocean-sediment model. In: Bergman, K.S.
and Snedden, J.W. (eds) Isolated Shallow Marine Sand Bodies: Sequence Stratigraphic
Analysis and Sedimentologic Interpretation. Society of Economic Paleontologists and
Mineralogists, Special Publication no. 64: 179-190.
Slingerland, R., Kump, L.R., Arthur, M.A., Fawcett, P.J., Sageman, B.S., and Barron, E.J.
1996. Estuarine circulation in the Turonian Western Interior seaway of North America.
Geological Society of America Bulletin, 108: 941-952.
Sloss, L.L. 1963. Sequences in the cratonic interior of North America. Geological Society
of America Bulletin, 74: 93-114.
Smith, D.G. 1994. Paleogeographic evolution of the Western Canada Foreland Basin. In:
Mossop, G.D. and Shetsen, I. (eds.) Geological Atlas of the Western Canada Sedimentary
Basin. Canadian Society of Petroleum Geologists and Alberta Research Council, p. 277296.
Soares, P.C., Landim, P.M.B., and Fulfaro, V.J. 1978. Tectonic cycles and sedimentary
sequences in the Brazilian intracratonic basins. Geological Society of America Bulletin,
89: 181-191.
Southard, J.B. and Boguchwal, L.A. 1990. Bed configurations in steady unidirectional
water flows. Part 2. Synthesis of flume data. Journal of Sedimentary Petrology, 60:658679.
Southard, J.B., Lambie, J.M., Federico, D.C., Pile, H.T., and Weidman, C.R. 1990.
Experiments on bed configurations in fine sands under bidirectional purely oscillatory
flow, and the origin of hummocky cross-stratification. Journal of Sedimentary Petrology,
60: 1-17.
Stoll, H.M. and Schrag, D.P. 2000. High-resolution stable isotope records from the Upper
Cretaceous rocks of Italy and Spain: glacial episodes in a greenhouse planet? Geological
Society of America Bulletin, 112: 308-319.
Stott, D.F. 1963. The Cretaceous Alberta Group and equivalent rocks, Rocky Mountain
Foothills, Alberta. Geological Survey of Canada Memoir no. 317, 306 pp.
Swift, D.J.P. and Thorne, J.A. 1991. Sedimentation on continental margins, I: a general
model for shelf sedimentation. In: Swift, D.J.P., Oertel, G.E., Tillman, R.W., and Thorne,
J.A. (eds) Shelf Sand and Sandstone Bodies. International Association of
Sedimentologists, Special Publication no. 14: 3-32.

367
Swift, D.J.P., Han, G., and Vincent, C.E. 1986. Fluid processes and sea-floor responses
on a modern storm-dominated shelf: Middle Atlantic shelf of North America. Part I: the
storm-current regime. In: Knight, R.J. and McLean, J.R. (eds.) Shelf sands and sandstones.
Canadian Society of Petroleum Geologists, Memoir no. 11: 99-119.
Swift, D.J.P., Hudelson, P.M., Brenner, R.L., and Thompson, P. 1987. Shelf construction
in a foreland basin: storm beds, shelf sandbodies, and shelf-slope depositional sequences
in the Upper Cretaceous Mesaverde Group, Book Cliffs, Utah. Sedimentology, 34: 423457.
Tankard, A.J. 1986. Depositional response to foreland deformation in the Carboniferous
of Eastern Kentucky. AAPG Bulletin, 70: 853-868.
Taylor, K.G. and Macquaker, J.H.S. 2000. Early diagenetic pyrite morphology in a
mudstone-dominated succession: the Lower Jurassic Cleveland Ironstone Formation,
eastern England. Sedimentary Geology, 131: 77-86.
Taylor, K.G., Simo, J.A., Yocum, D., and Leckie, D.A. 2002. Stratigraphic significance
of ooidal ironstones from the Cretaceous Interior Seaway: the Peace River Formation,
Alberta, Canada, and the Castlegate Sandstone, Utah, U.S.A. Journal of Sedimentary,
Research 72: 316-327.
Tissot, B.P. and Welte, D.H. 1984. Petroleum Formation and Occurrence. SpringerVerlag, New York. 699 pp.
Tovell, W.M. 1958. The development of the Sweetgrass Arch, southern Alberta.
Proceedings of the Geological Association of Canada, 10: 19-30.
Traykovski, P., Wiberg, P.L., and Geyer, W.R. 2007. Obervations and modeling of wavesupported sediment gravity flow on the Po prodelta and comparison to prior observations
from the Eel shelf. Continental Shelf Research, 27: 375-399.
Turcotte, D.L. and Schubert, G. 2002. Geodynamics. Cambridge University Press, New
York. 456 pp.
Tyagi, A. 2009. Sedimentology and high-resolution stratigraphy of the Upper Cretaceous
(Late Albian to Middle Turonian) Blackstone Formation, Western Interior Basin, Alberta,
Canada. Unpublished Ph.D. thesis, University of Western Ontario, London, Ontario. 699
pp.
Tyagi, A., Plint, A.G., and McNeil, D.H. 2007. Correlation of physical surfaces,
bentonites, and biozones in the Cretaceous Colorado Group from the Alberta Foothills to
southwest Saskatchewan, and a revision of the Belle Fourche – Second White Specks
formational boundary. Canadian Journal of Earth Science, 44: 871-888.
Tyson, R.V. 2000. Sedimentation rate, dilution, preservation and total organic carbon:
some results of a modelling study. Organic Geochemistry, 32: 333-339.

368
Uličný, D., Laurin, J., Čech, S. 2009. Controls on clastic sequence geometries in a
shallow-marine, transtensional basin: the Bohemian Cretaceous Basin, Czech Republic.
Sedimentology, 56: 1077-1114.
Vail, P.R., Mitchum Jr., R.M., Todd, R.G., Widmier, J.M., Thompson III, S., Sangree,
J.B., Bubb, J.N., and Hatlelid, W.G. 1977. Seismic stratigraphy and global changes of sea
level. In: Payton, C.E. (ed.) Seismic Stratigraphy—Applications to Hyrdocarbon
Exploration. American Association of Petroleum Geologists, Memoir no. 26: 49-212.
Vail, P.R., Audemard, F., Bowman, S.A., Eisner, P.N., and Perez-Crus, C. 1991.The
stratigraphic signatures of tectonics, eustasy and sedimentology—an overview. In:
Einsele, G., Ricken, W., and Seilacher, A. (eds) Cycles and Events in Stratigraphy.
Springer-Verlag, Berlin, Germany. p. 617-659.
Vakarelov, B.K. and Bhattacharya, J.P. 2009. Local tectonic control on parasequence
architecture: Second Frontier sandstone, Powder River Basin, Wyoming. AAPG Bulletin,
93: 295-327.
Vakarelov, B.K., Bhattacharya, J.P., and Nebrigic, D.D. 2006. Importance of highfrequency tectonic sequences during greenhouse times of Earth history. Geology, 34:
797-800.
Varban, B.L. and Plint, A.G. 2005. Allostratigraphy of the Kaskapau Formation
(Cenomanian-Turonian) in the subsurface and outcrop: NE British Columbia and NW
Alberta, Western Canada Foreland Basin. Bulletin of Canadian Petroleum Geology, 53:
357-389.
Varban, B.L. and Plint, A.G. 2008a. Palaeoenvironments, palaeogeography, and
physiography of a large, shallow, muddy ramp: Late Cenomanian-Turonian Kaskapau
Formation, Western Canada foreland basin. Sedimentology, 55: 201-233.
Varban, B.L. and Plint, A.G. 2008b. Sequence stacking patterns in the Western Canada
foredeep: influence of tectonics, sediment loading and eustasy on deposition of the Upper
Cretaceous Kaskapau and Cardium Formations. Sedimentology, 55: 395-421.
Van Wagoner, J.C., Posamentier, H.W., Mitchum, R.M., Vail, P.R., Sarg, J.F, Loutit, T.S.,
and Hardenbol, J. 1988. An overview of the fundamentals of sequence stratigraphy and
key definitions. In: Wilgus, C.K., Hastings, B.S., Kendal, C.G.St.C., Posamentier, H.W.,
Ross, C.A., and Van Wagoner, J.C. (eds.) Sea Level Changes – An Integrated Approach.
Society of Economic Paleontologists and Mineralogists, Special Publication no. 42: 39-45.
Villeneuve, M.E., Ross, G.M., Theriault, R.J., Miles, W., Parrish, R.R., and Broome, J.
1993. Geophysical subdivision, U-Pb geochronology and Sm-Nd isotope geochemistry of
the crystalline basement of the Western Canada Sedimentary Basin, Alberta and
northeastern British Columbia. Geological Survey of Canada, Bulletin 447.

369
Wadsworth, J.A. 1989. Morphology and origin of erosion surfaces within the Cardium
Formation: Upper Cretaceous, Alberta. Unpublished M.Sc. thesis, McMaster University,
Hamilton, Canada. 144 pp.
Wadsworth, J.A. and Walker, R.G. 1991. Morphology and origin of erosion surfaces in
the Cardium Formation (Upper Cretaceous, Western Interior Seaway, Alberta) and their
implications for rapid sea level fluctuations. Canadian Journal of Earth Science, 28: 15071520.
Walaszczyk, I., and Cobban, W.A. 1999. The Turonian-Coniacian boundary in the United
States Western Interior. Acta Geologica Polonica, 48: 495-507.
Walaszczyk, I., and Cobban, W.A. 2000. Inoceramid faunas and biostratigraphy of the
Upper Turonian-Lower Coniacian of the Western Interior of the United States. Special
Papers in Palaeontology no. 64, 118 pp.
Walaszczyk, I., Shank, J.A., Plint, A.G, and Cobban, W.A.. In preparation.
Disconformities in Coniacian Fort Hays Limestone, Colorado, revealed by inoceramid
(Bivalvia) succession in Cardium Formation, Alberta. To be submitted to Geololgy.
Walker, R.G. 1979. Facies and facies models: General introduction. In: Walker, R.G. (ed)
Facies Models, 1st Edition. Geoscience Canada Reprint Series. p. 1-7.
Walker, R.G. 1983a. Cardium Formation 1. “Cardium, a turbidity current deposit” (Beach,
1955): A brief history of ideas. Bulletin of Canadian Petroleum Geology, 31: 205-212.
Walker, R.G. 1983b. Cardium Formation 2: Sand-body geometry and stratigraphy in the
Garrington-Caroline-Ricinus area, Alberta—The “ragged blanket” model. Bulletin of
Canadian Petroleum Geology, 31: 14-26.
Walker, R.G. 1983c. Cardium Formation 3: Sedimentology and stratigraphy in the
Garrington-Caroline area, Alberta. Bulletin of Canadian Petroleum Geology, 31: 213-230.
Walker, R.G. 1985. Cardium Formation at Ricinus Field, Alberta: A channel cut and
filled by turbidity currents in Cretaceous Western Interior Seaway. AAPG Bulletin, 69:
1963-1981.
Walker, R.G. and Eyles, C.H. 1988. Geometry and facies of stacked shallow-marine
sandier upward sequences dissected by erosion surface, Cardium Formation, Willesden
Green, Alberta. AAPG Bulletin, 72: 1469-1494.
Walker, R.G. and Eyles, C.H. 1991. Topography and significance of a basinwide
sequence-bounding erosion surface in the Cretaceous Cardium Formation, Alberta,
Canada. Journal of Sedimentary Petrology, 61: 473-496.
Walker, R.G. 1995. An incised valley in the Cardium Formation and Ricinus, Alberta:
reinterpretation as an estuary fill. In: Plint, A.G. (ed) Sedimentary Facies Analysis: A

370
Tribute to the Research and Teaching of Harold G. Reading. International Association of
Sedimentologists Special Publication no. 22: 47-74.
Walker, R.G., Plint, A.G., and Bergman, K.M. 1995. Discussion of biostratigraphic
evaluation of a sequence stratigraphic bounding surface: the Cardinal/Leyland
unconformity (“E5/T5 surface” in the Cardium Formation (Upper Cretaceous; Upper
Turonian-Lower Coniacian) at Seebe, Alberta. Bulletin of Canadian Petroleum Geology,
43: 343-348.
Waschbusch, P.J. and Royden, L.H. 1992. Spatial and temporal evolution of foredeep
basins: lateral strength variations and inelastic yielding in continental lithosphere. Basin
Research, 4: 179-196.
Wheeler, H.E. 1958. Time-stratigraphy. AAPG Bulletin, 42:1047-1063.
Whiteaves, J.F. 1885. Some of the Cretaceous fossils collected during Captain Palliser’s
explorations in British North America in 1857-1860. Proceedings and Transactions of the
Royal Society of Canada, 1: 101-117.
Withjack, M.O., Olson, J., and Peterson, E. 1990. Experimental models of extensional
forced folds. AAPG Bulletin, 74: 1038-1054.
Worsley, T.R., Nance, D., and Moody, J.B. 1984. Global tectonics and eustasy for the
past 2 billion years. Marine Geology 58: 373-400.
Wright, M.E. and Walker, R.G. 1981. Cardium Formation (U. Cretaceous) at Seebe,
Alberta—storm-transported sandstones and conglomerates in shallow marine depositional
environments below fair-weather wave base. Canadian Journal of Earth Science, 18: 795809.
Wright, G.N., McMechan, M.E., and Potter, D.E.G. 1994. Structure and architecture of
the Western Canada Sedimentary Basin. In: Mossop, G.D. and Shetsen, I. (eds)
Geological Atlas of the Western Canada Sedimentary Basin. Canadian Society of
Petroleum Geologists and Alberta Research Council, p. 25-40.
Zaleha, M.J., Way, N.J., and Suttner, L.J. 2001. Effects of syndepositional faulting and
folding on Early Cretaceous rivers and alluvial architecture (Lakota and Cloverly
Formations, Wyoming, U.S.A.). Journal of Sedimentary Research, 71: 880-894.
Zaitlin, B.A., Warren, M.J., Potocki, D., Rosenthal, L., Boyd, R. 2002. Depositional
styles in a low accommodation foreland basin setting: An example from the Basal Quartz
(Lower Cretaceous), southern Alberta. Bulletin of Canadian Petroleum Geology, 50: 3172.

APPENDIX 1— LOCATION AND PALINSPASTIC RESTORATION OF OUTCROP SECTIONS

371

372
Notes for Appendix 1:
1) Same thrust slice as Burnt Timber Creek east (based on Erdman, 1946), so the
same value is used. However, Cripple Creek is ~70 km NW along-strike from the
cross-section on which the Burnt Timber displacement was calculated, so
displacement is approximate.
2) Same thrust slice as Burnt Timber Creek east (based on Erdman, 1946), so the
same value is used. However, Ram River is ~60 km NW along-strike from the
cross-section on which the Burnt Timber displacement was calculated, so
displacement is approximate.
3) Same thrust slice as Burnt Timber Creek West.
4) Same thrust slice as Fallen Timber Creek.
5) Same thrust slice as Red Deer River.
6) Same thrust slice as Burnt Timber Creek East.
7) Approximately along-strike from Bow River at Oldfort Creek, so the same
displacement is applied.
8) Thrust slice determined based on Lebel and Kisilevsky (2000). Restoration of that
slice is based on Stockmal et al. (2001).
9) Same thrust slice as Oldman River. 41 km shortening on McConnell thrust (Fig.
24a of Fermor, 1999), ~10 km shortening west of McConnell thrust (Douglas,
1958).
10) Same thrust slice as Cataract Creek. Used the same displacement distance, even
though it is slightly south of the Douglas (1958) map.
11) Livingstone thrust displacement is ~35 km here (Fig. 24a in Fermor, 1999), plus
an additional 2 km of shortening west of Livingstone thrust (Douglas, 1949).
12) Same thrust slice as Castle River. Livingstone thrust displacement is ~19 km here
(Fig. 24a in Fermor, 1999), plus an additional 24 km of shortening west of
Livingstone thrust.
13) Same thrust slice as Lynx Creek. Livingstone thrust displacement is ~19 km here
(Fig. 24a in Fermor, 1999), plus an additional 24 km of shortening west of
Livingstone thrust.
14) Lebel et al. (1997) geological map shows this location as Wapiabi Formation, not
Cardium Formation. However, Stott (1963) described an outcrop in this position
that he identified as the Cardium Formation. The clean sandstone beds at the
Drywood Creek outcrop (Fig. 4.13) are unlike anything mapped in the Wapiabi
Formation (Grifi, M.Sc. thesis, in prog.), so the interpretation of Stott (1963) is
used and the outcrop is included in the Cardium Formation.
15) Cross-section was divided into two sections with different orientations because of
bend in deformation front. The shortening was 12 km at 250° and 12 km at 225°.
16) Apply same restoration as Ram River (approximately the same thrust slice).
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Figure 4.9– Dip-oriented cross section along Line 4. Key points:
hThe lower Raven River Member and the lower Karr Member thin
rapidly on the eastern end of the line due to localized areas of reduced
accommodation.
hE7 has erosional relief on western edge of line.
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observations on Lines 5 and A, where the relationship is more gradual.
Additional justification for this lap-out is provided in Section 4.2.2.
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Figure 4.10– Dip-oriented cross section along Line 5. Key points:
hE7 has erosional relief.
hE5.2 and E5.5 onlap E5 westward. The sand below E5.2 only occurs near the lap-out
point. This lap-out is also observed northward on Line A, and provides evidence for the
more rapid lap-out of E5.2 on Lines 4, Mv, Ks, and Hw. See Section 4.2.2 for further
discussion.
hE6.5 onlaps onto E6. Although the use of E6 as a datum makes this relationship appear
as downlap, onlap is a more likely interpretation (see Section 4.2.2).
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overlain by a granule lag; the lower of these beds may be the gritty siderite of
Bergman and Walker (1987).
hThe lap out of E5.5 occurs east of the lap-out of E5.2 on this line, in contrast to
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Figure 4.12– Dip-oriented cross section along
Line 7. Key points:
hE5.5 onlaps onto E5.2 westward, then
reappears further westward. This may
imply localized zones of uplift and
paleotopography onto which E5.5
onlapped.
hThe sandstone below E5 shingles
eastward, indicated by dotted flooding
surfaces. Facies boundaries cross time
lines (flooding surfaces) in this case,
demonstrating the difference between
allostratigraphy and lithostratigraphy.
hThere is a bentonite consistently between
E5.2 and E5.5 (marked by a thin interval
with a very high gamma ray reading). This
bentonite is commonly observed closely
below E5.5, but never crosses it, proving
that flooding surfaces approximately
parallel true time-lines. This bentonite is
never observed in outcrop, perhaps
because it is not preserved in near-shore
settings.
hThe upper Raven River Member usually
thins dramatically westward, but here
remains a relatively consistent thickness.
The along-strike thickness variation may be
due to differential subsidence.
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Figure 4.13– Dip-oriented cross section along Line 8. Key points:
hE6.5 and E7 have erosional relief on the western end of the line.
hA bentonite commonly occurs closely below E5.5. That this bentonite approximately parallels E5.5, but never crosses it, proves that
flooding surfaces provide good approximations for time-lines.
hThere are casts of tree roots (marked by the ‘roots’ symbol) on E5.2 at Lynx Creek. The maximum regressive surface, E5, may have
also been rooted at the time of deposition, but transgressive ravinement has removed any evidence for subaerial exposure.
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Figure 4.14– Dip-oriented cross section along Line 9. Key points:
hEastern outcrops show that flooding surfaces in distal facies successions are marked by
subtle changes in silt content, by shell lags and nodular horizons, and are overlain by
resistivity
gamma ray
bentonites (in the case of the E7). E5.2 at Deer Creek is marked by a sandstone veneer
(increasing)
(increasing)
that is the distal expression of the LST.
hGamma ray and resistivity ‘spike’ in SWNE 26-36N-1W is interpreted as a thin sandstone, as opposed to a calcareous mudstone,
because the resistivity shows a ‘coarsening-up’ signature below the spike, and because a thin sandstone is observed in the same
position in the nearby outcrop. Therefore E6.5 is picked above the ‘spike’ (as opposed to below it, if it were interpreted as a calcareous
mudstone).
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Figure 4.15– Dip-oriented cross-section Ks. Key
points:
hWestward thickening is caused by rapid
subsidence in the foredeep.
hE7 is highly erosional at east end of line.
hThe abrupt westward onlap of E5.2 onto E5 is
based on similar observations on Lines 5 and A,
where the relationship is more gradual. Additional
justification for this lap-out is provided in Section
4.2.2.
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Figure 4.16– Dip-oriented cross-section along
Line Mv. Key observations:
hE7 erodes downard dramatically between
nearest well and the outcrop, similar to the
transition from subsurface to outcrop on Line
Hw. This position of E7 is confirmed by
correlation of the overlying Muskiki Formation
(Grifi, 2012)
hThe abrupt westward onlap of E5.2 onto E5 is
based on similar observations on Lines 5 and
A, where the relationship is more gradual.
Additional justification for this lap-out is
provided in Section 4.2.2.
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Figure 4.17– Dip-oriented cross-section
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hE7 erodes downward dramatically
between the most westerly well and
the outcrop, similar to the transition
from subsurface to outcrop on Line
Mv.
hThe abrupt westward onlap of E5.2
onto E5 is based on similar
observations on Lines 5 and A, where
the relationship is more gradual.
Additional justification for this lap-out
is provided in Section 4.2.2.
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Figure 4.18– Cross-section to
core 1-24-16-5W4. Key points:
hThe lower Raven River
Member thins rapidly
eastward.
hTwo flooding surfaces
between E6.5 and E7 can be
correlated between the two
cores.
hDistal flooding surfaces are
marked by a decrease in silt,
and often overlain by a shell
lag, nodular horizon, or
bentonites.
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Figure 4.19– Strike-oriented cross-section along Line A. Key points:
hSandstone content is variable along strike due to localized sand supply.
hThe Ricinus Member occurs between E5 and T5 in townships 33-34, and was interpreted by Walker (1995) as an
estuary fill.
hE5.2 and E5.5 lap out locally in several places along-strike due to localized low-accommodation or uplifted areas.
This may represent onlap onto paleotopographic highs.
hThe Burnstick conglomerate in core 12-4-10-27W4 is overlain by a thin pebble bed that is probably equivalent to the
gritty siderite of Bergman and Walker (1987).
hE7 and E6.5 have erosional relief along-strike.
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Figure 4.20– Strike-oriented cross-section along Line B. Key points:
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hE7 erosion truncates E6.5.
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Figure 4.21– Strike-oriented
cross-section along Line C. Key
points:
hE4 and E7 have subtle
erosional relief.
hMost surfaces are very
parallel, indicating uniform
subsidence rate along strike in
this area.
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Figure 4.22– Strike-parallel cross-section along
Line D. Key observations:
hSandstone thickness varies along strike.
hAlong-strike thickness changes are observed,
especially of the lower Raven River Member.
hWells that appear to be ‘popped-up’ are due to
thinning of units below the datum (mostly of the
lower Raven River Member; e.g. 16-17-1624W45). A bottom-datum would show the
relationship more clearly as thinning and
possibly erosional relief.
hLocalized lap-out of E5.5 may be due to a lowaccommodation zone or isolated tectonic uplift.
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Figure 4.23– Strike-oriented cross-section along Line E. Key points:
hThe thickness of allomembers changes along strike, due to variations
in accommodation.
hRapid thinning on the north end of the line is due to a combination of
depositional thinning (lower Karr Member thins without truncating other
markers) and erosional relief (upper Karr Member thins as E7
truncates lower markers).
hThe persistent high gamma ray reading below E5.5 is interpreted as a
bentonite, although it is not observed in outcrop. That the bentonite
approximately parallels E5.5 but does not cross it validates the use of
flooding surfaces as geologic time-lines.
hE6.5 is marked by a 2 cm thick chert pebble bed at the Ferdig Type
Section.
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Figure 4.24– Strike-oriented crosssection along Line F. Key points:
hThinning on the north end of the
line is due to reduced
accommodation (E5.5-E6 and, to a
lesser extent, E6-E6.5) and erosion
by E7.
hThinning on south end of the line is
due to E7 erosion and depositional
thinning of E5-E5.2.
hCore 6-34-30-8W4 illustrates the
log response of subtle distal facies
successions.
hE6.5 onlaps onto E6 for a short
distance (see Line 5 for dip-view),
representing an area of reduced
accommodation.

