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All truths are easy to understand once they are discovered; the point is to discover them.

-Galileo



Abstract

The Upper Jurassic (Oxfordian) Swift Formation in southeastern Alberta
unconformably overlies Bathonian calcareous shales of the Rierdon Formation, and in
turn is overlain by Lower Cretaceous sandstone, siltstone, and mudstone of the Basal
Quartz Formation (Lower Mannville Group). The Swift comprises two unconformably
bounded sequences: the shale member and ribbon sandstone. The shale member consists
dominantly of shale with uncommon hummocky-cross-stratified siltstone. Comprising at
least four parasequences that show a subtle upward-fining stacking pattern, it was
deposited in an overall deepening, fully marine environment during the fourth Jurassic

transgression across the Western Interior of North America. Deposition of Sequence |

was terminated by a fall of relative sea level.

During the following lowstand, multiple, northeast-southwest trending
meandering channels incised along the top of the subaerially exposed shale member.
During a subsequent rise of relative sea level and transgression, lowstand deposits were
thoroughly reworked by wave ravinement, which deposited a thin chert pebble lag. At
the same time, lowstand channels were most probably widened. Associated also with
transgression were significant changes in the physical and chemical conditions of the
marine basin in the study area. These changes are most likely related to modifications in
configuration of the basin and the development of a strait, which likely formed as a result
of uplift along the Sweetgrass Arch, related to the onset of the Columbian-Nevadan
Orogeny. Within this newly configured basin, brackish water conditions prevailed and
bedload transport was principally by combined flows formed by variable speed low-
energy microtidal currents and a weak oscillatory component related to storm waves. In
addition, the basin during Sequence 2 was mud dominated and starved of bedload
sediment, and consequently the ribbon sandstone consists predominantly of wavy to
lenticular bedded strata. Thick, areally extensive, sand-rich deposits did not accumulate.
Instead, differential deposition of bed-load sediment formed and temporarily maintained
many small, irregularly shaped sand banks in the study area. The depositional history of

individual sand banks was controlled by the relative contribution of the directionally



consistent, low-energy tidal (unidirectional) flow versus the wave (oscillatory)
component, which varied more widely in both speed and direction. The net result of the
spatial variability in sand deposition is the formation of a number of laterally
discontinuous stratal patterns (upward-coarsening, -fining, -aggrading), even locally.
These discrete stratal patterns stack vertically to form equally variable stratal
assemblages that consist of aggrading, prograding or retrogradin g stacking patterns,
again, even locally. The Swift stratal architecture, therefore, did not form in response to
changes of relative sea level but instead to spatial and temporal variations in the patterns

of deposition of sand-rich strata and to the local rates of lateral bank migration and bed

aggradation.

The ribbon sandstone is further characterized by an areally extensive, 2-metre-thick
radioactive marker horizon that occurs in the upper part of the sequence. The marker
horizon coincides with an abrupt to gradual (decimetre-scale) upward change in colour
from dark to light mudstone interlaminae. A change in iron-bearing accessory minerals,
from glauconite and pyrite to only siderite coincides also with the colour change. These
features are interpreted to be the result of pedogenic alteration and associated weak
uranium mineralization. During the ~35 My hiatus following final withdrawal of the
Oxfordian sea, a soil developed across the top of the Swift Formation. Upper portions of
ribbon sandstone strata (present-day light ribbon sandstone) were altered in the Bt and C
horizons of the ancient soil profile. Because of primary and secondary permeability
heterogeneities within the soil layer, which controlled local groundwater flux and
circulation, pedogenic alteration penetrated to variable stratigraphic depths throughout
the study area. Also, atmospheric oxygen transported by percolating meteoric water,
resulted in extensive decomposition of organic matter by in situ oxygen-respiring
microbes, alteration of chemically unstable minerals such as feldspars and clay minerals,
and oxidation of authigenic pyrite. At the same time, iron, derived in part from oxidized
pyrite and altered glauconite, was reprecipitated as siderite in the altered ribbon
sandstone because of high pCO; created by bacterial respiration and atmospheric input.
During late pedogenesis, uranium was leached from unpreserved (Barremian?) volcanic
ash deposits and subsequently mobilized by downward-migrating meteoric groundwater.

Uranium was sorbed onto organic matter in unaltered mudstone interbeds at the interface

it



between the dark and light ribbon sandstone. The radioactive marker horizon between
the light and dark ribbon sandstone, therefore, corresponds to a geochemical redox front
that developed at variable depths in an ancient soil horizon. As such, this radioactive
horizon, although readily recognizable and areally extensive, has no chronostratigraphic

significance, and as a result would be a poor stratigraphic datum.
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Résumé

Dans le sud-est de I’ Alberta, la formation de Swift d'age Jurassique supérieur
(Oxfordien) superpose les argilites calcaire de la Formation Rierdon et est superposée par les
gres, limonites et argilites continentaux de la Formation de Basal Quartz d’age Crétacé
inférieur (Groupe Mannville inférieur). Le Swift est constitué de deux séquences de dépéts :
Le membre argileux et le grés rubané. Le membre argileux est composé principalement
d’argilite interstratifiée avec de rares limonites comportant du litage oblique en mamelon, et
comprend au moins quatre paraséquences qui forment une succession 2 caractére
rétrogradationel subtil. Le membre argileux fut déposé dans un environnement marin
marqué par des augmentations en profondeur durant la quatriéme transgression marine

Jurassique dans I'intérieur de I’Ouest de I’ Amérique de Nord. La déposition de la Séquence

1 pris fin lors d’une baisse du niveau marin relatif.

Durant la séquence de bas niveau qui suivit, plusieurs riviéres 2 méandre, orientées
généralement en direction nord-est - sud-ouest, se sont encaissées dans le membre argileux
nouvellement exposé. Lors de la remontée subséquente du niveau marin, et de la
transgression, les dépdts de bas niveau furent entiérement érodés par le remaniement des
vagues qui déposa uniquement un mince résidu de graviers riche en silex. En méme temps,
les chenaux de bas niveau furent probablement élargis. Des changements importants quant
aux conditions physiques et chimiques du bassin de déposition ont eu lieu suite a la nouvelle
transgression marine dans la région d’étude. Ces changements sont liés i des modifications
de la configuration du bassin Williston associées & un soulévement tectonique probable le
long de I’arc Sweetgrass, lequel fut causé par I’orogenése du Colombien-Nevaden. Lors du
soulévement, un détroit franchissant I’arc de Sweetgrass s'est développé, a l'intérieur duquel
des conditions d’eau saumitre prédominaient. De plus, dans ce détroit, le transport des
sédiments de charge de fond fut réalisé principalement par des courants combinés composés
d’un faible courant de marée 2 vitesse variable et d’un faible courant oscillatoire relié a des
conditions de tempétes. Toutefois, durant la Séquence de dépdt 2, le bassin était dominé par

de I’argile et généralement dépourvue de sédiments de charge de fond, et, par conséquent, le
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gres rubané est formé principalement de lits lenticulaires et ondulés. D’épais dépbts riches
en sable sont notamment absents. Cependant, plusieurs petits (<25 km?) bancs de sable de
forme irréguliére se sont développés et temporairement maintenus suite 4 la déposition
différentielle du sable. Chaque banc détient une histoire dépositionelle 2 Iui propre qui fut
contrdlée par la contribution relative des faibles courants de marée (unidirectionnels) versus
les faibles courants oscillatoires. Le résultat final fut la formation synchrone et contigué de
successions a caractére progradationel, rétrogradationel et aggradationel, et ce, méme
localement. Ces successions individuelles s'empilent 2 leur tour pour former des
assemblages stratigraphiques tout aussi variables comprenant un empilement aggradationel,
rétrogradationel, et progradationel, une fois de plus, méme localement. L'architecture
stratigraphique de la Formation de Swift n'est pas reliée a des changements du niveau marin
relatif, mais plutét a des variations spatiale et temporelle dans les patrons de déposition du

sable et des taux locaux d'aggradation et de migration latérale des lits individuels.

Le gres rubané est également marqué d’un horizon radioactif d’environ 2 métres
d’épaisseur qui se manifeste dans la partie supérieure de la séquence. Cet horizon marqueur
coincide avec un changement de couleur généralement abrupt des interlits d’argilites, d’oil
ces lits passent du gris foncé au gris pale. Un changement dans le type de minéral de fer est
¢galement observé a travers cet horizon : La pyrite et la glauconite sont présentes dans le
gres rubané foncé alors qu’uniquement la sidérite est discernable dans le grés rubané pale.
Toutes ces particularités sont interprétées d’étre reliées a I’altération pédogénique du grés
rubané et & une minéralisation en uranium. Au cours de I’hiatus ~ 35 millions d’années qui a
suivi la régression marine marquant la fin de la Séquence 2, un sol s'est développé sur le
dessus du grés rubané. Les strates de ce dernier ont été altérées en les horizons Bt et C d’un
sol, aujourd'hui représentées par le grés rubané péle. L’altération pédogénique atteignit
différentes profondeurs dans la région d’étude selon les perméabilités primaires et
secondaires locales des strates, lesquelles exergaient un contréle considérable sur le flux et la
circulation des eaux souterraines. De plus, 1'oxygénation substantielle dans le sol créa les
conditions nécessaires a la décomposition quasi totale de la matiére organique par les

bactéries, 1" altération des minéraux instables chimiquement tel que les feldspaths et les



minéraux argileux, et ’oxydation de la pyrite authigénique. Pendant ce temps, le fer,
provenant en partie de I’altération de la pyrite et de la glauconite, fut, en présence du gaz
carbonique produit par la respiration bactérienne et I’apport atmosphérique, reprécipité en
sidérite. Tard durant la pédogénése, de I’uranium lessivé a partir de minces lits non-
préservés de cendres volcaniques (Barrémien ?), a été mobilisé vers le bas par I’eau
metéorique. Lorsque I’'uranium en solution atteignit le front de réduction au contact du gres
ruban€ pale et foncé, il fut sorbé sur la matiére organique présente dans les interlits d’argilite
foncé. Par conséquent, I'horizon radioactif marqueur de la formation de Swift représente
I’emplacement d’un front de réduction qui s'était développé i différentes profondeurs dans
un ancien sol. Cet horizon radioactif, bien que facilement reconnaissable et répandu, ne

comporte donc aucune signification chronostratigraphique, et par conséquent, ne devrait pas

servir de surface stratigraphique pour fin de corrélations.
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Chapter 1

1.1 Introduction

This thesis was prepared in a paper format, with the main body consisting of two
Journal articles. The introductory chapter, Chapter 1, covers background information
relevant to this research project. Chapter 2 discusses the sedimentology and sequence
stratigraphic framework of the Swift Formation, and Chapter 3 interprets the origin of a thin

radioactive marker horizon near the top of the Swift Formation. The final chapter, Chapter 4,

summarizes the principal conclusions of the thesis.

1.2 Regional Geological Setting

In western Canada, the Western Canada Sedimentary Basin comprises the full
Phanerozoic sedimentary succession that overlies basement crystalline rocks. It forms a
wedge that thickens westward from a zero edge on the Canadian Shield to less than 6 km in
the Alberta Basin (Fig. 1.1) (Masters, 1984)). Its origin and evolution are inextricably linked
to the origin and evolution of the Western Canada Cordillera that formed as a result of global

plate tectonics. A brief discussion on the origin of the Canadian Cordillera, followed by an

overview of the Western Canadian Foreland Basin and its deposits, are presented in the

following sections.

1.2.1 Origin of the Canadian Cordillera

The Canadian Cordillera consists of a tectonic collage of allochtonous terranes. The
geographical origin of the terranes and the magnitude and direction of their displacement
prior to collision and accretion are still controversial. Some authors have suggested that
terranes have been displaced by as much as 2000 km, whereas others proposed no
displacement with respect to the position of the North American craton. Nonetheless,
paleomagnetic (Irving and Yole, 1972; Irving et al., 1980), paleontologic (Monger and Ross,
1971; Tipper, 1981) and structural data (Tempelman-Kluit, 1979; Gabrielse, 1985) suggest
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that these terranes are allochtonous. Currently, over 200 terranes are recognized in the North
American Cordillera (Coney et al., 1980; Silbering et al., 1987). The larger ones have
similar tectonostratigraphic assemblages consisting oceanic volcanic arc rocks and include
Quesnellia, Stikinia, Wrangellia and Alexander terranes (Figure 1.2a). Other terranes in the
Canadian Cordillera are dominated by deep ocean basin sedimentary rocks, basaltic volcanic
rocks and ultramafic rocks and form suture zones that essentially act as the glue that binds
the terranes together. Larger ones include Slide Mountain, Cache Creek, Bridge River,
Hozameen, Pacific Rim and Chugach terranes (Figure 1.2a). Terranes with similar
physiographic, lithologic, metamorphic and structural elements are grouped into
morphotectonic belts or tectonostratigraphic belts or zones. In the Canadian Cordillera, five

belts are recognized. They are, from the east to west, the Foreland, Omenica, Intermontane,

Coast and Insular belts (Fig. 1.2b).

The Foreland, Omenica and Intermontane belts developed during the Jura-Cretaceous
Columbian Orogeny, caused by the collision of Intermontane allochtonous terranes along the
western margin of the North American plate (Leckie and Smith, 1992). The Intermontane
belt is composed dominantly of rocks of oceanic volcanic arc assemblage (Price et al., 1985)
and includes the Quesnellia, Stikinia and Cache Creek terranes. The suture zone between the
Intermontane belt and the craton is characterized by amphibolite to greenshist-grade meta-
sedimentary and —volcanic rocks of the Omenica belt (Monger, 1989). It comprises, among
others, the Kootenay and Slide Mountain terranes and includes the Pelly and Selwin
Mountains in the Yukon and the Cassiar, Omenica and Columbian Mountains in British
Columbia. Its eastern limit is delineated by the Rocky Mountain trench, whereas its western
limit is marked by a decrease in metamorphic grade to sub-greenshist (Monger, 1989). To
the east, is the Foreland belt (or Rocky Mountain belt) consisting of Upper Proterozoic to
Lower Tertiary supracrustal rocks that were scraped off the continental plate, and then
horizontally compressed and stacked as west-verging thrust sheets (Leckie and Smith, 1992).

Its eastern boundary is defined by the eastern limit of deformation.

The Coast and Insular belts formed during Upper Cretaceous Laramide Orogeny,

related to the collision of two major terranes (Alexander and Wrangellia) with the North




Figure 1.2 Allochtonous terranes and morphotectonic belts in the Canadian Cordillera.

1.2a) Distribution of the major terranes in the Canadian Cordillera. YT: Yukon-
Tanana terrane; CA: Cassiar terrane; SM: Slide Mountain terrane: KO: Kootenay
terrane; MO: Monashee terrane; CC: Cache Creek terrane; ST: Stikinia terrane;
CD: Cadwallader terrane; BR: Bridge River terrane; CN: Chilliwack-Noodsack
terrane; QN: Quesnellia terrane; MT: Methow terrane; SH: Shuksan terrane; CG:
Chugach terrane; AX: Alexander terrane; WR: Wrangellia terrane; CR: Crescent

terrane. Adapted from Monger, 1989.

1.2b) Distribution of morphotectonic belts that formed as a result of accretionary
tectonics. The highly metamorphosed Omenica and Coast Plutonic belts separate the
comparatively unmetamorphosed Rocky Mountain, Intermontane, and Insular belts,

and act as the glue that binds them together. From Monger, 1989.
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American craton and the previously accreted Intermontane terrane (Monger, 1989; Leckie
and Smith, 1992). The Insular belt underlies the present continental shelf and slope off
British Columbia, Vancouver Island, and the Saint Elias Range in northern British Columbia.
It consists of volcanic and sedimentary strata and granitic rocks, and in addition to Alexander
and Wrangellia, it comprises a number of smaller terranes. The suture zone between the
Insular and Intermontane belts is delineated by the Coast belt, which consists of a high relief
granitic complex dominated by relatively mafic plutonic rocks (quartz diorite, tonalite and
diorite). This period of deformation is also characterized by renewed thrusting and stacking

in the Foreland belt and significant additional crustal shortening of up to 200 km (Price,

1981).

The evolution of the Western Canada Cordillera and the Foreland Basin can be
generally modelled as a three-stage process (Leckie and Smith, 1992). The first stage
involved the development of a miogeocline and platform at the margin of the North
American craton where rifting and rapid subsidence was common. This passive continental
margin existed throughout the Paleozoic until the middle Jurassic, during which time
sedimentation may have reached thicknesses in excess of 20 km (Price, 198 1). The second
stage occurred in Late Jurassic to Early Cretaceous time, and records the first collision
between allochtonous terranes and the North America craton. In mid-Jurassic time,
concurrent with the opening of the Atlantic Ocean, the Intermontane Superterrane collided
obliquely with westward-subducting North America. The collision between these two plates,
termed the Columbian Orogeny, resulted in the compression and translation of the outboard
part of the North American platform and supracrustal platform rocks pushed onto the Lower
Proterozoic crystalline craton in the form of thrust sheets. Tectonic thickening and related
lithospheric flexure formed a narrow, northwest-southeast elongated foreland basin that was
repeatedly inundated by southward-extending water from the northern Boreal sea and
northward-extending warm marine water from the Gulfian sea. By Mid-Cretaceous time,
convergence of the Intermontane terrane waned and a period of quiescence prevailed until
Late Cretaceous, at which time subduction reversed to an easterly direction, presumably

because of differences in buoyancies between the colliding plates.



Stage 3 marked renewed tectonic activity at the western margin of North America
from Late Cretaceous to Early Paleocene time. Stage 3 is termed the Laramide Orogeny,
related to the collision of a second allochtonous terrane, the easterly subducting Insular
Superterrane, with the North American craton and accreted Intermontane Superterrane.
Plutonic and volcanic activity was widespread at this time, and included, for example, the
Coast Belt Granitic Complex, one of the largest Phanerozoic granitic complexes in the world
(Roddick, 1983). In addition, eastward thrusting and stacking resumed, resulting in
considerable crustal shorting and eastward expansion of the Foreland Basin (Price, 198 1).
Orogenic processes in western Canada ceased in the Paleocene when plate tectonics regimes
changed from compression to basin and range-style crustal extension as the subduction zone
moved seaward to its present location west of the Vancouver and Queen Charlotte Islands In
all, since Early Jurassic time, a strip of oceanic lithosphere estimated at about 11 500 km

wide has been subducted beneath the western edge of the North American craton, which has

resulted in lateral growth of the craton by about 500 km.

1.2.2 The Foreland Basin

The Western Canadian Foreland Basin (WCFB) formed as a result of overthrusting of
supracrustal rocks during Late Jurassic to Pliocene time. Because of loading, predominantly
by the Rocky Mountain Belt (Foreland Belt), the lithosphere subsided and a foreland basin
developed. The WCFB was repeatedly inundated by marine waters that extended north from
the Gulfian sea and south from the Boreal sea, which at times formed a continuous body of
water. The resulting Western Cretaceous Interior Seaway occupied different parts of the
Foreland Basin from the Late Jurassic to the Tertiary, during which time up to 4800 metres
of clastic sediment were deposited along its western margin. The WCFB, and foreland
basins in general, can be divided into five paleophysiographic components (Kauffman,
1984). From west to east they are: 1) tectonically active highland (Rocky Mountain Belt), 2)
zone of maximum subsidence caused by loading, 3) zone of high subsidence that corresponds

to the deepest water portion of the basin (foredeep), 4) broad tectonic hinge zone (forebulge)




that migrates in tandem with the Cordilleran deformation, and 5) a stable eastern platform

characterized by low subsidence and sedimentation rates (Fig. 1.3).

Evolution of the WCFB is closely related to periods of tectonic activity that affected
relative sea level, subsidence rates and sedimentation rates (Stockmal et al., 1992). In
addition, physiographic elements within the basin also influenced sedimentation style. Major
tectonic elements include 1) the Rocky Mountain Belt that shed sediment into the basin, 2)
the block-faulted Peace River Arch that has had recurrent movement since Cambrian time
(Cant, 1988), 3) the Sweetgrass Arch that comprises several subarches, domes, and faulted
folds (Prodruski, 1988), and has profoundly affected marine circulation and sedimentation
patterns (Hayes, 1983), for example the deeply incised valleys in southwestern Saskatchewan
during the Neocomian (Christopher, 1964), 4) the Punnichy Arch, which forms the northern
margin of the Williston Basin, and 5) a series of northwest to southeast trending highs that
formed in the Neocomian and consist of Jurassic, Mississippian, and Devonian strata
(Rudkin, 1964) (Fig. 1.4). Additional structural elements such as the Williston Basin also
influenced sedimentation patterns in the Western Canada Sedimentary Basin. The Williston
Basin is a Late Cambrian to Early Tertiary intracratonic basin centered in North Dakota that
has accumulated up to ~ 4.9 km of sediment (Wright ez al., 1994). During much of the
Cordilleran Orogeny, the Williston and Alberta basins were connected, but because of uplift

of the broad Bow Island Arch, they became periodically(?) separated during the Tertiary

(Wright et al., 1994).

Deposition in the Western Canada Foreland Basin can be divided into five discrete
cycles that are bounded by major unconformities or discontinuities marked by changes in
lithology (Leckie and Smith, 1992) (Fig. 1.5). The base of the first cycle consists of shale of
the Jurassic (Oxfordian) Fernie Group. It lies unconformably above Paleozoic and Triassic
sedimentary rocks of the former passive margin. The Fernie consists of marine shale that
was deposited both on the passive margin and in the foreland basin, although the transition
from one to the other remains unclear. The Fernie is conformably overlain by non-marine
shale of the Kootenay Group that is then truncated by a basin-wide unconformity

representing a hiatus of approximately 12 million years. During deposition of the Fernie-
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Figure 1.5. Stratigraphic column of the sediment deposited in the southern Alberta plains
depicting the timing and duration of Leckie and Smith’s five depositional cycles
associated with the development of the Western Canada Foreland Basin (modified
from Leckie and Smith, 1992).
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Kootenay succession, the foreland basin was likely long and narrow with maximum
subsidence in northeastern B.C., where the succession is up to about 2.7 km thick. Most of
the preserved sediment occur in the Rocky Mountains and in the subsurface adjacent to the
Foothills. Inition of the Fernie-Kootenay clastic wedge coincides loosely with the onset of
the Columbian Orogeny. In the Williston Basin, lateral equivalents of the Fernie Group are
shales and sandstones of the Swift Formation (Christopher, 1964; Hayes, 1983). The Swift
comprises two members, the basal shale member and upper ribbon sandstone. Brenner and
Davies (1974) and later, Hayes (1983), suggested that the shale member was deposited

during regional transgression and the ribbon sandstone in shallow-marine conditions during a

gradual regression.

The lower Cretaceous (Aptian to Middle Albian) Mannville and Blairmore groups
make up the second cycle in the Western Canadian Foreland Basin. They include, in
chronological order, 1) Cadomin, Ellerslie, Gething and Dina formations (alluvial fan,
deltaic, estuarine and tidally influenced deposits), 2) Glauconite, Bluesky, Wabiskaw and
Lloydminster stratal units (retrogradational shoreline, estuarine, and shallow shelf deposits),
and 3) Upper Mannville and equivalent strata (stacked progradational shorelines and fluvial
deposits). In general terms, this stratal succession suggests that during Cycle 2, the Boreal
sea transgressed south, and then in Upper Mannville time withdrew because of northward
progradation (Leckie and Smith, 1992). The Mannville wedge is bounded to the north by

marine shales deposited on the Peace River Arch, which was a topographical low during

Cycle 2 time (Stott, 1968, 1973; Leckie, 1986; Cant, 1988).

The third wedge corresponds to a long term period of global sea level rise (Haq et al.,
1987; Jervey, 1992) from Albian to Campanian time. Cycle 3 is characterized by three major
marine inundations separated by two lowstand events. During this time more than 1100
metres of sediment was deposited (Leckie and Smith, 1992). Marine shales include the Joli
Fou Formation and the Colorado and Upper Fort St. John groups, whereas lowstand deposits
are represented by the Peace River-Viking and Cardium formations. At this time northward
transgression of warm marine water from the Gulfian sea merged repeatedly with the Boreal

sea. The end of Cycle 3 is marked by a regressive event and deposition of an areally
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extensive shoreface sandstone of the Milk River Formation across the southern plains

(Leckie and Smith, 1992). Cycles 2 and 3 coincide with the accretion of North Cascades and
Coast belts, and the Insular Superterrane (Stockmal ef al., 1992).

Cycle 4 comprises Campanian to Paleocene strata and includes the Belly River and
Bearpaw formations, and the Edmonton Group to the top of the Paskapoo Formation. It is
primarily characterized by non-marine deposition (with the notable exception of the marine
Bearpaw Shale), that were deposited during an episode of high subsidence and thrusting,
corresponding to the collision of the Coast and Insular Belt and the uplift of the Omenica belt

(Leckie and Smith, 1992).

The final cycle constitutes Tertiary Conglomerates in the southern plains and include
the Cypress Hills and Wood Mountain formations. Sedimentation during Cycle 5 post-dates
compressional deformation in the foreland basin and its origin remains enigmatic. Leckie
and Cheel (1989) proposed that the coarse boulders of the Cypress Hills conglomerates were
remobilized because of uplift related to tertiary magmatic intrusions in the Sweetgrass Hills

and Bearpaw Mountains of northern Montana.

1.3 Tectonic elements in proximity to the study area

Although few major structural features occur within or in proximity to southeastern
Alberta, the few elements that are present have had a profound effect on depositional
patterns. The major paleotectonic element is the Sweetgrass Arch. It ‘forms the western and
northwestern margins of the intracratonic Williston Basin and separates pre-Jurassic platform
deposits in the west from post-Jurassic strata in the Alberta Basin to the east (Leckie and
Smith, 1992; Poulton, 1984). The Sweetgrass Arch comprises several sub-components, each
with different origins (Tovell, 1958; Herbaly, 1974). It includes the northwest-plunging
South Arch and the northwest-striking Kevin-Sunburst Dome in north-central Montana
(Hayes, 1983; Podruski, 1988; Arnott et al., 1995) (Fig. 1.6). These discrete entities, which

are separated along the Pendroy Fault Zone, underwent recurring tectonic movement during
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Figure 1.6. Distribution of sub-components of the Sweetgrass Arch in southeastern Alberta
and northern Montana, and location of various domal structures in proximity to the
arch. Note the change in the trend of the arch near the international border from

northwest to northeast-southwest (adapted from Podrusky, 1988; and Arnott et al.,

1995).




’#

Z €C——

Saskatchewan
local domes —»
Cypress Hills

Alberta

Montana

e .

100 km

19



the Cambrian, Jurassic, Cretaceous and Paleogene (Prodruski, 1988; Wright ez al., 1994;
Arnott et al., 1995). Facies patterns suggest that, during the Jurassic, the Sweetgrass Arch
extended into southern Alberta as a broad, low amplitude, northeast-trending structure
(Hayes, 1983; Podruski, 1988). Much later, during the Paleogene, a narrower but much
higher north-east trending Bow Island Arch developed in proximity to the ancient Sweetgrass
Arch as a result of compressional tectonics (Podruski, 1988). Despite its much younger age,
the Bow Island Arch is commonly mistaken to be the northern extension of the Sweetgrass
Arch. In any case, in the Late Jurassic, the Sweetgrass Arch was a major positive
topographical feature in southeastern Alberta that significantly influenced marine circulation,
sedimentation patterns, and erosional processes (Christopher, 1964; Brenner et al., 1974;
Hayes, 1983). The relative position of the Kevin-Sunburst Dome with respect to the northern
portion of the Sweetgrass Arch in the Late Oxfordian likely resulted in the development of a
strait between these structures. This strait effectively connected the Alberta Basin in the west
to the ancestral Williston Basin in the east (Imlay, 1980, fig. 10). Within this strait, sediment
transport mechanisms may have been significantly different from those in much of the rest of

the Jurassic basin where sedimentation was dominated by suspension fallout.

Strata in southeastern Alberta are essentially undeformed, except for a consistent
steep dip toward the northeast (Fig.1.7). This was caused by kilometre-scale uplift related to
Eocene, alkalic igneous intrusion in the Sweetgrass Hills complex, which flanks the eastern
side of the Kevin-Sunburst Dome in north-central Montana. Although these domal structures
are concentrated in north-central Montana, they are not restricted to that area, and isolated
intrusions also occur in southeastern Alberta and southwestern Saskatchewan (Podruski,
1988) (Fig. 1.6). However, some domal structures that occur in proximity to the Sweetgrass
Arch have different origins, including salt dissolution and meteorite impact structures
(Podruski, 1988). For example, in townships 8 and 9, range 4w4, Mississippian and Jurassic
strata occur consistently higher than adjacent strata (Fig. 1.8). This anomalous feature
represents the uplifted central core of a relatively small crater (~ 15 km in diametre) that was

formed by a Late Cretaceous to Early Tertiary meteorite impact (Sawatsky, 1976; Ezeji-

Okoye, 198S; Grieve et al., 1998).
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Figure 1.7. Structure map of the top of the Rierdon Formation in southeastern Alberta
depicting steep northeast dipping strata. The anomalous dip direction and dip angle
are related to Tertiary alkaline igneous intrusion in the Sweetgrass Hills of northern

Montana.
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In addition, the study area occurs on the Archean Medicine Hat Block. This Precambrian
terrane is bounded to the north and west by the Vulcan Low, which represents an ancestral
collisional suture zone (Hoffman, 1988), and, to the south is separated from the Wyoming
Craton of the northern United States by a Proterozoic shear zone termed the Great Falls
Tectonic Zone (O’Neill and Lopez, 1985) (Fig. 1.9). The Medicine Hat Block is
characterized by a north-northwest-trending fabric of narrow positive and negative
aeromagnetic anomalies of moderate intensity (Ross ez al., 1989). Based on drill core
samples the terrane is interpreted to be composed largely of metapluionic gneisses that are
2.65 —3.27 Ga old (O’Neill ez al., 1988). Previously, there has been no suggestions of

recurring tectonic movement during the Phanerozoic along the suture zones between the

Precambrian terranes.

1.4 Previous work on the Swift Formation

Little has been published in the geological literature on the Oxfordian Swift
Formation. Middle to Upper Jurassic marine shale and limestone were first recognized in
Montana by Fisher (1909), who named them the Ellis Formation. Later, Cobban (1945)
elevated the Ellis Formation to group status and subdivided it into the Sawtooth, Rierdon and
Swift formation. He defined the Swift Formation from several exposures in Montana and
recognized two informal members: a lower shale member and an upper sandstone member.
At the type section on the Swift reservoir, Pondera County, Montana, the Swift Formation
unconformably overlies calcareous shales of the Rierdon Formation. Its basal contact is
characterized by glauconite-rich shale containing black chert pebbles and rounded belemnites
fragments. The lower member is 16.6 metres thick and consists of dark grey, non-calcareous,
finely micaceous shale with minor siltstone laminae, pyrite and large calcareous concretions.
It, in turn, is overlain by the upper sandstone member, which comprises a thin (< 18 cm)
basal glauconitic chert-pebble conglomerate and fine grain, small scale cross-stratified
sandstone with abundant shale drapes, common coalified wood fragments and accessory
glauconite. Coarse and medium sandstone are uncommon but do occur in the basal portion

of the upper sandstone member. The Swift Formation is conformably overlain by continental
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Figure 1.9. Map of tectonic domains that form the basement rocks in Alberta and northern
Montana. The study area overlies part of the Archean Medicine Hat Block. The
Vulcan Low and Great Falls Tectonic Zone, bound the Medicine Hat Block and
represents ancient suture zones along which movement may have been reinitiated
during the Columbian-Nevadan Orogeny. Wy: Wyoming Craton; GTZ: Great Fall
Tectonic Zone; MHB: Medicine Hat Block; VL: Vulcan Low; LoB: Loverna Block;
L: Lacombe Block; R: Rimbey High; T: Thornsby Low; Wa: Wabamun Domain;
Rae: Rae Province; Ta: Taltson Arc; B: Buffalo Head Domain; C: Chinchaga Low;
K: Ksituan High; Kw: Kiskatinaw; No: Nova Domain; H: Hottah Terrane; G: Great
Bear Domain; F: Fort Simpson High; N: Nahani Terrane; STZ: Snowbird Tectonic

Zone; HRF: Hay River Fault (modified from Ross et al., 1991).
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deposits of the Morrison Formation or unconformably by Lower Cretaceious Cutbank and
Sunburst fluvial sandstosne (Basal Quartz) (Fig. 1.10).

Weir (1949) subsequently extended Cobban’s nomenclature to the subsurface in
southern Alberta. Much later, Brenner and Davies (1974) proposed a two-stage depositional
model for the Swift Formation in the northwestern states. The members in their study differ
somewhat from those at type section in Montana. The lower member comprises two facies:
mudstone in the basin, and sandstone along the western edge of the basin near the Belt Island
trend highlands in southern Montana. The nearshore sandstone facies encompasses a range
of lithologies and includes an upward-coarsening succession interpreted to reflect deposition
in a prograding delta-like environment, and upward-fining channelized sandstone, interpreted
to represent distributary channels fills. The lower member was interpreted to have been
deposited during an overall transgression. This was then interpreted to be followed bya
basin-wide regression and the deposition of two facies associations: 1) a nearshore sheet-like
sandstone in western Montana and farther basinward, in central Montana, southern Alberta,
and most of Wyoming, a marine sand bar facies (offshore bars). These “bars” consist of
upward-coarsening successions that are up to 21 metres thick and several kilometres long,
and are capped by medium-scale cross-stratified sandstone. Locally they occur as stacked
successions. The interbar areas consist of flaser bedded strata. Locally, coquinoid sandstone
bodies with erosive basal contact were incised into the bars and pinch-out into the interbar

areas. Brenner and Davies (1974) interpreted these to be the high-energy storm deposits.

Hayes (1983) subsequently extended Brenner and Davies transgressive-regressive
model to the subsurface in southeastern Alberta. In this area, the lower member closely
resembles the lower shale member at the Swift type section. However, the upper member,
informally termed the ribbon sands by Hayes, differs from strata at the type section. It
consists of interbedded mudstone and very fine sandstone (dominantly lenticular to wavy
bedding), with uncommon sandstone-rich strata that occur locally within the unit. Similar to
Brenner and Davies’ model, the sandstone-rich bodies were interpreted to be the result of
high-energy storms. However, the mechanism responsible for their deposition and .

distribution was not described in detail. Hayes also noted that the ribbon sands are marked
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Figure 1.10. Stratigraphic nomenclature of Jurassic and Cretaceous strata in southeastern
Alberta. Although the Morrison Formation is present locally in southeastern Alberta,
it was not observed in this study (modified from Leckie and Smith, 1992).



'¢°b | Southern Alberta
Q% Q)Qr Plains
2 o
3 ---:g’ --+Second white specks-4
o
9
g - _g codeoncan Fish scales------1
8~ S
- A N\Bow Island Fm,_]
§ CE;' Upper Mannville
Q :_-_ﬁ_-_f — Glauconite ss.
fé é § Ostracode Mbr.
@) S _'jj Basal Quartz Fm.
S— = A AV Ve Ue W
= g
(83
S —
£
p—
S+ .2
— (7]
< o
: :
= &)
=]
2
2| [
D —

30



by a sharp colour change from dark to light coloured mudstone interbeds. The nature of this
change, however, was poorly understood but was thought to be possibly related to
environmental changes in the basin from anoxic to oxic conditions. Subaerial exposure
between deposition of the dark and light ribbon sands was not ruled out however, although
no signs of subaerial exposure were reported. In this thesis, a slightly modified version of

Hayes’s terminology is adopted, recognizing a lower shale member and an upper ribbon

sandstone.

Although few in numbers, other studies on the Swift Formation can be found. Brooke
and Braun (1972) described the microfauna from Jurassic strata in southern Saskatchewan
and north-central Montana. Also, Radella and Galuska (1966) described the Flat Coulee oil
field in northern Montana, where the Swift Formation is the main oil and gas producer.
Hydrocarbons are produced from two narrow, elongated, porous, sandstone-rich bodies, that
trend roughly northeast-southwest, each encased dominantly in mudstone. The main
producing horizon occurs at about 16 m above the Rierdon-Swift contact; a secondary
horizon is about 10 m lower. The depositional mechanisms for the sandstone bodies were
not discussed in that study. More recently, Leckie et al., (1997) studied the Success
Formation in southwestern Saskatchewan as part of a larger study. The Success was
subdivided into two members; the S1 and S2 (Christopher, 1974; Hayes, 1983; Christopher,
1984; Poulton, 1984, 1989; Leckie et al., 1997). The S1 consists of interlaminated very fine
sandstone and grey to black siltstone with common sphaerosiderite and accessory glauconite
(Poulton, 1984), and was shown to be the laterally equivalent to the ribbon sandstone (Hayes,

1983). The S2 is laterally equivalent to the Basal Quartz Formation.

1.5 Sequence stratigraphy

Sequence stratigraphy, developed in large part by the Exxon Production Research
Group in the early 1980's, is a stratigraphic tool commonly used to correlaie sedimentary
rocks. The fundamental unit is a depositional sequence which is defined as a "relatively

conformable succession of genetically related strata bounded by unconformities and their
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correlative conformities” (Van Wagoner et al., 1990). Sequences are made up of
parasequences, which in turn formulate parasequence sets. A parasequence is a "relatively
conformable succession of genetically related beds and bedsets bounded by marine-flooding
surfaces and their correlative surfaces" (Van Wagoner et al., 1990). A parasequence set, on
the other hand, is a "succession of parasequences which form a distinctive stacking pattern
that is bounded by major marine flooding surfaces and their correlative surfaces” (Van
Wagoner et al., 1990). Parasequence sets may be aggradational, progradational or
retrogradational and are related to changes of sediment flux and accommodation space in the
basin. Sequences and their stratal constituents are interpreted to form in response to the
interaction between eustasy, subsidence, sediment supply and basin physiography
(Posamentier and Allen, 1993). In the Western Canada Foreland Basin, the interplay

between subsidence and sediment supply played a significant role in depositional style.

Prior to the development of sequence stratigraphy, Sloss (1963) had subdivided
Phanerozoic strata of the North American craton into six sequences. Each sequence was
bounded by craton-wide, and most probably world-wide unconformities that passed laterally
into their correlative conformities. Presently, these sequences are considered to be second
order cycles in the terminology of Plint et al. (1992). Middle Jurassic to Lower Cretaceous
strata in the western Interior of North America forms Sloss’s lower Zuni Sequence. In
western Canada, it includes the Ellis, Mannville, Colorado and Alberta groups. In this area,
several third order and fourth order cycles have also been identified within the lower Zuni

Sequence. However, despite these numerous studies, the sequence stratigraphic framework

of the Swift Formation (Ellis Group) is still largely unknown.

1.6. Currents in shallow marine environments

Numerous types of currents occur in shallow marine environments such as
continental shelves, epeiric seas, and the shallow part of foreland basins. These flows are the
principle component of sediment transport, deposition and erosion in the shallow marine and
include oceanic, tidal, and storm-generated currents. The influence of shallow marine

currents on the sedimentary record has long been recognized in both modern and ancient
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environments (Swift et al., 1971; Hamlin and Walker, 1979; Knight et al., 1986; Walker,
1984). Recently, advances in our understanding of these processes, and in particular
combined flow, have much improved our interpretation of the ancient shallow marine
sedimentary record (e.g. Duke, 1990; Arnott, 1992). However, the preserved record of
shallow marine systems is commonly complicated by the effects of periodic changes in
relative sea level (Walker and Plint, 1992). Significant erosion is commonly associated with

falling and rising of relative sea level, thereby modifying the distribution and geometry of the

original deposits.

Because the Swift Formation is interpreted in this thesis to have been deposited in a
low-energy marine environment characterized by periodic increases in both wave and tidal
energy, a more detailed discussion on shallow marine processes is warranted. This section
reviews briefly each of the three principal kinds of currents that affect sediment entrainment
and dispersal in shallow marine environments: 1) oceanic currents, 2) tidal currents, and 3)

meteorological currents. This is followed by a discussion on sedimentation characteristics in

tide- and storm-dominated environments.

1.6.1 Oceanic currents

Ocean currents are the result of thermohaline circulation or wind-forcing.
Thermohaline circulation is produced by density differences related to salinity gradients and
thermal stratification of the water column. These currents are deep and relatively slow
(typically 1 — 2 cm/sec at depths of 1500 to 2000 m) (Gross, 1977). Furthermore, they
typically have a complex array of flow directions that are partially related to deflection
caused by the rotation of the earth (Corialis effect), physiography of the coastline, and
topography of the ocean floor.

Wind-driven currents constitute the second main kind of ocean currents. Wind-driven
currents are related to atmospheric wind patterns and hence, are relatively shallow flows,
although with time they progressively deepen due to turbulent mixing of the water. Global

wind patterns develop because of uneven heating of the atmosphere by the Sun. Because of
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the Corialis effect, air is deflected to the right in the Northern Atmosphere and to the left in
the Southern Atmosphere. As a result, the global wind patterns produced consist of prevaling
trade winds and westerlies. Trade winds blow steadily toward the equator from the northeast
in low northern latitude (<30°), and from the southeast in low southern latitudes (<30°).
Mid-latitude westerlies blow from the west, away from the equator. Shearing by this large-

scale atmospheric wind system produces the shallow wind-driven oceanic currents.

Oceanic currents generally occur oceanward of the shelf break, and as a result only
effect the outer part of some continental shelves. Major ocean currents are generally not
narrowly confined flows but instead consist of numerous filamentary flows with meanders
and eddies; commonly when meanders grow too large they can become detached from the
main current and are advected toward the adjacent continental shelf. Approximately 3% of
modern continental shelves are dominated by strong, one dimensional oceanic currents,
which operate most effectively on the outer shelf near the shelf break (Walker, 1984; Boggs,
1987). Modern examples of ocean currents include the Gulf Stream system, the Algulhas
Current along the southeast African continental shelf and the Panama and North Equatorial
- currents that parallel the northeastern coast of South America. Generally, ocean currents

contribute little new sediment to continental shelves but are able to rework and redistribute

significant amounts of relict shelf sediment.

1.6.2 Meteorological currents

Currents in shallow marine environments are strongly affected by meteorological
forces, principally wind. When wind blows over a body of water, energy is transferred to the
water surface , which in turn results in the formation of non-periodic surface waves. In deep
water, surface waves start growing when wind speeds exceeds 1 m/s. Waves continue to
grow with increasing wind speeds, until they reach speeds equal to one third the wind speed.
Beyond this, waves continue to grow in size, wavelength, and speed but at diminishing rates
(Open University Course Team, 1989). There are three reasons why wave growth ceases
before it reaches speed of wind. Firstly, some wind energy is dissipated by friction.

Secondly, some of the energy transferred onto the water surface produces surface currents,
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and thirdly, some energy is lost as a result of white-capping (breaking of the tip of the wave
crest). Wave size is also related to fetch. Areas with large fetch, (e.i. «oceans) can support the
development of large waves. On the other hand, smaller bodies of water, such as enclosed

seas (smaller fetch), form comparatively smaller waves because much of the energy

generated by wind shear stress is quickly dissipated nearshore instead ©f being transferred for

wave growth.

Water particles in waves in deep water move essentially in a circular orbit. At the
surface, the diameter of the orbits corresponds to the wave height. With depth, orbital
diameter decreases exponentially and at a depth of ~ 1/2 the surface wavelength, is only 5%
of the surface diameter (Fig. 1.11a). It is important to note that these ombits are not
completely closed, and, as a result, there is a small net displacement that takes place in the
trough, causing a wave-drift current (Fig. 1.11c). In shallow water, whesre depth is less than
half the wavelength, orbits become progressively more elliptical and flatter with depth (Fig.
1.11b). Close to the sea floor, the orbital water motion is degraded to amn asymmetrical to-

and-fro rectilinear motion that causes a net onshore movement of sedim-ent.

1.4.2 Tidal currents

Along coastlines, tides are special types of waves characterized by a rhythmic rise
(flood tide) and fall (ebb tide) of sea level over several hours. Tides are generated by the
comnined gravitational forces of the Moon and Sun. The Moon exerts tEie strongest tide-
generating force, which is 0.54 greater than that of the Sun because, despite its smaller mass,
it is approximately 360 times closer to the Earth (Open University Coursse Team, 1989).
Tidal range is highest when the Sun, Moon, and Earth are nearly aligned such as during the
full and new moons, and form what are termed spring tides. Conversely,. when the Sun and
Moon are at right angles, during the first and third quarters, their forces counteract one
another and the resulting tidal range is smallest; termed neap tides. Beca.use the relative
motions of the Earth, Sun, and Moon are complex, their effects on tidal e vents are equally
complex. Furthermore, the magnitude of tides is also modified by the distribution of

continents, and the physiography of the ocean floor. In addition, weather- patterns can also
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Figure 1.11 Orbital motion in wind-generated oceanic waves (modified from Open
University Course Team, 1989).
Figure 1.11a) Water particle motion in deep-water waves. Note the exponential
decrease in orbital diameter with depth.
Figure 1.11b) Water particle motion in deep-water waves. Wave orbits are not
completely closed, which results in wave-drift currents.
Figure 1.11c) Water particle motion in shallow-water waves. Orbits become

progressively more elliptical with depth, eventually degrading to to-and-fro motion
at the bed.
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amplify tidal magnitude. The numerous variables that affect tides makes modelling difficult,
and therefore the equilibrium theory of tides presented below assumes an idealized Earth,
completely covered by deep water of uniform depth. Although this theory does not provide a

complete explanation of the tidal phenomenon it does serve as a useful first approximation.

Tides are related to two forces: 1) the gravitational attraction of the Moon, which is
strongest on the side of the Earth facing the Moon and 2) the centripetal force, which is
caused by the eccentric revolution of the Earth around the centre of mass of the Earth-Moon
system. Contrary to the gravitational force, the centripetal force exerts equal intensity on all
points on and within the Earth. The vector sum of the gravitational and centripetal forces
pulls the water in the oceans towards the Moon and towards the side opposite to the Moon,
forming two bulges (Fig. 1.12a). Because the Earth rotates, the bulges appear to travel
around the Earth as two waves, causing water to rise and fall semi-diurnally (twice a day).
Typically, one of the semidiurnal tides will be higher (dominant tide) than the second, which
follows approximately 12 hours later (subordinate tide). The cause of this inequality is
related to the declination of the Moon. The Moon’s orbit is inclined at an angle of 28° with
respect to the Earth’s equatorial plane. In other words, the line that joins the centre of the
Earth to that of the Moon varies from 0° to 28° on either side of the equator over a period of
27.32 days (Kvale et al., 1998) (Fig. 1.12b). The daily inequality in semidiurnal tidal range
is greatest when the declination of the Moon is highest. On the other hand, the dominant and
subordinate tides are equal when the Moon is over the equator. Not all coastal areas are
characterized by semidiurnal tides. Depending on coastal geometry, some areas record only

diurnal tides (one tide per day) because the subordinate tide is damped out by destructive

interference.

Because tide-generating forces are small, measurable tides are entirely formed in the
open oceans, where the tidal range is typically less than | metre. Smaller bodies of water
such as enclosed seas (e.g. the Mediterranean Sea) or water overlying continental shelves,
cannot develop significant tides of their own. Tidal currents observed on continental shelves
are the result of ocean tidal waves propagating onto adjacent shelves. As the tidal waves

shoal onto the shelf and/or converge in coastal embayments, the tidal prism is concentrated
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Figure 1.12 Origin of tides and tidal ranges.

Figure 1.12a) The derivation of tide-producing forces on Earth. The centrifugal
force is equal at all points on Earth whereas gravitational forces are strongest on the

side of the Earth immediately beneath the Moon (modified from Dalrymple, 1992).

Figure 1.12b) The Moon’s orbit does not parallel the earth’s equator. This

declination (max 28°) produces unequal diurnal tides at mid-latitudes (modified from

Open University Course Team, 1989).
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into a smaller cross-sectional area and, as a result, the tidal range and current speeds increase.

Coastline settings have been subdivided into three groups according to their tidal
ranges: 1) macrotidal (>4 m range), 2) mesotidal (2-4 m range), and 3) microtidal (<2m
range). Areas characterized by macrotidal tides are typically dominated by tidal processes
whereas mesotidal and microtidal areas are generally dominated by wave processes.
However, in sheltered settings, where wave action is limited, or in constricted areas such as
straits, tidal inlets, and estuaries, where tidal current speeds are generally increased, tides can
control the spatial and temporal characteristics of bed-load sediment transport and deposition,
even in microtidal settings. For Example, Chesapeake Bay on the east coast of the United
States is microtidal (1 m tidal range) but, because its mouth is very small relative to its size, it
has near-surface tidal current speeds comparable to macrotidal areas, ranging from 0.5 to 1
m/s (Dalrymple, 1992). Tidal currents are further amplified if the natural period of the body
of water (the back and forth motion in the absence of a moving force) coincides with the tidal
period, as in the case of the Bay of Fundy. Approximately 17% of the present day
continental shelves are affected by strong tidal currents (Walker, 1984).

1.7. Sedimentation in shallow marine environments

1.7.1. Sedimentation in wave-dominated settings

Wave-induced sedimentation dominates in shallow marine environments where tidal
processes are weak or absent. During fairweather, wave ripples may form above fairweather
wave base (5-15 metres depth), providing that bottom velocities are high enough to move
sediment. Small-scale orbital currents create eddies that throw sediment into suspension
alternately on the landward and seaward side of the ripple crest. The forward and backward
orbital wave velocities, however, are not always equal, and, consequently, oscillation ripples
are not always symmetrical in cross-section, and so asymmetrical forms commonly develop.
In addition, wave ripples tend to have form discordant cross-lamination. Symmetrical ripples
commonly have unidirectional cross-lamination and asymmetrical ripples may have either

symmetrical (chevron) or unidirectional cross-lamination (De Raaf et al., 1977). Wave
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ripples are further distinguished by an undulating lower boundary rather than a flat base,
which is more typical of current ripples. Ripple height and wave length generally increase
with bottom orbital velocity. Oscillatory ripples generally have wavelengths ranging from 10
cm to 2 m, and heights ranging from about 3 to 25 cm. At higher orbital velocities, generally
coincident with storms, sharp-based units containing hummocky cross-stratification (HCS)
are produced in fine-grained sediment. HCS is a large scale, low angle style of cross-
stratification characterized by swales (concave-up) and hummocks (convex-up) that formed
under moderately strong, relatively long period waves. With a further increase of orbital

velocity, HCS (gradationally?) is replaced by flat-based plane beds (sheet flows).

Storms are responsible for most increases in bottom orbital velocity and, despite the
relatively short period of time storm conditions persist, their effects on sediment erosion,
transport, and deposition, and hence the sedimentary record, are disproportionately large.
During fairweather, sand tends to move onshore, steepening the beach profile. During
storms, however, the beach profile is eroded and flattened, the shoreface is eroded and
sediment transported offshore. Deposits from these high-energy events typically consist of a
sharp base overlain abruptly by an upward-fining succession that displays a decrease in the

size of sedimentary structures. These features are generally interpreted to indicate deposition

under waning flow conditions.

1.5.2. Sedimentation in tide-dominated settings

Tides exert a significant influence on the sedimentary characteristics of a large
number of many different depositional environments including deltas, estuaries, barrier
islands, and shelf settings. Because of the regular rise and fall of the tide, and related waxing
and waning of tidal current speed, tidal deposits commonly exhibit a regular alternation of
sand and mud layers, forming what are termed tidal rhythmites. Tidal rhythmites are small-
scale sedimentary deposits characterized by rythmically stacked sets of mud-draped ripples
or intercalated siltstone and mudstone layers. In the terminology of Reineck and Singh
(1980), these sets form cosets that can be classified as lenticular, wavy, or flaser bedding.

Each individual layer was deposited in response to changing current velocities associated,
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Figure 1.13 Variations in tidal current speed during one tidal cycle produces tidal
rhythmites. In this idealized example, semi-diurnal tides are subequal in strength and,
as a result, bedload transport occurs during both flood and ebb tides. Mud drapes are

then deposited during the intervening slack water stage (modified from Dalrymple,

1992).
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with ebb and flood tides and the intervening slack water stages (Fig. 1.13). More commonly
however, tidal rhythmites are composed almost entirely of either ebb or flood events, because
most tidal systems are either flood- or ebb-dominated and the subordinate current is too weak
to cause bedload transport (Kvale et al., 1998). The layers also progressively thicken and
thin in response to the spring-neap tidal cycle. Thicker sand layers correspond to higher high
tides (spring tides), whereas thinner sand layers reflect lower high tides (neap tides).
Presently, modern tidal rhythmites have only been observed in fresh to brackish water

environments with large tidal ranges (> 3 metres) (Kvale ez al., 1998).

Where tidal currents are stronger, large scale bedforms develops. Active, large scale
subaqueous dunes occur on numerous macrotidally influenced continental shelves (Belderson
et al., 1982; Stride et al., 1982; Dalrymple, 1984; Davies et al., 1992; Davies et al., 1993).
Within these dunes, stratification formed by the dominant tide is preferentially preserved.
This is because the subordinate tidal current strength is generally lower and high speed tidal
currents are maintained for a shorter period of time during the subordinate tide. As a result,
less sediment is transported during the subordinate tide and thinner bedforms develop.
Commonly, these deposits are almost completely eroded during the next tidal cycle and

evidence for their presence is generally only preserved in the troughs of the tidal bundle (set
deposited during the dominant tide).

Where sediment supply is ample and tidal currents sufficiently strong (> 1 m/s), linear
tidal sand ridges (sand banks) may form, such as those in the North Sea. Tidal ridges cover
large areas in tide-dominated shallow marine settings (~ 1000 km?). They are generally 10 —
120 km long, 7.5 to 40 m high, have spacings of 1 — 30 km, and are oriented at about 20° to
the principal tidal flow (Houbolt, 1968; Stride er al., 1982; Twichell, 1983). Sand ridges are
interpreted to form from reworked shelf sediment, which is transported downcurrent along
tidal transport pathways. They display various types of cross-bedding, dominantly large
scale, and may either coarsen or fine upward depending on sea level history. Numerous sand
ridges on continental shelves have become moribund (inactive) as a result of post glacial
eustatic rise and are now overlain only by small scale ripples, storm deposits or mud.

Recently, however, some tidal sand ridges, such as those in the Celtic Sea, have been
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reinterpreted as erosional remnants related to lowstand erosion (Berné et al., 1998). In the
Celtic Sea, intense erosion of lowstand estuarine/deltaic deposits or sharp-based shorelines
by tidal currents has lead to the development of shore-oblique ridges. These tidal ridges,

therefore, most probably are the result of erosional rather than constructional processes.

Different tidal bedforms develop in specific zones along the dominant tidal current
pathway on continental shelves, reflecting differences in the strength of the local tidal

currents. In the direction of decreasing tidal current speed these zones are: 1) furrows and

gravel waves where erosion is strongest, 2) flow-parallel sand ribbons where sediment is by-
passed and there is no net sediment loss or gain, 3) extensive sand sheets with abundant
dunes or sand ridges, 4) rippled sand sheets, 5) isolated sand patches, and 6) a zone of mud

accumulation, if wave-induced currents permit deposition of fine-grain material (Fig. 1.14).

1L.5. Paleosols

Following withdrawal of the Oxfordian sea, a regionally extensive soil horizon
developed across the top of the Swift Formation. Because pedogenic processes significantly
modified the texture and mineralogy of the upper part of the Swift Formation, a brief review

of paleosols is deemed necessary and, therefore, is presented next.

A paleosol is the remains of an ancient soil. It may be buried by later deposits or be
subaerially exposed but is no longer subject to the original pedogenic conditions. In terms of
paleopedology, a soil consists of material formed at the surface of a planet (or similar body)
and is altered in situ by chemical, physical and biological processes (Retallack, 1990).
Paleosols are relatively common in the geologic record, although in some cases they are not
easily recognized because of post-pedogenic processes such as diagenetic alteration and

mineralization, or erosion by wave/tide ravinement processes.

The most diagnostic attributes of paleosols are: 1) fossil roots or root traces, 2) soil

horizons, and 3) soil structures. Fossil roots are the best criteria for recognizing paleosols in

sedimentary successions because they are evidence that plants were once present, and

therefore, regardless of its appearance, it was once a soil (Retallack, 1990). However, the use
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Figure 1.14 Block diagram of bedforms showing the streamwise variations in tide-generated
sedimentary structures on a modern continental shelf with the corresponding near
surface, mean tidal current speeds. Furrows, gravel beds, and sand ribbons are
formed dominantly by erosion of palimpset sediment. Downcurrent, large and small
dunes form from sediment sourced upcurrent. With decreasing tidal current speeds,

smaller bedforms are generated (rippled sands sheet and sand patches) (modified

from Belderson et al., 1982)
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of root traces for the recognition of paleosols is limited to strata younger than Silurian, when
the first vascular plants appeared (Retallack, 1985). Fossil roots are easily recognized when
their organic material is preserved. Moreover, a rooted paleosol may also be recognized even
if the organic matter has been completely decomposed, because root traces are commonly
defined by infills of clay or calcite. These root traces are generally differentiated from
burrows by their branching and tapering characteristics. The patterns of root traces also

provide useful information on the former drainage, vegetation type, and original indurated

parts of a paleosol.

Other features in many paleosols are soil horizons. Numerous types of soil horizons
exist, each reflecting the different conditions under which the soil formed. For example, a
clayey B horizon (Bt horizon) forms under forest vegetation in warm humid climates, and a
calcareous B horizon (Bk horizon) develops in weakly weathered soils in dry climates
(Retallack, 1988). Certain paleosol horizons are unique and have specific names. For
example, ganisters are silicified quartz sandstones (E horizon) that are penetrated by root
traces and underlie coal seams. The principal paleosol horizons and their subordinate
descriptors are summarised in Table 1.1. Although the top of a paleosol profile is usually
sharply defined, contacts between successively lower horizons are typically diffuse. Sharp
contacts between lower horizons may occur if relict bedding has not been completely
destroyed by soil processes. The uppermost (A and E) horizons are generally thin (< 50 cm).
The subsurface (Bt and Bk) horizons are thicker, generally less than 2 metres thick, and the

slightly altered C horizon much thicker still, and depends in large part on the duration of soil

formation.

Although some soil profiles may appear massive and featureless, closer observation
commonly reveals numerous soil structures. Perhaps the most striking soil structures are soil
peds. Peds are aggregates of soil confined between cracks, roots, burrows, or other soil
openings. They are regularly distributed within a given soil profile and are classified by their
size, shape, and angularity (Fig. 1.15a). Commonly, there is an upward gradation in the size
of soil peds from blocky to granular and crumb peds. The gradation is most likely related to

degree of burrowing activity and associated of organic compounds, such as polysaccharides
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Table 1.1 Major horizons in paleosols, subordinate features and shorthand labels (modified
from Retallack, 1988)



Category

Term

Description

Master Horizons

Subordinate descriptors
referred to in this chapter

09

=2

< v ~ 0

Surface accumulation of organic materials (peat, lignite,
coal) overlying clayey or sandy part of soil

Usually has roots and a mixture of organic and mineral
matter; forms the surface of those paleosols lacking an
O horizon

Underlies an O or A horizon and appears bleached
because it is lighter colored, less organic, less
sesquioxidic, or less clayey than underlying material

Underlies an A or E horizon; appears enriched in some
material compared to underlying and overlying
horizons (because it is darker colored, more organic,
more sesquioxidic, or more clayey); or more
weathered than other horizons

Subsurface horizon so impregnated with carbonate that it
forms a massive layer

Subsurface horizon, slightly more weathered than fresh
bedrock; lacks properties of other horizons, but shows
mild mineral oxidation, limited accumulation of silica,
carbonates, soluble salts, or moderated gleying

Consolidated and unweathered bedrock

Evidence of strong gleying, such as pyrite or siderite
nodules

Illuvial accumulation of organic matter

Accumulation of carbonates less than for K horizon

Evidence of accumulated sodium, such as domed
columnar peds or halite casts

Residual accumulation of sesquioxides

Accumulation of clay

Iluvial accumulation of sesquioxides

Accumulation of gypsum crystals or crystal salts
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Figure 1.15 Soil structures

Figure 1.15a Classification and principal causes for the formation of different soil
peds (modified from Retallack, 1990).

Figure 1.15b Stages in the formation of the Bt horizon. Soil peds and roots
progressively destroy original bedding. In a well developed Bt horizon, primary

sedimentary features are no longer discernible (modified from Retallack ,1990).
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that binds ped surfaces (Retallack, 1990). Crumb peds, in part, may represent fecal pellets.

The surface of soil peds is further characterized and modified by cutans. These
structures are very useful for identifying paleosols because commonly they are the only
indication that peds were once present. In ancient soil profiles, cracks between peds are
rarely preserved because of compaction. Cutans form in these cracks and vary greatly in
composition, and include clays skins (argillans), iron-stained surfaces (ferrans), iron and
aluminium oxides (sesquans), iron and manganese oxides (mangans), soluble salts such as
gypsum (soluans), calcite (calcans), opal or chalcedony (silans), or organic matter
(organans). The composition of the cutan is a good indicator of the original chemical
conditions in the paleosol. For example, non-calcareous, nonclayey, ferruginous cutans
indicate acidic and highly oxidizing conditions generally found in well drained sandy soils in
humid climates. Cutans form by three distinct processes: illuviation, diffusion, or by
shearing in the soil. Illuvial cutans form by successive gravitational infiltration (elluviation)
and deposition (illuviation) of fine-grained material, and hence are commonly laminated.
Diffusion cutans are composed of modified ped material and have a sharp outer boundary
and a gradational inner boundary with the unaltered ped. Stress cutans are less well defined
but are generally indicated by slickensides. Slickensides can form in clayey soils by swell-
shrink processes related to repeated wetting and drying cycles or by the abrasion of adjacent
soil peds during burial.

Glaebules are also common structures in soil profiles and include nodules and
concretions. They are sharply-defined, highly irregular to nearly spherical isolated lumps of
soil that are chemically as widely variable as cutans. Concretions and nodules are
differentiated by their internal structure. Concretions have concentric layers and form as a
result of discontinuous, often seasonal growth. Nodules, on the other hand, are massive and
represent continuous growth or recrystallization. Some nodules are characterized by cracks
radiating outward from their center. These cracks develop as a result of a change in volume,

which commonly takes place during irreversible drying. Although glaebules are abundant

and conspicuous features in soils, they are not unique of them; they also form at the sea floor
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(manganese nodules), in shallow lakes (lime balls), and during deep burial (siderite nodules
and concretions) (Coleman, 1985).

The development of a soil is the result of the combination of physical, chemical, and
biological processes (Retallack, 1990). Physical processes cause the disintegration of rocks
and sediments, for example by expansion, clay swelling, freezing in periglacial environments
and fire heating of coal resulting in decay-resistant charcoal. Soil-forming chemical
reactions result in the decomposition of parent material, and include hydrolysis, oxidation,
hydration, and dissolution. The reverse reaction of alkalization, reduction, dehydration, and
precipitation also occur in soils. Hydrolysis is the reaction by which cation-rich mineral
grains are altered into clay minerals plus cations, and is principally controlled by soil acidity.
Oxydation particularly affects iron-rich minerals, which alter to iron oxides. Hydration and
dehydration involves the addition and loss of water, respectively, within part of the mineral
lattice (e.g. gypsum and anhydrite). Dissolution is a reaction by which a mineral passes into
solution as separate. Biological activity also contributes significantly to the soil forming

process, and includes humification (plant decay), nutrient availability for plant productivity,

and bioturbation.

Physical, chemical, and biological processes combine to form one of six soil-forming
regimes. Common regimes include gleization, podzolization, lessivage, ferralitization,
calcification and salinization (Fig 1.16). Only lessivage is described in more detail because,
as discussed in chapter 3, it is the soil-forming regime interpreted to have controlled
pedogenesis across the top of the Swift Formation. Lessivage is the process by which the
upper horizons of the soil profile (E) is leached and the subsurface B-horizon is enriched in
clay. Commonly, the E horizon becomes lighter in colour and the B horizon darkens.
Evidence of illuviated clays can be observed in thin sections as laminated argillans with a
high birefringent clay fabric. In addition, the clayey B horizon is generally matrix supported.
Soils formed by lessivage tend to be neutral to moderately acidic and, consequently, they are
dominated by hydronium (H;O") rather than aluminium (AI**) ions, which, in turn promotes
the development of stable clay minerals. Large exchangeable ions (K*, Mg?*, Ca®*, Na?*) are

also removed from weatherable minerals by hydrolysis and, with time, can be removed from
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Figure 1.16 Common soil-forming regimes. a) ferralization occurs in well drained soils of
wet tropical climates. Intense weathering produces a uniform soil profiie, depleted in
exchangeable cations, and enriched in clay, sesquioxides, and kaolinite; b) lessivage
occurs in neutral, clay-rich soils of humid climates. Abundant illuvial clays
accumulate in the B-horizon, and exchangeable cations are generally removed by
groundwater; c) podzolization takes place in acidic, sandy soil (pH < 5) of humid
climates. It is characterized by extensive leaching, removal of large exchangeable
cations by groundwater, and translocation of Al and Fe oxides and organic matter to
the B-horizon; d) gleiziation is the principal process in waterlogged soils, where
anaerobic conditions favour the preservation of organic matter and chemically
unstable minerals. Also, precipitation of ferric irons minerals (pyrite and siderite)
aided by anaerobic bacteria is widespread; e) calcification occurs in well drained
soils of semi-arid climates and is characterized by abundant accumulation of Ca®*
minerals in the subsurface and little loss of exchangeable cations. These soils are
typically fertile and support grasslands and grassy woodlands; f) salinization is
characterized by the accumulation of salts (halite and gypsum) in well drained soils in
arid climates. As a result, these soils are highly alkaline (pPH 9 - 11) and can only

support a small number of plant types (cacti and desert shrubs) (modified from

Retallack, 1990).



c) Podzolization

0
&

No

T
NSO

d) Gleiziation e) Calc ification f) Salinization




the soil profile. The process of lessivage is favoured in strata rich in minerals that weather to
clay (e.g. shales or basalts). Also, lessivage is favoured in areas where the surface vegetation
creates small amounts of acid-generating phenolic compounds and resins such as in a
deciduous broadleaf woodland.

Soils form on time scales ranging from days to millions of years. Organic layers (A
horizon) form in only tens to hundreds of years whereas a deeply weathered horizon requires
millions of years to form. No single soil feature can provide a quantitative measure of time
for paleosol development. However, a general qualitative estimate can be formulated based
on: 1) the amount of carbonate in a calcareous horizon (Bk) of a aridland paleosol, 2) the
amount of peat accumulation (O) in waterlogged paleosols, and 3) the abundance of clay
skins in the B-horizon of humid climates paleosols. The accurmulation of illuvial clays in the
Bt horizon takes time and several stages of development can be recognized (Fig. 1.15b). In
very weakly developed soils, there is little to no evidence of clay accumulation and bedded
strata are characterized only by root traces. With time, weakly developed soils form as strata
become fragmented and space is made available for argillans to accumulate. Within these
soils, much relict bedding remains. In moderately developed soils, peds are better defined,
argillans are more abundant and relict bedding is uncommon and can only be detected by
subtle grain size changes in hand specimens. In a strongly developed soil, argillans are
abundant, the Bt horizon is thicker, and there are no traces of relict bedding. With further
development, the Bt horizon thickens to well over 1 metre, and commonly, the A horizon

thins or is lost to erosion. Strongly developed paleosols commonly caincide with major

unconformities.
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Chapter 2

Sedimentology and stratigraphy of the Swift Formation
(Upper Jurassic) in southeastern Alberta: sedimentation in an open

marine basin to a microtidally-influenced intracontinental strait

Introduction

Presently, the depositional history and sequence stratigraphic framework of the Upper
Jurassic Swift Formation is poorly understood. The formation was first defined by Cobban
(1945) from exposures in northern Montana. He devised an informal two-fold subdivision
for the Swift and recognized a lower shale member and an upper sandstone member. The
Swift Formation was subsequently correlated with subsurface strata in southern Alberta by
Weir (1949). Much later, Brenner and Davies (1974) proposed a depositional model for the
Swift in Montana and Wyoming that consisted of a basal mudstone succession deposited
during an initial transgressive phase, conformably overlain by sandy offshore bars and flaser
bedded interbar facies deposited during a regressive phase. Local coquinoid sandstone-filled
channels that incised into offshore bars were interpreted as high-energy events related to
storms. Hayes (1983), in turn, extended Brenner and Davies’ transgressive-regressive model
for the Swift into the subsurface in northern Montana and southeastern Alberta. In this area,
the lower member closely resembles the lower shale member at the Swift type section.
However, the upper member differs significantly by its abundant mud content and as a result,
Hayes termed it the ribbon sands. In this study, we adopt a modified version of Hayes’
nomenclature and recognize the lower shale member and the upper ribbon sandstone. The
ribbon sandstone is predominantly lenticular to wavy bedded with locally developed
sandstone-rich bodies. Although Hayes suggested that the sandstone-rich facies in the ribbon
sandstone were deposited during high-energy events, he did not discuss in detail the physical
controls responsible for the deposition and distribution of the sand-size fraction. Hayes also
noted that the ribbon sandstone was systematically marked by a sharp colour change from

dark to light coloured mudstone, but the origin of the change was poorly understood.
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Because of the paucity of detailed studies on the Swift Formation in southeastern Alberta, the
distribution of its sandy reservoir strata and the stratigraphic significance of the colour
change, if any, currently remain enigmatic. Consequently, the Swift is generally viewed as a
low-priority target for hydrocarbon exploration even though oil and gas are presently being
co-produced from its sandstone-rich facies in the Manyberries, Pakowki Lake and Black
Butte pools in southeastern Alberta and in the Flat Coulee pool in Northern Montana, where
it is the main oil producer. Because of its hydrocarbon potential, additional investigations
regarding the depositional history of the Swift Formation are warranted. Furthermore, since
many “offshore bars” have recently been re-interpreted to be lowstand (Plint, 1988; Walker
and Plint, 1992; Pattison and Walker, 1992; Walker and Bergman, 1993; Ainsworth and
Pattison, 1994; Walker and Wiseman, 1995), the sequence stratigraphic framework of the
Swift needs to be addressed. The objectives of this study are therefore threefold: 1) develop
a detailed sedimentological model for the Swift Formation in southeastern Alberta, 2) resolve
its sequence stratigraphic framework and 3) determine the transport and depositional

mechanisms for the sandstone-rich, reservoir, and potential reservoir facies.

Study Area and Methodology

The study area is located in southeastern Alberta, east of the Whitlash paleovalley
(Cretaceous) and comprises the area between Townships 1 to Township 10 and from Ranges
1 to 10 W4 (Fig. 2.1). In this area, over 2150 wells penetrate Jurassic strata. From these,
approximately 450 wells were selected (Fig. 2.2) to form a grid of 20 wireline cross-sections.
In addition, 68 cores were examined and described in bed-by-bed detail (Appendix 1) that
then were used to calibrate geophysical log signatures. Also, 37 samples were selected for
petrographic examination (Appendix 2) and 16 samples additional samples were collected for

geochemical analyses (by X-ray fluorescence and isotope analyses) (Appendix 3).

Geological Setting and Regional Stratigraphy

Deposition of the Swift Formation occurred during the Columbian-Nevadan Orogeny,

which coincided with the collision between the Intermontane Superterrane and the western
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Figure 2.1 Location of study area and distribution of well control. The study area is
bounded to the west by the Saskatchewan — Alberta border, to the south by the
Canada — U.S.A. border, and to the west by the deeply incised Lower Cretaceous

Whitlash Valley. Lines of north-south and east-west cross-sections are outlined.
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margin of the North American Plate (Leckie and Smith, 1992). Tectonic thickening and
related lithospheric flexure formed a narrow, northwest-southeast elongated foreland basin, a
portion of which is termed the Alberta Trough. During the Late Jurassic, a southward
transgression of the northern Boreal sea inundated the trough and eventually flowed
eastward, across the Sweetgrass Arch and into the ancestral intracratonic Williston basin
through an east—-west trending strait that eventually became over 300 km wide (Imlay, 1980;
fig. 10) (Fig. 2 2). The exact position of the initial breach over the arch remains unclear, but
is generally taken to be close to the international border (Brenner and Davies, 1974, Imlay,
1980; Hayes, 1983). During the Late Jurassic, the Sweetgrass Arch was a major positive
topographical feature in southeastern Alberta that significantly influenced marine circulation,
sedimentation patterns and erosional processes (Christopher, 1964; Brennar et al., 1974;
Hayes, 1983). The arch consists of several sub-components. In north-central Montana it
includes the northwest-plunging South Arch and the northwest-striking Kevin-Sunburst
Dome. Northward the arch extends into southern Alberta and may also include the northeast-
plunging Bow Island Arch (Hayes, 1983; Podruski, 1988; Arnott er al., 1995) (Fig. 2.3). In
addition, the study area overlies the Medicine Hat Block, a Precambrian terrane bounded to
the north and west by the Vulcan Low, which represents an ancestral collisional suture zone,

and, to the south is separated from the Wyoming Craton by a Proterozoic shear zone termed

the Great Falls Tectonic Zone, (Ross ef al., 1991) (fig. 2.3).

Although strata in the study area are essentially undeformed, there is a consistent
steep dip toward the northeast. This was caused by kilometre-scale uplift related to Eocene,
alkalic igneous intrusion in the Sweetgrass Hills complex in north-central Montana (Fig. 2.4).
Although these domal structures are centered in north-central Montana, they are not
restricted to that area and isolated intrusions also occur elsewhere in southeastern Alberta and
southwestern Saskatchewan (Podruski, 1988) (Fig. 2.3). Another anomaly occurs in
townships 8 and 9, range 4w4, where Mississippian and Jurassic strata occur consistently at
higher stratigraphic levels than equivalent adjacent strata (Fig. 2.5). This anomalous feature
represents the uplifted central core of a relatively small crater (10 km in diameter) that was

formed by a Late Cretaceous to Early Tertiary meteorite impact (Sawatsky, 1976; Grieve et
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Figure 2.2 Paleogeography of North America during the Oxfordian (Late Jurassic). Note the
wide epeiric strait that connected the Alberta Trough in the west to the intracratonic
Williston Basin in the east. The boundaries of the marine portion of the Williston
Basin during the Late Jurassic have not yet been well established. Modified from
Imlay, 1980.
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Figure 2.4 Structure map of the top of the Rierdon Formation in southeastern Alberta
depicting steep, northeast dipping strata. The anomalous dip direction and dip angle

is related to Tertiary alkaline igneous intrusion in the Sweetgrass Hills of northern
Montana.
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al., 1998; Ezeji-Okoye, 1985). Other meteorite craters such as the Viewfield and Red Wing
structures in the Williston Basin, and the Ames structure in Major County, Oklahoma, form
significant reservoirs from fractures that radiate outward from the crater (Hamm and Olsen,

1992; Donofrio, 1997; Grieve et al., 1998). To date, however, no hydrocarbon production is

associated with the small impact crater in this study area.

The Oxfordian Swift Formation was deposited in the Williston Basin during the
fourth of five Jurassic marine transgressions over the Western Interior of North America
(Imlay, 1980). In the study area, it is the youngest formation of the Jurassic Ellis Group,
which comprises the Sawtooth, Rierdon and Swift formations. The Oxfordian Swift
unconformably overlies Bathonian calcareous to mixed carbonate-siliciclastic mudstone of
the Rierdon Formation (Christopher, 1974) and, in turn, is unconformably overlain by Lower
Cretaceous fluvial sandstone, mudstone, and siltstone of the Basal Quartz (Lower Mannville
Group) (Fig. 2.6). The top of the Swift is marked by the sub-Cretaceous unconformity,
which represented a period of extensive subaerial weathering and a hiatus of approximately
35 Ma. (Gradstein et al., 1996). This was followed by substantial erosion by stream
downcutting and valley incision during the Aptian (Hayes, 1983). The Swift has been
subdivided into two informal members: 1) a basal non-calcareous dark shale with thin
siltstone laminae termed, the shale member and 2) wavy to lenticular bedded mudstone,

siltstone and sandstone here termed the ribbon sandstone (Cobban, 1945; Imlay, 1980;

Hayes, 1983).

Facies and Facies Associations

In this study, based on lithology, primary physical and biogenic sedimentary
structures and bounding contacts, eight lithofacies have been identified in strata of the Swift
Formation (Table 2.1). In addition, two unconformably bounded facies associations are

recognized and, stratigraphically upwards are: 1) shale member and 2) ribbon sandstone.
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Figure 2.6 Stratigraphic nomenclature of Jurassic and Cretaceous strata in southeastern

Alberta. Modified from Leckie and Smith, 1992.



,{9‘0 S| Southern Alberta
Q@ KX Plains
L -
¢S |- 8--4Second white specks--
— S
R e Fish scales------
g— 3
@D /AN \Bow Island Fm_
S| P ok
o S pper Mannville
D) = —1__ Glauconite ss.
8 = 25 Ostracode Mbr.
o=
< < |~:| Basal Quartz Fm.
o O —Zf' /S*J:)\/\/W
S i |
@, LS
3
ﬂ% Morrison Fm. |
o | [ oW,
5123
= |5 | EPseaan
=]
o v
Q

74



‘uoneuLIog img ay1 jo (g 9ouanbag) suolspues uoqqui pue

I 92uanbag) yaquiaur sjeys oy 1oy suonierardioyur pue suonduosap sarvejoI| Jo Arewwng [z sjqe],

(




Juolspues uoqqny

duoIspues uoqqu pasayfe Ajjeotusfopag

"spremdn 9ouepunqe pue ozs uy
Suisearouy sopnpou ajuopysoroeyds uepunqy
"TIENS 2)IYM-JJo ‘aAtssew A[jeordoasoloepy

1050924

*anewsiud
sutewar /, safoejoyy jo uiuo ayy,

“uowwooup)
'Spaquajut auoIspues dAIssew (WH ¢ >) uiy,

duoispues auy K194 JAIsSeN

‘(1uuodwos K1owe)(1o50 193uons Yim)
Spaq uniois A3souo-ydiy MO[J-pouiquio)

‘uowwodun) 1eIu0 [eseq Suiddejumog
ouoispues auy pajeutwe] Jeverd (wo ¢ >) uiy,

ouoispues pajeutwel reue(d-ysend)

Sudund A1oje|{1050 Yeoa pue (sopy 3upds)
[ephioolw (qg pue suLIols 0 paje[al sjuaLIND
A101e][1950 NEOm puv [eph a1qeolySou (vg

:Aq poonpoud sojddu MO[}-poulquio)

'SnonunuodsIp A[[edINaA pue K[jelone|
"SIOSE[ pnur uly) uowwoy)

(qg) suoispues payjiens-ssoxs duoq3uruay
10 (¥6) sasua| pafpunq Jo (wo ¢ - [) s1os umyy,

auojspues
PaYeNS-§S010 [eds-[jewS

SIUDLIND dABA pUE OP) YeaM 10 O pore[ol
uodsues peoj-paq uowwosun ‘poAtEIS
1UDWINS PEoj-pag "1IeNs Jorem ysiyoeIq e ul
uolsuadsns woj Apueuwopad uonisodag

“SIUAUIZEI} POOM PITJT[E0D SYOEID SISOIIBUAS
o3ejquiasse [1ss0j 20e1) Aus1oatp mor dip Jo

s3[3ue SuikieA Yim 5105010 [euonoapiun
"BIENS PIppaq Je[nonua] 01 AAem ‘o1joko-uop

auoIspues pue
auoIspnuI parjnensIaug

'sisodap puvismo| poyiomar
*3e| dA1ssa1Tsuer) aAIsu X0 Ajjeory

Jaquudu Seys 7 9[BYS UOPIANY Y10q SIIAAQ
"auoIspues 951809 onjtuoone(d pue paziuid
Fo1-wo Jo s3jqqad wayd yorq pastadsiq

olelowo|3uos a|qqad payy

Jaquuawx

afeys

SWISIUESI0 ONSTUMIoUdG Aq pauiio] SAoLIng
"soAeM uuors pouad-Suoy ASiouo

-y31y £q Jjoys o1oysyjo ue uo pansodop
QUOISIIS patjlens-sso1o Ayoowwny

soyiijoxg
SnuonI13), ‘sanpuoy?) ‘sajtjoun)q pajejosy

Plpwdgrorg
$paq QUOISI|IS PaLjENs-ss01 9Sue-MmoT]

ouoIspues
paynens-ssoio oue-mor

*SULI0)S

01 paIE[d1 S1UdAD A1ou-ySiy £q ponsodop
outwel suoisyis *Jumos suuew uado
A810u0-moj ¢ u1 uoisuadsns woiy uonisodag

'smounq sisdotuungagy uowwoy)
"anuoone|d Ajuowwo) ‘seurwe
QUOISI[IS (Wurf>) ury) orex Y)m ofeys Yoeg

JrUTE[ ]IS UOWWOIUN YIIM J[eyS

RIONE[OSSY
sapejoyy

uonejaxdiajuy

uondirdsaq

aure)

sade)
-0y

76



Facies Association | — Shale Member

Facies Association | unconformably overlies the Rierdon Formation and is
unconformably overlain by the ribbon sandstone. It consists of a conformable, slightly
upward-fining succession up to 30 metres thick that comprises lithofacies 1, 2, and 3.

Lithofacies 1 occurs also in the ribbon sandstone facies association.

Lithofacies 1 — Chert Pebble Conglomerate

Chert pebble conglomerate occurs at the base of both the shale member and the
ribbon sandstone (see later). It consists typically of centimetre-thick, matrix-supported
conglomerate composed of well-rounded black chert pebbles in a pyritized, poorly-sorted
glauconitic fine sandstone matrix (Fig. 2.7a). In places it occurs as scattered black chert
pebbles encased in black shale. Although Hayes, (1983) reported belemnites in similar
strata, none were observed in this study. In core, basal contacts are erosional and are either
planar or show several centimetres of relief (gutter casts?). As in earlier studies, the areal
distribution of this lithofacies is difficult to determine. In large part, this can be attributed to
two reasons. Firstly, these strata are commonly too thin to be detected by conventional

geophysical tools and secondly, cores rarely penetrate the contact, because thick intervals of

shales are seldom continuously cored by petroleum companies.

Lithofacies 1 is interpreted to be a transgressive lag formed by wave ravinement
during an episode of rising relative sea level. In general, transgressive lags are thin (< 0.6 m)
and overlie marine flooding surfaces, which commonly are coincidenf with unconformities
(Van Wagoner et al., 1990). Because of its anomalously coarse-grained texture, thinness and
stratigraphic position (overlies an unconformity), it is likely that the thin conglomerate at the
base of the shale member is the result of shoreface erosion that took place during the initial
transgression of the Oxfordian sea into the study area. Chert pebbles in Lithofacies 1 were
possibly derived from Upper Paleozoic chert-carbonate lithologies such as the Permian

Phosphoria Formation, which are locally absent in Montana (Peterson, 1972, Brenner and
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Davies, 1974) or the lower part of the Madison limestone which contains abundant chert
nodules (Christopher, 1984).

Dispersed chert pebbles at the base of the ribbon sandstone are also interpreted to
overlie a flooding surface coincident with an unconformity. However, the source of the chert
pebbles is problematic. Aside from the thin layer of pebbles at the base of the shale member,
no pebbles occur in the thick succession of shale and siltstone that make up the shale
member. In this case, the pebbles are likely the remnants of reworked lowstand deposits.
This interpretation is supported by the physiography along the top of the shale member (see
later discussion; Fig. 2.17). Elongate, several metre-deep scours were most probably formed

by a lowstand fluvial channel network that incised the top of the shale member.

Lithofacies 2 — Dark Shale

Lithofacies 2 consists of 1 - 20 m of horizontally laminated black shale with rare to
uncommon thin siltstone laminae (Fig. 2.7b). It unconformably overlies greenish-grey
calcareous shale of the Rierdon Formation or conformably overlies Lithofacies 1. Although
bioturbation is uncommon, Helminthopsis and rare Rhyzocorallium burrows are observed in
mudstone beds. Green to dark green authigenic glauconite is common to abundant in
isolated lenses.

Lithofacies 2 is interpreted to have been deposited from suspension in a low-energy
setting below storm wave base. Siltstone laminae were probably deposited by the distal
remnants of high-energy sediment-transport associated with storms. In addition, the
observed ichnofossil assemblage is dominated by grazing and deposit-feeding structures,
consistent with a low energy, distal marine setting (Ekdale er al., 1984). Furthermore, the
abundance of green to dark green authigenic glauconite, which forms during the late stages
of organic material alteration, suggests deposition in a sediment-starved marine environment
(Amorosi, 1995). Commonly, these conditions occur on marine flooding surfaces in the

transgressive systems tract and during early highstand (Amorosi, 1995).
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Figure 2.7. Lithofacies of the shale member (Sequence 1).

Figure 2.7a) Lithofacies 1: thin matrix-supported chert pebble conglomerate. The
matrix is composed of sideritized, glauconitic fine sand. Well 8-34-6-6w4,
(1158 m depth).

Figure 2.7.b) Lithofacies 2. Friable dark shale intercalated with thin hummocky
cross-stratified siltstone (Lithofacies 3). Well 3-2-4-6w4, (956 - 954.5 m
depth).

Figure 2.7c) Low angle cross-stratification interpreted to be hummocky cross-
stratification deposited during high-energy, long period wave events (storms).
Well 3-2-4-6w4, (955.6 m depth).






Lithofacies 3 — Low Angle Cross-Stratified Siltstone

Lithofacies 3 consists of low angle cross-stratified siltstone (Fig. 2.7c). Although
rare, it has been observed intercalated with dark shales of Lithofacies 2. Notably, Lithofacics
3 is absent in the overlying ribbon sandstone. Beds range from 5 - 15 cm thick (average 10
cm), are erosionally based and are commonly pyritized or sideritized. Laminae generally
exhibit a distinctive undulation and locally form a noticeable fanning within discrete sets
(consistent upward decrease in angle of dip of the cross-stratification). Isolated burrows are

common and include Skolithos, Planolites, Chondrites and Teichichnus.

Lithofacies 3 is interpreted to represent sharp-based, hummocky cross-stratified
siltstone that was deposited in an offshore environment during storms that formed hi gh-
energy, long period waves. Accordingly, burrows are interpreted to have been formed by
opportunistic organisms that exploited the change in ecological conditions, principally a

change in the nature of the substrate, and temporarily replaced the endemic tracemaking

behaviours (e.g. Pemberton and Frey 1984).

Facies Association 2 — Ribbon Sandstone

Facies Association 2 consists of thee ribbon sandstone and comprises lithofacies 1
and 4 to 8. Facies Association 2 always overlies Facies Association 1, where present, and
although the contact is unconformable, it is commonly difficult to identify in core. On

geophysical well logs, however, the contact is generally sharp and particularly well defined

on resistivity and neutron-porosity logs (see Fig. 2.13).

Lithofacies 4 — Interstratified Mudstone, Siltstone, and Sandstone

The ribbon sandstone is composed mostly of Lithofacies 4, which consists of thickly
interlaminated to thinly bedded mudstone and siltstone or sandstone. Bulk composition
ranges from 95% glauconitic mud and 5% sand (lenticular bedding) to 30% mud and 70%
sand (flaser bedding). Volumetrically, however, Lithofacies 4 is mostly lenticular to wavy

bedded, following the terminology of Reineck and Singh (1980) (Fig 2.8a). Sand interbeds
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are composed mostly of very fine sand, although coarse silt and uncommon medium sand
interlaminae also occur. They are generally 0.3 - 2 cm thick and are characterized by wavy
lamination and intercalated continuous to discontinuous small-scale trough cross-stratified
sets. Discontinuous sets, which are more common than continuous sets, average S cm in
length (i.e. less than the width of a core) and typically thin laterally into wavy lamination.
Within individual sets, cross-stratification is typically unidirectional and commonly shows a
systematic increase followed by a decrease in the angle of dip of the stratification (i.e. in the
direction of bedform migration) (Fig. 2.8c). The change in angle can be observed within the
width of a typical 3 inch (7.6 cm) core, and occurs in both discontinuous and continuous sets.
Basal contacts are flat or more commonly are gently undulating, which causes sets to pinch
and swell laterally. Soft sediment deformation, mostly in the form of small load casts, is
locally developed. In addition, interbeds commonly are marked by reactivation surfaces.
Bioturbation intensity ranges from uncommon to abundant (Fig. 2.8b) but consistently is
characterized by a low diversity assemblage dominated by small (<3 mm diameter)
Planolites, Teichnichnus, Cylindrichnus, Skolithos, inclined Arenicolites, rare robust
Thalassinoides (?) and rare small Chondrites burrows. Crenulated synaeresis cracks are also
common in mudstone interbeds. Fully marine trace fossils of the Zoophycos ichnofacies are
distinctly absent from the ichnofossil assemblage. In addition, mudstone interbeds are barren
of benthic or planktonic microfauna. Micropaleontological analysis did, however, reveal

common small coalified wood fragments within the dark gray mudstone of Lithofacies 4.

The high mud content and common glauconite in Lithofacies 4 indicate that low-
energy conditions prevailed during deposition. However, rhythmically bedded siltstone and
sandstone also indicates that energy conditions regularly fluctuated in the study area.
Moreover, common reactivation surfaces suggest that flow directions or mechanisms
regularly changed in the basin. Although rhythmic bedding and reactivation surfaces are not
indicative of any particular depositional environment (Reineck and Singh, 1980), they are
common in tidal deposits. The cross-stratification in the sandstone interbeds is unidirectional

and therefore, may have been caused by tidal currents. More significantly, however, is the
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Figure 2.8 Lithofacies 4. Interstratified mudstone, siltstone, and sandstone.

Figure 2.8a) Typical lenticular bedded strata in the ribbon sandstone characterized by
interbeds of wavy laminated siltstone and discontinuous, small scale cross-
stratified fine sandstone (narrow arrow). Note crenulated synaeresis crack
(thick arrow) and low diversity trace fossil assemblage composed of common

small Planolites (Pl) and less common Teichnichnus (Te). Well 6-2-4-7w4
(890 m depth).
Figure 2.8b) Non-typical strongly bioturbated lenticular bedded strata. Despite the

abundance of trace fossils, the diversity remains low. Cylindrichnus: Cy;
inclined Arenicolites: Ar; and Planolites: Pl. Well 6-12-6-6w4 (1023.5 m
depth).

Figure 2.8c) Detailed cross-section of small scale cross-stratified fine sandstone.
Note the decrease in the angle of dip of the stratification toward the right,
suggesting that current strengths were variable. These bedforms are
interpreted to have been formed by combined flows wifh a weak oscillatory

component and a variable-speed tidal component. Well 7-6-4-7w4 (855.5 m
depth).






systematic change in angle of dip of the stratification, which indicates that bedform migration
was influenced by variable-speed unidirectional currents. Incipient current ripples are
characterized by low-angled cross-stratification, but as flow speed increases and the bedform
builds towards its equilibrium morphology, the foreset angle progressively increase in dip.
As current speeds wane, however, foreset laminae progressively decrease in angle of dip.
The consistent change in angle of dip, therefore, likely resulted from increasing then
decreasing tidal current speed during a half tidal cycle. Also, the common occurrence of
systematically inclined Arenicolites burrows in sandstone interbeds is suggestive of tidally
influenced sedimentation. Polychaete worms that inhabit tidal environments commonly

incline their U-shaped burrows as a strategy to rid their burrows of fecal material (M.

Gingras, pers. comm., 1998).

Origin of Tidal Currents in the Study Area

During deposition of the ribbon sandstone, the study area was located in a strait that
connected the Alberta Trough with the Williston Basin to the east (Fig. 2.2); the strait most
likely formed because of reactivated uplift of the Sweetgrass Arch. Straits are commonly
characterized by amplified tidal currents as tidal waves are funneled through a
physiographically narrower area (Howarth, 1982). Although tidal curreants in straits are
commonly strong and capable of significant erosion or forming large scale bedforms (dunes),
(e.g. Keller et al., 1963; Kranck, 1972; Davies et al., 1992; Anastas et al., 1997; Ikehara,
1998), owing to differences in strait physiography, including width, length, depth and
coastline morphology, and/or or characteristics of the local tide wave (combined effect of the
progressive and standing tide waves), local tidal currents can also be much weaker and
highly complex. In the case of the Swift, tidal currents, althou gh amplified, are interpreted to
have always remained weak and only reached velocities near the critical threshold for very
fine sand. Furthermore, the typical short length (<5 cm) of individual sets suggests that
during a half tidal cycle, tidal currents were amplified to threshold velocity for only a short

period of time. The small amount of tidal amplification is probably because of the broadness
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of the strait, which may have been as much as 300 km during the Late Oxfordian (Imlay,

1980, fig. 10).

Despite the interpreted significance of tides, tidal rhythmites were not observed,
which, in turn, suggests that bed-load transport was not controlled entirely by tidal currents.
The common wavy basal contacts and lateral pinching and swelling of set thickness are
characteristics more indicative of oscillatory conditions related to surface-gravity waves,
which is likely related to storms. However, high-energy wave-formed sedimentary
structures, like HCS, which are observed in strata of the shale member, are notably absent in
the ribbon sandstone. These observations, therefore, suggest that wave energy, like tidal
current energy, was also generally low, most probably because long-period, high-energy
surface-gravity waves could not be formed in this part of the Swift basin, which was narrow
and ~shallow, and/or extrabasinal waves (and wave energy) were extensively attenuated as
they were propagated through the strait. Accordingly, in the absence of the other flow
component, neither the tidal nor the oscillatory flow could independently initiate and
maintain bed-load transport. Instead a combined-flow regime with a combined unidirectional
(tidal current) and oscillatory (wave) flow component was necessary in order to initiate bed-
load transport and permit small-scale bed forms to grow on the sea floor. Most cross-
stratification in Lithofacies 4, therefore, is interpreted to have been formed by low-energy

combined-flow ripples (cf. Arnott and Southard 1990) whose migration alternated with

periods of suspension mud deposition.

Evidence for a Brackish Water Setting
Lithofacies 4 is characterized by an atypical ichnofossil assemblage. Ordinarily,
under open marine conditions, interstratified sandstone and mudstone are thoroughly

reworked by benthic fauna and hence, physical sedimentary structures, are rarely preserved

(Hunter et al., 1979; Howard et al., 1981). In Lithofacies 4, however, physical sedimentary
structures are well preserved and bioturbation is characterized by a low diversity, generally
low abundance ichnofossil assemblage dominated by small, simple, horizontal and vertical

burrows. The admixture of trace fossils common to both the Cruziana and Skolithos

86



ichnofacies, combined with their small size, low diversity, and generally low abundance are
suggestive of an ecologically stressed environment, commonly related to brackish water
conditions (Ekdale et al., 1984; Frey et al., 1985; Wightman et al., 1987; Beynon et al.,
1988). Additionally, common synaeresis cracks in mudstone beds may also suggest that
salinity fluctuations were prevalent in the study area. Although the origin of these
subaqueous shrinkage cracks is presently equivocal (Tanner, 1998), synaeresis cracks are
commonly abundant in strata interpreted to have been deposited in tidally influenced
brackish water settings (Wightman et al., 1987; Beynon et al., 1988). In addition, mudstone
interbeds are barren of microfauna, which further suggests that water in the study area was
brackish. Foraminifera that inhabit brackish waters are typically agglutinated and owing to
post-depositional (post-morten) disaggregation, have low preservation potential (Owen
Dixon, pers. comm., 1998). Despite their poor preservation potential however, brackish-
water tolerant microfaunal assemblages have been documented in strata equivalent to the
ribbon sandstone further to the east in Saskatchewan (Brooke and Braun, 1972). Brackish
water conditions can also be inferred based on the local climatic conditions during the
Oxfordian, which were probably warm and rainy (Imlay, 1980). Abundant precipitation
would have resulted in significant fresh water input by rivers that bordered the low-energy
strait, which in turn would have considerably reduced the salinity of the strait and
consequently, its faunal and floral content. Also, the abundance of small coalified wood
fragments observed in mudstone interbeds suggests a landmass nearby. Carbonaceous
material was probably flushed into the strait by rivers discharging from highlands to the north
(craton) and south (Belt Island Trend). Owing to the general low abuﬁdance of sandstone in
ribbon sandstone, much of the bed-load flux was probably maintained in marginal marine
settings. Suspended sediment, which at times consisted of sediment up to fine sand, would
have formed buoyant effluent plumes that transported sediment some distance offshore

where it later became reworked and redistributed by basinal processes (see below).

Lithofacies 5 — Small-Scale Cross-Stratified Sandstone
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Lithofacies 5 consists of small-scale trough cross-stratified fine to medium sandstone
with common mud drapes. It is only locally developed and occurs at several different
stratigraphic horizons within the ribbon sandstone where it forms units up to 8 m thick.

Lithofacies 5 has been further subdivided into two subfacies based on differences in internal

stratification.

Subfacies 5a — Cross-Stratified Sandstone

Subfacies 5a is characterized by approximately 1 cm-thick bed sets with undulating
basal contacts. The sets are up to 20 cm thick and consist mostly of bundled lenses (see De
Raaf et al., 1977) with bimodal internal stratification (Fig. 2.9a). Chevron upbuilding is rare.
Bioturbation is uncommon and consists exclusively of Planolites. Subfacies 5a is generally
gradationally overlain or underlain by Subfacies 5b.

Bundled lenses, chevron upbuilding and the consistent bidirectionality of the cross-
laminae within a single set are characteristic of symmetrical oscillatory ripples, and therefore,
Subfacies 5a is interpreted to have been deposited by purely oscillatory flows. Strata of
Subfacies 5a, however, are uncommon in the ribbon sandstone, and most probably were
deposited during high-energy storms that coincided with periods of negligible tidal current;
these latter conditions occurred during short-duration slack water stage or longer-term neap
tide periods. However, the wave-formed structures in Subfacies 5a suggests that tidal
currents had a negligible effect on bed-load transport, despite their interpreted predominance
in the basin. When storms coincided with slack water stage, subfacies 5a and Sb are

interstratified. If, on the other hand, storms coincided with neap tides, only Subfacies 5a was

deposited.

Subfacies 5b — Herringbone Cross-Stratified Sandstone
Subfacies 5b is characterized by small-scale unidirectional cross-stratified sets with
flat to slightly undulatory basal contacts. Sets are less than 1 cm thick and mud drapes are

preserved locally between them. Cross laminae dip consistently at high angles and in
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Figure 2.9 Lithofacies 5. Small-Scale Cross-Stratified Fine Sandstone

Figure 2.9a) Lithofacies 5a. Cross-stratified sandstone with undulating basal
contacts and bundled lenses interpreted to have been formed by combined
flow currents with both weak oscillatory and tidal components, possibly

during neap tide. Well 6-2-4-7w4 (879 m depth).

Figure 2.9b) Lithofacies Sb. Herringbone cross-stratification. Note the
bidirectionality of individual sets (arrows). Distribution of Lithofacies 5b,
appears to be random and does constitute cyclic bedding. These bedforms are
interpreted to have been formed by combined flows with a dominant

microtidal component, possibly during spring tide. Well 6-2-4-7w4 (881 m
depth).
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contrast to Lithofacies 4, generally do not change along the length of an individual set.
Significantly, cross-stratification in superjacent sets commonly dip in the opposite direction

(Fig. 2.9b). Subfacies 5b is commonly associated with Subfacies 5a and generally,

gradationally overlies it.

The common bidirectionality of cross-stratification indicates that deposition of
Subfacies 5a was influenced significantly by reversing tidal currents. However, because tidal
currents were generally weak in the study area, an increase in tidal current strength alone, for
example during spring tide periods, would likely have been insufficient to develop the
observed herringbone cross-stratification. Moreover, if spring tidal currents were sufficiently
strong to independently create Subfacies 5b, then intuitively these strata should be cyclically,
or at the very least abundantly distributed throughout the Swift succession, which they are
not. Increases in both the tidal and oscillatory components, therefore, were most probably
necessary to generate strata of Subfacies Sb, which in turn necessitated the temporal and
spatial coincidence of spring tide and high-energy storm conditions. Combined flows with a
varying tidal component can form cross-stratification with unidirectional cross-laminae and
undulatory basal contacts. Under these conditions, comparatively high unidirectional flow
speeds (spring tide) and high oscillatory speeds (storm waves) formed the sufficiently
energetic conditions for combined flow ripples to rapidly grow, develop steep slipfaces (high
angle cross-stratification), and migrate preferentially in the direction of net bed shear stress

during half of each tidal cycle (cf. Davies et al., 1988; Duke er al., 1991).

Lithofacies 6 — Quasi-Planar Laminated Sandstone

Lithofacies 6 forms uncommon to rare, sharp-based interbeds in the ribbon sandstone.
It is characterized by planar laminated fire to medium grained sandstone and forms beds that
range from 3 - 15 cm thick. Laminae are generally sub-parallel to the basal contact, although
rare examples of shallow dipping laminae downlapping onto the basal contact were observed
(Fig. 2.10a). Abundant shale rip-up clasts are common at the bottoms of the thicker sets.

Bioturbation was not observed. Generally, Lithofacies 6 is sharply overlain by Lithofacies 5.
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Figure 2.10 High-energy deposits of the ribbon sandstone (Sequence 2)

Figure 2.10a) Lithofacies 6. Rare quasi-planar laminated sandstone formsharp
based, 3 — 15 cm thick interbeds in the ribbon sandstone. Note the shallow
dipping laminae downlapping near the basal contact. Lithofacies 6 is
interpreted to be high-energy combined flow plane beds formed during
storms. Well 8-29-5-6w4 (955 m depth).

Figure 2.10b) Lithofacies 7. Uncommon massive medium sandstone with common
shale rip-up clasts near the basal contact. Note pyritized seam. The origin of

the Lithofacies 7 remains enigmatic. Well 6-23-7-3w4 (1429m depth).
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Planar lamination is formed either by unidirectional or oscillatory upper flow regime
currents. However, as stated previously, high-energy unidirectional or oscillatory conditions
are interpreted to have not existed during deposition of the ribbon sandstone. On the other
hand, Lithofacies 6 was probably formed by high-energy combined flow currents. Combined
flow planar bedding (quasi-planar-lamination) is characterized by subtle, metre-scale
undulation of the “planar’” laminae and is deposited under high-energy combined flow
conditions (Arnott and Southard, 1990; Arnott, 1992). Because the undulation is a large
scale feature, its observation in core is not possible. However, quasi-planar-lamination
commonly exhibits shallow dipping laminae downlapping onto the basal contact, which was
observed in core. Lithofacies 6 is also generally overlain by small-scale cross-stratified
sandstone of Lithofacies 5, suggesting deposition from waning flows. Beds of Lithofacies 6,
therefore, are interpreted to consist of high-energy combined flow plane bed (quasi planar
lamination) deposited during rare, larger than normal storms that formed higher speed,
longer-period oscillatory currents that combined with spring tidal currents (alternatively, high
energy oscillatory currents may have been formed by swell waves generated by major storms

in the Alberta Trough or Williston Basin, but most of this energy would have likely been

attenuated along the length of the strait).

Lithofacies 7 — Massive sandstone

Lithofacies 7 consists of fine to medium massive sandstone (Fig. 2.10b). Beds have
sharp basal contacts and range from 3 to 15 cm thick. Poorly organized shale rip-up clasts
are present locally at the base of thicker beds. Lithofacies 7 is typically associated with other
sandy lithofacies of the ribbon sandstone. The origin of massive beds is poorly understood
and consequently, they are difficult to interpret. Massive beds can form as a result of intense
bioturbation, which thoroughly reworks the sediment into a structureless, massive bed.
However, highly bioturbated beds typically display a distinctive mottled texture, which was
not observed in Lithofacies 7. Furthermore, bioturbation intensity is generally low to absent
in the ribbon sandstone, including high-energy deposits, and as such, Lithofacies 7 is unlikely

the result of intense bioturbation. Alternatively, massive beds can be primary features that
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form when sediments are deposited very rapidly from suspension or from highly
concentrated sediment dispersions, commonly associated with sediment gravity flows
(Boggs, 1987). However, the energy needed to transport medium sand in suspension is
extremely high, and given the overall physical conditions in the depositional basin, such high
energy currents are unlikely to have developed. Some massive beds, however, are not
completely structureless, but have weakly developed structures that can be detected using X-
radiographic or staining techniques (Boggs, 1987). Such techniques were not undertaken
because only one small sample was retrieved from core. Nonetheless, Lithofacies 7 may be
composed of macroscopically invisible medium-scale cross-bedding or planar lamination that

would likely have been deposited during high-energy storms. The origin of Lithofacies 7,

therefore, presently remains enigmatic.

Lithofacies 8 — Altered ribbon sandstone

Lithofacies 8 occurs at the top of the Swift Formation and consists of light-coloured
ribbon sandstone. It invariably overlies gradationally(decimetre scale) or abruptly strata of
Lithofacies 4, 5, or 6 and, in turn is unconformably overlain by continental deposits of the
Basal Quartz (Mannville Group). Lithofacies 8 is areally extensive but varies significantly in
thickness, ranging from O to a few meters thick where it has been completely to partly
removed by Basal Quartz erosion, up to 15 m thick where Basal Quartz erosion is assumed to
have been negligible. At the base of Lithofacies 8 strata are similar to those of Lithofacies 4,
5 or 6 described above, but differ in that mudstone interbeds or drapes are light instead of
dark in colour. These strata are then gradationally overlain by diffusely interstratified
material, most notably in the mudstones, and in its upper part by abundant microscopic

clay/silt argillans and possible rare root traces highlighted by rusty reaction rims.

The altered ribbon sandstone is interpreted to be a paleosol that developed at the
unconformity marking the top of the Swift Formation following withdrawal of the Oxfordian
sea from the study area. Because of the long period of time needed to form well-developed
soils, paleosols are commonly associated with unconformities (Retallack, 1990). In this

study, the sub-Cretaceous unconformity spans a period of approximately 35 My (Gradstein ez
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Figure 2.11 Altered ribbon sandstone

Figure 2.11a) Sharp colour change from dark to light ribbon sandstone. Well 10-36-
5-5w4 (1176 m depth).

Figure 2.11b) The interstratification that characterizes the ribbon sandstone
progressively becomes more difficult to discern and gradually merges into
pedogenically altered, massive-appearing, beige strata. Well 8-29-5-6w4
(~945m depth).






al., 1996) and therefore, represents sufficient time for paleosol development. In southeastern
Alberta, the Swift paleosol consists predominantly of pedogenically altered strata of
Lithofacies 4. Its sharp to gradational lower contact with dark-coloured strata represents the
contact between unaltered, organic-rich bedrock (dark-coloured strata) and the overlying C-
horizon consisting of slightly altered bedrock in which all organic material has been
completely degraded. In turn, the gradational contact between the light coloured ribbon
sandstone and overlying structureless strata represents the contact between the C- and B-
horizon (more altered bedrock) in the soil profile. Other horizons commonly observed in
paleosols (e.g. E and A horizons) are interpreted have been removed by later Early
Cretaceous fluvial erosion. Glaebules, such as sphaerosiderite, which locally are abundant in
strata of Lithofacies 8, have previously been shown to be common in paleosols, but notably
are not exclusive to them (Coleman, 1985S; Retallack, 1990; Morad, 1998). However, other
indicators of pedogenesis were observed in strata of Lithofacies 8 and include rare root traces
and soil structures, such as peds and argillans. Argillans (clay skins) are emplaced by
elluviated silt and mud particles into cracks between soil peds (natural aggregates of soil
material) (Retallack, 1990) and generally accumulate in the Bt horizon of a soil profile.
During burial diagenesis the peds were compacted and formed massive appearing strata.
Slickensides were formed also by the compaction and abrasive interaction of adjacent peds
during burial. In addition to all these processes, extensive pedogenic leaching caused
primary sedimentary structures to become significantly obscured or in many places

obliterated. Details on ribbon sandstone pedogenesis are given in Chapter 3.

Significant also is the marked increase in radioactivity at the base of Lithofacies 8.
(Figure 2.12). Here radioactivity is related to organically bound uranium at the base of the
paleosol -- the origin of this horizon is discussed in detail in Chapter 3. In these strata
uranium is presumed to have been derived from unpreserved thin layers of Lower Cretaceous
volcanic ash. Although Aptian or older Cretaceous bentonites have not been observed in
southern Alberta, volcanic activity was nonetheless widespread during the Early Cretaceous.
Barremian (128 Ma) tuff layers are prominent in the Bighorn Basin in Wyoming (May et al.,

1995) and indicates that volcanic activity occurred between deposition of the Swift
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Figure 2.12 Geophysical well log (well 10-36-5-5w4) showing the abrupt rightward
deflection on the gamma-ray curve, which coincides with the dark and light ribbon
sandstone contact. The source of the deflection is related to organically bound
uranium. Uranium derived from volcanic ash layers was mobilized by ground water

during soil leaching, and reprecipitated along a redox front at the light and dark

ribbon sandstone contact.
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Formation and the overlying Basal Quartz. Volcanic ash emitted from volcanoes located
west and south of the study area could have been easily transported downwind to
southeastern Alberta where they were deposited as thin laminae. Uranium was leached from
the tuff layers at the surface (under oxidizing conditions) and formed highly soluble uranyl
compounds that were transported vertically through the soil profile by downward-percolating
meteoric fluids. At depth, however, reducing conditions caused the uranium to be adsorbed
onto organic material present along the upper surface of Lithofacies 4 strata (this surface, in
fact, represents an ancient redox front). The depth of the redox front, and hence the
stratigraphic position of the radioactive marker horizon was controlled by primary and
secondary permeability heterogeneities within the soil profile (composed of altered (light-
coloured) ribbon sandstone). This, in turn, controlled patterns of groundwater flux and

circulation, and as a consequence, caused the radioactive layer to form at variable depth in

the subaerially exposed Swift succession, even locally.

Geophysical Well Log Character

The Swift Formation is characterized by various well log signatures, some of which
resemble those of the underlying Rierdon Shale and overlying Basal Quartz. Consequently,
strata of the ribbon sandstone have commonly been misinterpreted. A discussion of

geophysical well log attributes is therefore deemed necessary.

The shale member typically exhibits the well log character of a shale. It is
distinguished by its high gamma count, high neutron porosity (related to bound water), low
resistivities (~ 4 ohms) and a spontaneous potential curve that typically defines the shale line.
Locally, the SP deflects to the left, which coincides with the occurrence of hummocky-cross-
stratified sandstone strata (Lithofacies 3) (e.g. 3-2-4-6w4) (Fig. 2.13a). South of Township
8, the shale member is easily distinguished from the Rierdon Shale, which typically forms a
‘shoulder’ because of relatively lower API values and high resistivity indicative of lime mud.
North of Township 8, however, there is a facies change in the Rierdon Shale, which becomes
more siliciclastic in character, and the well-developed “shoulder” is no longer present. The

increase in siliciclastic content is probably related to the increasing proximity to the land
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(craton) and detrital sediment. As a result, the Rierdon - shale member boundary is more

difficult to determine.

The log signature of the ribbon sandstone, on the other hand, resembles that of a
siltstone, with higher resistivity, lower API values, and lower bulk density and neutron
porosity (Fig. 2.13a-e). Typically, the shale member - ribbon sandstone contact is abrupt and
only in Ranges 1 and 2, south of Township 4 does it appear gradational. The ribbon
sandstone exhibits a number of different log profiles, including upward-unchanging, upward-
fining, and upward- coarsening successions (Fig. 2.13b, ¢, and e). The areal distribution of
these different profiles appears to show no recognizable organization, and all three signatures
can occur within an area of 1 square mile. Also, uncommon “clean” sandstone units (API
<60) are observed at different stratigraphic intervals within the ribbon sandstone. These units
are typically less than 5 metres thick, are laterally discontinuous and have either a sharp basal

contact or grade upward from mudstone to more sandstone-rich strata.

Many logs show an upward-sandier profile in the ribbon sandstone that begins above
the high gamma peak that separates the dark and light ribbon sandstone (Fig. 2.13b, c, and e).
This signature, however, is unreliable because it corresponds to Lithofacies 8, which has
been extensively chemically altered. Exchangeable cations such as radioactive potassium
(K*%) have effectively been leached from strata by hydrolytic reactions and as a result,
gamma counts are typically lower than those in the underlying, unaltered ribbon sandstone
(see section on colour change). Similarly, resistivity values gradually increase and bulk
density and neutron porosity generally decrease stratigraphically upwards from the colour
change. These signatures are related to loss of bound water by chemical alteration and to
argillan infiltration. The apparent upward-cleaning trend in the ribbon sandstone therefore
reflects a change in crystal chemistry instead of an upward decrease in mud content. Ribbon
sandstone is overlain by the Basal Quartz Formation, which consists of fluvial sandstones
exhibiting a well log character consistent with a “clean” sandstone: low API values, a
leftward deflection on the spontaneous potential curve and high resistivities (Fig. 2.13b).
Locally however, many of these sandstones have been extensively pedogenically altered and,

because of the abundance of grain-rimming clay cutans (clay skins) there is a systematic
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Figure 2.13 Geophysical log illustrating various log character of the Swift Formation.
a) Thick shale member with interbeds of HCS (note the abrupt decrease in gamma
counts and increase in resistivity in underlying Rierdon); b) sharp contact between
the shale member and the ribbon sandstone marked by decreases in gamma counts
and increase in resistivity; strata of the ribbon sandstone are characterized by various
stacking patterns including c) upward-coarsening (less mud), d) upward-fining
(getting muddier), and e) aggrading; f) many logs show an upward-coarsening profile

above the deflection on the gamma curve.
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lowering of the gamma counts, which, in turn causes it to be similar to the log profile in the
underlying ribbon sandstone (Fig. 2.13e). Nonetheless, Basal Quartz strata can usually be
distinguished from the ribbon sandstone on the resistivity curve and the contact between the
two generally lies at the inflection point between increasing and then decreasing resistivity.
Elsewhere, Mannville strata also have well log signatures similar to the ribbon sandstone, but
can be distinguished from it by its higher neutron porosities, bulk densities and lower

resistivity associated with Cretaceous paleosols or pedogenically altered continental deposits

(Fig. 2.13c¢).
Lateral Facies Relationships

Three-dimensional facies relationships were examined by using a series of north-

south and east-west oriented cross-sections, isopach maps, and slice maps.

Choice of Datum

The choice of an appropriate stratigraphic datum is important because it forms the
basis for accurate and meaningful correlations. Choosing a suitable datum in this study,
however, was problematical because regionally extensive correlatable marker beds, such as
basin-wide marine flooding surfaces unrelated to unconformities, are absent in both the Swift
and the overlying lower part of the Mannville Group. In addition, the Ostracode zone, which
is a commonly used stratigraphic horizon throughout much of southern Alberta, is absent in
the study area. Furthermore, the top of the Mannville, which represen'ts a basin-wide
transgressive surface, is an unreliable stratigraphic datum because of the significant
variability in the thickness of the Mannville succession. Mannville strata within the study
area, thins to the north by approximately 40 metres over a distance of about 100 kilometres
(Fig. 2.14a). This thinning is interpreted to be related to the development of a subsiding half-
graben (Medicine Hat Block), hinged to the north along the Precambrian Vulcan Low (Fig.
2.14b). Asymmetrical subsidence is interpreted to have been caused by reactivation of the
Proterozoic Great Falls Tectonic Zone in northern Montana related to the ongoing Columbian

Orogeny. Although subsidence likely commenced during the Late Jurassic, rates were likely
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Figure 2.14 Rierdon to Mannville isopach map and Precambrian basement terranes and

structures in southeastern Alberta

Figure 2.14a) Isopach map of combined Rierdon, Swift and Mannville strata
illustrating a northward thinning of the strata by ~40 metres. A combined
stratal thickness was chosen to avoid complications related to thickness

variations caused by deep Lower Cretaceous fluvial incision.

Figure 2.14b) Precambrian terranes in the subsurface of Alberta, northeast British
Columbia, and northern Montana. The study area overlies the Medicine Hat
Block, which is interpreted to have formed a subsiding half-graben hinged to
the north along the Vulcan Low during the Late Jurassic to Early Cretaceous.
Based on isopach maps, subsidence rates were highest in the early Early

Cretaceous (modified from Ross et al., 1991).
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highest in the Early Cretaceous because significant depositional thickness variations were
observed only for the Lower Cretaceous Mannville Group succession. Therefore, the top of
the Mannville is a poor choice of datum to correlate Swift strata. Another alternative is the
top of the Rierdon Formation. Although this surface is marked by a major unconformity that
spans approximately 5 Ga. (Gradstein et al., 1996), thickness of the Rierdon succession
varies little throughout the study area, and regional mapping shows surface topography to be

negligible (Fig. 2.15). The top of the Rierdon Formation, therefore, has been chosen as the

stratigraphic datum in this study.

Sequence 1 — Shale Member

Sequence 1 consists of the shale member. It comprises three and possibly four
upward-coarsening parasequences, each averaging approximately 4 metres thick. On
geophysical well logs, marine flooding surfaces that bound the parasequences are locally
difficult to identify because the coarsest facies in the shale member (Lithofacies 3) does not
systematically correspond to the uppermost part of the parasequence. Furthermore, these
beds tend not to be areally extensive. Parasequences generally stack in a subtle upward-
fining trend, forming a retrograding parasequence set, and suggest a long-term deepening of
the marine basin. Within the study area, Sequence | varies from O to 30 metres thick, with
strata most thickly preserved in the southeast (Fig. 2.16; Z-Z’). It generally thins to the west
as it onlaps the Sweetgrass Arch, suggesting that the arch was a positive topographical
feature during the Late Jurassic. A slight thinning toward the north is-also observed, and may
be related to asymmetrical subsidence of the Precambrian Medicine Hat Block toward the
south, which lasted at least until the end of Mannville time. Alternatively, the thinning may
be an artefact of the misidentification of the top of the Rierdon Formation. In this area (north
of Township 8) the diagnostic “Rierdon shoulder” is no longer recognizable and because no
cores are available in this part of the study area, differentiating siliciclastic Rierdon shale
from Swift shale on geophysical well logs alone is problematical (Fig. 2.16, line Z-Z).
Nevertheless, in spite of these complications, thinning of the shale member is most probably

real for two reasons. Firstly, between townships 1 and 7, where the Rierdon shoulder is well
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Figure 2.15 Isopach map depicting minor thickness variations in the Rierdon Formation.
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Figure 2.16 West to east and north-south cross-sections illustrating variable stacking patterns
in the ribbon sandstone (i.e. prograding, retrograding and aggrading). These laterally
discontinuous stratal successions formed because of spatial and temporal variations in
sediment deposition and related built-up and temporary maintenance of low-energy

combined-flow sand banks. Line of section is shown in Figure 1.

Note that the Rierdon shale south of Township 8 (line Z - Z’) forms a
‘shoulder’ because of relatively lower API values indicative of lime mud. North of
Township 8, however, there is a facies change in the Rierdon shale, which becomes
more siliciclastic in character, and the well development ‘shoulder’ is no longer

present. Here, discerning Rierdon shale from the shale member is more difficult.

Also, note that strata in the central uplift of the impact crater (14-32-8-4w4;
line C — C’) appear to be compacted and opposed to being uplifted. Compare to
Figure 2.6, which clearly illustrates the uplifted structure by using the top of the

Mannville Group as a datum. The choice of datum, therefore must be done carefully

by keeping in mind the specific objectives.
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developed, a minor (5 m) northward thinning of shale member strata is observed; and
secondly, thickness of the Rierdon Formation north of Township 8 reported from this study is
similar to thicknesses previously reported to the east in southwestern Saskatchewan
(Christopher, 1974).

The upper surface of the shale member shows a highly irregular paleotopography
typified by a network of narrow (~ 1.5 km) interconnected meandering scours that are up to

15 metres deep. The nature and origin of these scours is discussed next.

Evidence for Oxfordian Channel Incision

The upper surface of the shale member is characterized by multiple, deep, narrow,
elongated, sinuous, northeast-southwest trending scours (Fig. 2.17). These scours trend
approximately normal to the east-west trending Oxfordian strait (Fig. 2.2). Scours of this
scale are formed by a limited number of processes including: 1) erosion in an open marine
setting, 2) erosion along transgressive shorefaces, and 3) fluvial erosion in a subaerial
environment (Walker and Plint, 1992). In an open marine setting, erosion usually occurs
during storms, but typically is only local and no more than a few metres deep. Conversely,
erosion related to transgressive shorefaces commonly form deep scours. These scours,
termed stillstand incisions, form during periods of reduced rate of relative sea level rise, and
have a distinctive asymmetrical profile (parallel to depositional dip), and typically subparallel
the regional shoreline trend (Walker and Plint; 1992). Other possible causes for deep scours
include submarine erosion related to strong tidal currents (Huthnance, 1982; Berné et al.,
1998) and erosion by channelized tidal currents such as tidal inlets. Although tidal currents
are interpreted to have been important during deposition of the overlying ribbon sandstone, it
remains unlikely that tidal activity eroded these scours for two reasons. Firstly, tidal currents
generally create relatively straight and elongate scours and secondly, deep tidal scours are
generated by high-velocity currents. However, strati graphic evidence of high—energy tidal
current erosion or deposition is lacking in Swift strata in this study or in the literature from
adjacent areas. The relatively narrow width, long length, multiple number and overall

meandering and interconnected nature of the scours are all characteristics consistent

113




Figure 2.17 Isopach map of the shale member showing highly irregular paleotopography.
Note the multiple, deep (< 15 m), narrow, elongated, sinuous, northeast-southwest

trending scours. Scours are interpreted to have resulted from the incision of subaerial

fluvial channels.
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with incision by subaerial fluvial systems. It is therefore interpreted that deposition of the

shale member was terminated by a fall of relative sea level that exposed these strata to fluvial

erosion.

Sequence 2 — Ribbon Sandstone

Sequence 2 consists of the ribbon sandstone. It unconformably overlies Sequence 1,
and in turn is unconformably overlain by the Basal Quartz and other continental deposits of
the Mannville Group. Sequence 2 varies considerably in thickness in the study area (Fig.
2.18). Some of this variability is related to the significant paleotopography along the top of
Sequence 1 (see discussion above), however, much of it is related to post-depositional
erosion created by Aptian fluvial channel (Basal Quartz). An extreme example of this is the
Whitlash Valley (Fig. 2.16) where channels have eroded most of the Jurassic succession and
locally, incise Mississippian carbonates. In the highland area to the east of the Whitlash
Valley, channel incision is less extreme, but nonetheless has removed some, and in some
places, all Swift strata. In these areas, therefore, it is difficult to determine the original

geometry of Sequence 2 and, in order to do so, data points with thick Basal Quartz sandstone
were disregarded.

Lowstand deposits that ideally would overly the sequence boundary are notably
absent in the ribbon sandstone. Instead, only a thin, coarse-grained lag (Lithofacies 1) was
observed in core, at the base of Sequence 2. The lack of lowstand deposits in southeastern
Alberta is attributed to their erosional reworking and removal during the subsequent
transgression. The coarse transgressive lag is then overlain by a comparatively thick
succession of ribbon sandstone.

Stratal patterns in Sequence 2 vary significantly in character, even locally, and
include upward-coarsening, upward-fining, and aggrading successions. Individual stratal
packages are generally less than 10 metres thick and significantly, cannot be correlated for
more than several kilometres in any direction (Fig. 2.16 and Appendix 4}. Similarly, less

common sandstone-rich facies (reservoir facies) (Lithofacies 5, 6 and 7), which are
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Figure 2.18 Present-day distribution and thickness of the ribbon sandstone showing
considerable thickness variation. Some of the variability is related to the significant
paleotopography along the top of the shale member; however, much of it is related to
post-depositional erosion created by Aptian channel incision (Basal Quartz).
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Figure 2.19 Residual isopach map of the ribbon sandstone in which data points with thick
Basal Quartz sandstone were disregarded. The remaining data suggest that strata of
the ribbon sandstone initially infilled topographic lows incised into the top of the

shale member, and subsequently formed a uniformly thick sheet-like deposit across

the study area.
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developed at stratigraphic positions that relate closely to the kind of stratal package in which
they occur, are also only locally correlatable. Marine successions that are characterized by
upward-changes in grain size or mud content are commonly interpreted to be parasequences
(Van Wagoner et al., 1990). Parasequences form under shoaling depositional conditions and
are bounded above and below by marine flooding surfaces related to “abrupt” rises of relative
sea level, which were not observed for the stratal packages in the ribbon sandstone. Stratal
sacking patterns also show variability, and although they are dominantly aggradational, less
common retrogradational and progradational stacking patterns were also observed (Fig.
2.13c-e). As pointed out by Posamentier and Allen (1993), different stacking patterns form
from differences in the interplay between custacy, subsidence, sediment supply, and basin
physiography. The synchronous development of different kinds of stratal packages (see
above) and stacking patterns in the ribbon sandstone suggests that they are unrelated to
changes of relative sea level, or related accommodation space. Sediment flux can also be the
primary control of stratal architecture. Church and Gawthorpe (1997) documented a wide
range of coeval stacking patterns within the same systems tract in strata of the Late Numerian
of northern England and attributed this variability to changes in sediment supply related to
varying sediment transport pathways. In strata of the ribbon sandstone, however, stratal
packages and stacking patterns are unlikely to have been formed as a result of varying
sediment transport pathways because bed-load transport was controlled by low-energy
combined flows with a significant, albeit weak unidirectional component related to
microtidal currents, which would have been equally distributed within the strait. Their
development, instead, is interpreted to be the result of the spatial and éemporal variability in
patterns of sediment deposition and related formation and lateral migration of positive

topographical elements on the sea bed, termed (subtidal) sand banks (see next).

Because stratal architecture of the Swift Formation is largely unrelated to changes of
relative sea level, stratigraphic techniques, like sequence stratigraphy, provide little aid in
stratal correlation. Alternatively, slice techniques proved useful in delineating the lateral and
vertical (spatial and temporal) distribution of sandstone-rich lithofacies. Slice maps with a

five-metre sampling interval proved to be the most effective, and identified a large number of
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variably shaped, discontinuous small pods of sandstone, or sand banks, that diminish in
number and size stratigraphically upwards (Fig. 2.20 and Appendix 5). Where well
developed, banks are up to 8 m thick and of the order of 25 km?* (Fig 2.20a). Those that
formed early during Sequence 2, and are found within the first 15 metres above the Rierdon
Formation (the datum), have a moderate length:width ratio because their lateral development
was confined by north-east trending lowstand channels (Fig. 2.20b). However, once these
channels were infilled by ribbon sandstone sediment, developing sand banks could migrate
both laterally and longitudinally and, as a result, sand banks that formed during late Sequence
2 time (15 to 30 meters above the Rierdon Formation) have a low length:width ratio (Fig.
2.20c). Itis important note that these interpreted sand bank morphologies are based mostly
on geophysical log interpretation. Because of the abundance of mudstone throughout the
entire Swift succession, even in the sandstone-rich horizons, the profile of some geophysical
logs have been profoundly affected, especially the gamma-ray log. As aconsequence
gamma-ray values in sandstone-rich horizons (locally ground-truthed with core) are generally
>45 API units. In contrast interbank deposits have only sli ghtly higher API values, generally
taken to be >75 API, which makes differentiating interbank from bank strata on geophysical
logs difficult, which in turn can profoundly affect the interpreted shape of the sand bank
buildup. Sand banks within the ribbon sandstone show no discernible preferred spatial
distribution across the study area other than the early lateral confinement within lowstand
channels. Each bank is interpreted to have become initiated on the sea bed and built upward
and laterally by the preferential deposition of sand-rich strata (lithofacies 3, 6, 7). Atthe
same time mud-rich strata (Lithofacies 4) continued to accumulate in ihe interbank areas, but
at a slower rate. In addition to up-building, sand banks also migrated laterally; the trajectory
of migration was determined by the resultant of local rates of lateral bank migration and bed

- aggradation. Significantly, the shape of ribbon sandstone banks is notably different from
elongated subtidal sand banks, or ridges, observed/interpreted in both the modern and the
ancient parts of the wave- and tide-dominated marine environments. This difference is
interpreted to reflect the markedly different physical regime under which the Swift banks

existed: a bed-load sediment starved, low-energy combined-flow regime. Under these
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conditions the preferential direction of bed-load sediment transport and subsequent
deposition was determined by the relative strength of the variable speed, but directionally
consistent, low-energy tidal currents and the wind-generated oscillatory currents, which most
probably varied more widely in both speed and direction (at times the oscillatory current may
have been oriented at a very high-angle to the tidal current). As a result, sand bank
depositional history, and consequent morphology, was governed principally by deposition of

bed-load sediment during short-term sedimentation events that were not always directionally

consistent, for instance when the oscillatory component dominated.

Depositional History

The Oxfordian Swift Formation in southeastern Alberta comprises two
unconformably bounded sequences. The shale member was unconformably deposited over
the Bathonian Rierdon Formation during the fourth of five Jurassic marine transgressions
over the Western Interior of North America. The contact between the two units is not only
characterized by a marked difference in lithologies from calcareous, fossiliferous shales to
clastic shales but also by a thin basal chert-pebble/belemnite conglomerate (Cobban, 1945;
Brenner and Davies; 1974; Hayes, 1983) interpreted to be an areally extensive transgressive
lag. The shale member comprises up to four parasequences that show a subtle upward-fining
stacking pattern, which were deposited in overall deepening, fully marine conditions. Within
this basin, high-energy, long period waves were periodically developed and deposited
hummocky-cross-stratified siltstone. The basin was therefore not physically nor chemically
restricted during this time as opposed to during Sequence 2 time. Sequence | is interpreted
to be composed entirely of sediments deposited during the transgressive system tract, firstly,
because it is composed of a retrogradational parasequence set, which is characteristic of the
transgressive systems tract and secondly, because 2 maximum flooding surface that forms the
base of the highstand was not observed in strata of Sequence 1. Maximum flooding surfaces
are commonly marked by condensed sections and can be recognized on geophysical logs as a
marker bed or in core as thin, highly fossiliferous, phosphatic and glauconitic strata (Cant,

1992; Amorosi, 1995). These attributes, however, were not observed in the shale member.
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Deposition of Sequence 1 was terminated during the late transgressive systems tract
by a fall of relative sea level that exposed these strata to fluvial erosion. The mechanisms
responsible for this change are unknown, but are most probably related to renewed tectonic
activity and vertical uplift along the Sweetgrass Arch. During the subsequent lowstand,
multiple, northeast-southwest trending meandering channels incised into Sequence 1 as they
flowed toward the new paleoshoreline. The exact location of the lowstand shoreline,
however, is unknown, either because it lies beyond the study area, was eroded by wave
ravinement processes during the following rise in relative sea level, or eroded by Lower
Cretaceous channel incision. In the depositional model proposed by Brenner and Davies
(1974), channelized sandstones with conglomeratic bases were documented to have incised
into strata equivalent to the shale member landward of the depocenter, near the Belt Island
Trend in southwestern Montana. During lowstand, these channels would also have incised
into the shale member as they made their way to a new paleoshoreline somewhere in the
northeast. Imlay (1980) also documented a regression during the Early Middle Oxfordian,
which was followed by a fifth Jurassic marine transgression that is recorded by a limy,
locally oolitic ripple-marked sandstone in southern Wyoming (Windy Hill Sandstone
Member of the Sundance Formation). It is proposed here that the unconformity observed in
Wyoming can be traced northward into southeastern Alberta at the top of the shale member
and that the Windy Hill Sandstone is the lateral equivalent of the ribbon sandstone. Despite
the presence of lowstand channels, lowstand deposits were not observed in core and, even
though they may be preserved, they most probably are rare. Wave ravinement processes are
interpreted to have thoroughly reworked both lowstand deposits and the underlying shale

member, leaving only a lag consisting of few scattered chert pebbles. At the same time, the
channels were most probably widened.

With transgression came significant changes in physical and chemical conditions in
the study area. These changes are related to modifications in basin configuration and the
development of a strait, which likely formed as a result of vertical tectonic movement along

the Sweetgrass Arch. Within this newly configured basin, long-period oscillatory waves no

longer developed, and combined flows, with a weuk but significant tidal current component
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and a low-energy oscillatory component related to storm waves, became the principal
mechanism for sediment transport. Furthermore, brackish waters prevailed as a result of
abundant freshwater discharge into the strait from rivers in nearby highlands to the south
(Belt Island trend) and north (craton). It is important to note that during deposition of
Sequence 2, the basin in the study area was mud dominated and starved of sand-size
sediment, sedimentation rates were low, and thick and areally extensive sand-rich deposits
did not accumulate. Small, irregular-shaped sand banks were deposited locally as a result of
spatial and temporal variations in patterns of sediment deposition and lateral migration of the
banks. The net result of the spatial variability in sand deposition is the formation of a
number of different stratal patterns (upward-coarsening, -fining, -aggrading), even locally.
These discrete stratal patterns are notoriously laterally discontinuous, and furthermore stack
vertically to form equally variable stratal assemblages that consist of aggrading, prograding
or retrograding stacking patterns, again, even locally. Because of variable stacking patterns,
the absence of biostratigraphic markers in the ribbon sandstone, and post-Oxfordian erosion
and chemical alteration (pedogenesis), the assignment of systems tracts to Sequence 2 is
difficult. Despite these complications, the ribbon sandstone in the study area appears to be
dominated by transgressive deposits because they 1) overlie an unconformity 2) are
dominantly aggradational and do not show overall progradation that is typical of highstand
deposits and 3) sand content appears to diminish stratigraphically upwards, suggesting
overall deepening conditions, although this may be partially a function of Lower Cretaceous
erosion. The absence of highstand deposits may be attributed to a forced regression brought
on by renewed tectonic uplift in the study area, and/or to post-depositfonal erosion or

pedogenic alteration of highstand deposits or simply because highstand deposits did not

. develop because of lower sediment flux.

Diagenetic History
Following the withdrawal of the Oxfordian Sea, a soil profile developed in strata of

the Swift Formation, which modified their original chemistry and texture. As a consequence

the geophysical log signatures in the altered ribbon sandstone are not reliable for correlation
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purposes. Within the Swift profile, only the Bt and C horizons are preserved. The absence
of organic material indicates that the Jurassic soil was mildly oxidizing and the abundant
illuviation cutans (clay skins) that occur in the Bt horizon suggest that it was also seasonably
dry. Thin volcanic ash layers are interpreted to have been deposited above Swift paleosols
during the Barremian. They were subsequently chemically altered, during which time their
uranium content was leached and mobilized by downward percolating meteoric waters.
Upon encountering organic material in the dark mudstone of the unaltered ribbon sandstone,
the uranium was adsorbed by the dead organic matter, forming a marker horizon on the
gamma ray log. This horizon, however, only indicates an ancient redox front and depth of

pedogenic alteration and, as opposed to hot shales, is without chronostratigraphic

significance.

Conclusions

The Swift Formation is characterized by two unconformably bounded sequences.
Sequence 1 consists of the shale member and was deposited in a low energy environment
where high-energy, long-period oscillatory waves readily developed during storms and
deposited hummocky cross-beds. The shale member consists of a retrogradational

parasequence set deposited during transgression. The shale member, in turn, is

unconformably overlain by Sequence 2, which consists of the ribbon sandstone. The contact
is characterized by deep scours (< 15 metres) and is overlain by a thin, matrix-supported
chert-pebble conglomerate interpreted to be a regionally extensive transgressive lag.
Lowstand deposits were not observed in core but may be due to the lack of core in this
interval. Locally, lowstand deposits may be preserved but are nevertheless rare. During
transgression, erosion by waves thoroughly reworked both lowstand and underlying shale
member strata, and resulted in the widening of lowstand channels. The ribbon sandstone is
interpreted to consist mostly of mud-dominated transgressive deposits emplaced in a
physically and chemically restricted strait that connected the Alberta Trough and the
Williston Basin. The strait likely developed as a result of renewed uplift along the

Sweetgrass Arch. Long-period oscillatory waves did not develop in this area and brackish
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waters prevailed. Bed-load sediment, which consisted mostly of fine and very fine sand, was
transported principally by combined flows composed of a low speed tidal current and a low
energy oscillatory component related to storms. Although tidal currents were probably
amplified as they were funneled through the wide strait, they were still beneath the threshold
velocity for even very fine sand. Only with the input of an oscillatory flow component, albeit
at no time strong, did bed-load transport occur. Differential deposition of bed-load sediment
formed and temporarily maintained many small, irregularly shaped sand banks in the study
area. Consequently, sandier facies are laterally discontinuous and individual stratal packages
vary in character (i-e. aggrading, prograding or retrograding). The stratal architecture,
therefore, did not form in response to changes of relative sea level but instead to spatial and

temporal variations in the patterns of deposition of sand-rich strata and the resultant local

rates of lateral bank migration and bed aggradation.
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Chapter 3

Nature and origin of an areally extensive ra dioactive marker horizon

in the Swift Formation, southea:stern Alberta

Introduction
Radioactive layers in a stratigraphic succession forrn easily identifiable marker
horizons. In many cases these horizons coincide with important bounding surfaces, and

where areally extensive form a useful stratigraphic reference horizon, or datum. For
example, radioactive shales, commonly termed hot shales, are thin hemipelagic or pelagic
sediments that accumulated very slowly on the shelf. These sediments form condensed
sections, and commonly are interpreted to be associated with regional marine transgression;
their tops mark the maximum flooding surface and the top of the transgressive systems tract
(Loutit et al., 1988). Other studies, however, have suggeste=d that not all condensed sections
form in deep water nor do they coincide with the maximum flooding surface (Leckie et al.,
1990). Nevertheless, irrespective of origin, condensed secti-ons form during episodes of

rising relative sea level and form readily recognizable horizons commonly used as

stratigraphic data.

Radioactive marker horizons have also been shown to coincide with unconformities.
During lowstand (fall of relative sea level), channels incise own-dip and transport heavy
accessory minerals basinward. Some of these minerals are radioactive (e.g. zircons,
uraninite) and form placers near the base of the channel fill. Even though this type of marker
bed is typically not laterally extensive it nonetheless highlights the uncomformity, especially

where the incised valley is infilled by transgressive lower-shoreface strata or marine

mudstone.

This chapter provides a detailed description and interpretation of a radioactive
horizon in the subsurface Upper Jurassic Swift Formation in southeastern Alberta (Fig. 3.1).

The origin of this horizon, however, is interpreted to be unrelated to changes of relative sea
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Figure 3.1. Map illustrating the location of the study area in southeastern Alberta and location
of samples for the geochemical analyses: A (10-36-5-5w4) and B (6-19-3-9w4).
Small dots indicate ingiividual wells used in the study, also the line of cross-section
(A-A’) illustrated in Figure 4 is shown. The study area is bounded to the west by the
Saskatchewan-Alberta border, the south by the Canada-U.S. border, the west by the
deeply incised Lower Cretaceous Whitlash paleovalley, and to the north by Township

10.
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level, condensed sections, or erosional unconformities, but instead to pedogenic processes
during subaerial exposure. Furthermore, this pedogenic horizon formed at variable depth

beneath the paleoland surface, even locally, and therefore would represent an unsuitable

datum for stratigraphic correlation.

Geological Setting and Local Stratigraphy of the Swift Formation

In southeastern Alberta, the subsurface Upper Jurassic (Oxfordian) Swift Formation is
the youngest formation of the Jurassic Ellis Group. It unconformably overlies Bathonian
calcareous to mixed carbonate-siliciclastic mudstone of the Rierdon Formation (Christopher,
1974) and in turn, is unconformably overlain by Lower Cretaceous fluvial sandstone and
floodplain mudstone of the Basal Quartz (Lower Mannville Group) (Fig. 3.2). The Swift was
deposited in the ancestral intracratonic Williston Basin and records the transition from a
passive continental margin to a foreland basin during the early stages of the Columbian-
Nevadan Orogeny (Leckie and Smith, 1992). Tectonic thickening and related lithospheric
flexure formed a narrow, northwest-southeast elongated foreland basin, a portion of which is
termed the Alberta Trough. During the Late Jurassic, southward transgressing marine
conditions inundated the trough, and eventually flooded parts of the Williston Basin by way
of an east-west-trending strait that had breached the crest of the Sweetgrass Arch (Imlay,

1980) -- the study area occurs in the north-central part of the strait.

The study area is located in southeastern Alberta, east of the Whitlash paleovalley
(Cretaceous) and comprises the area between Townships 1 to 10 and from Ranges 1 to 10 W4
(Fig. 3.1). In this area the Swift Formation is interpreted to consist of two unconformably
bounded sequences (for details see Chapter 2). The shale member is characterized by a thin
basal pebble layer, overlain by black, organic-rich shale with minor interbeds of hummocky
cross-stratified siltstone. Trace fossils form a deep shelf assemblage dominated by
Helminthopsis in mudstone strata and Planolites in siltstone. The shale member is then
unconformably overlain by the ribbon sandstone, a microtidally influenced, bed-load-
sediment starved, mudstone-dominated succession. Trace fossils include an assemblage of

small Planolites, Teichichnus, Cylindrichnus, Chondrites, Skolithos and inclined Arenicolites
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Figure 3.2. Stratigraphic nomenclature of Jurassic and Lower Cretaceous strata in
southeastern Alberta. Although the Upper Jurassic Morrison Formation
unconformably overlies the Swift Formation in some parts of southeastern Alberta, it
is absent in the study area. Instead, Swift strata are unconformably overlain by

sandstone and mudstone of the Lower Cretaceous Basal Quartz Formation (modified

from Leckie and Smith, 1992).



'¢'°b & Southern Alberta
QP K Plains
g .5
3 oo g --+Second white specks-4
=]
]
z --E R S, Fish scales------ ]
=h S
land F
% @ \Bow Is ang A
3 | UpperMannville
Q .-‘1'::, — Glauconite ss.
5 Z | §__Ostracode Mbr.
= Els
o y Basal Quartz Fm.
Q] = % AV We e
= g
m
S
]
<
-
24 .2
— % o
5 :
- Qo
-]
=
= | [Swenrn g
§ —

135




burrows. Both laterally and vertically, the ribbon sandstone consists of stacked, several-
meter-thick stratal units that coarsen upward, fine upward, or remain unchanged upward.
This lateral and vertical variability is interpreted to be have been controlled by spatial and
temporal variations in bed-load sediment depositions that resulted in the initiation, build-up,
and lateral migration of irregular shaped, low-energy combined flow sand banks. Also of
note in the ribbon sandstone is the common occurrence of a single thin (< 2 m) interval
characterized by anomalously high gamma-ray counts (as detected on gamma-ray geophysical
logs). This interval, which occurs generally in the upper part of the succession, coincides

also with a distinctive change from dark-colored ribbon sandstone to bleached white ribbon

sandstone, and it is this interval that is the focus of this chapter.

The top of the Swift Formation is marked by an unconformity that represents a hiatus
of approximately 35 my (Gradstein and Ogg, 1996). During this time strata of the Swift were
subaerially exposed and profoundly altered (see below). Later, during the Aptian (Early
Cretaceous), significant erosion by stream downcutting and valley incision occurred (Hayes,
1983) and éxtensively eroded exposed Swift strata. The present-day distribution of the Swift

Formation, therefore, consists only of an erosional topography preserved in Early Cretaceous

highland areas.

Methodology

Samples for geochemical analysis were collected across the high gamma-ray interval
and from only two wells. X-ray fluorescence was performed on 14 samples collected from a
4 metre interval spanning the color change horizon in the New Jordan et al. well (10-36-5-
5w4) in the Manyberries area (Fig. 3.1). This well was selected because the log ‘gamma
kick’ is well developed and core was easily calibrated to the geophysical well log signature.
Crushed bulk rock samples were heated at 100°C for approximately 12 hours to remove any
unbound water. Samples were subsequently combusted at 500° C to remove all organic
matter before being analysed using XRF. Remaining fresh samples were analyzed for
organic matter content by elemental analysis. Samples were first crushed and then reacted

with 10% hydrochloric acid at 80°C for 2 hours to eliminate inorganic carbon present
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principally as calcite cement and sphaerosiderite. Samples were subsequently analysed in a
NC 2500 elemental analyser. Carbon isotopes values were obtained from sphaerosiderite
sampled from the ribbon sandstone in the 10-36-5-5w4 (1170 to 1177 m) well and the 6-19-
3-9w4 (845 m) well (Fig. 3.1). Samples were crushed and reacted with phosphoric acid for 2

hours at 50° C, after which gases were evacuated, to eliminate CO?2 produced from dissolved
calcite or dolomite. Reactions were continued for 36 hours at 50° C and gases were

subsequently collected and analysed for carbon isotopes.

Stratigraphic Position of the Radioactive Marker Bed

The radioactive marker horizon in the Swift Formation occurs throughout most of
southeastern Alberta except where eroded by younger deeply incised Lower Cretaceous
channel fills. Characterized by an abrupt rightward deflection on the gamma ray log, it
occurs generally within the upper half of the ribbon sandstone (Fig. 3.3B). The deflection
extends over a thin stratigraphic interval, commonly less than 2 metres thick, and has variable
intensity, ranging from slightly higher than background ribbon sandstone (~100 API) to
anomalously high gamma counts of up to 225 API units. This deflection is not observed in
all wells, but does occur in over 75% of the ~450 wells in which ribbon sandstone is present
(a total of 600 wells were used in the study, but Cretaceous channel incision has completely
eroded ribbon sandstone in ~150 wells). Above the marker horizon, the gamma ray curve
commonly shows a gradual decrease in API, suggesting the occurrence of an upward-sandier
(less mudstone) trend (Fig. 3.3B). However, upward changes in mud content or sediment
grain size were not observed in core (Fig. 3.3C), and the trend is interpreted to be the result
of post-depositional alteration (see below). The gamma kick coincides also with an abrupt to
gradual upward change in color from dark to light mudstone interlaminae (Fig. 3.3A). As
suggested earlier by Hayes (1983), the color change is related to a change in the abundance of
organic matter from high in dark mudstone to absent in light mudstone. For example, in the
course of a standard microfossil analysis, which were found to be absent in Swift strata, small
dark resinous wood fragments were observed to be common in dark mudstone but absent in

light-colored mudstone (C. Henderson, pers. comm., 1996). Interestingly, measured weight
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loss following combustion was similar for dark- and light-colored mudstones (average 5.8%),
despite the supposed greater abundance of organic carbon content in dark colored mudstone.
This apparent inconsistency is most probably because of high weight loss in light-colored
mudstone related to the dehydration of clay minerals and partial combustion of carbonate
minerals, both of which are common in these strata. In order to accurately determine the
presence or absence of organic material in light- and dark-colored strata, therefore, samples
were analyzed by an elemental analyser. These data show that organic carbon content is
approximately an order of magnitude higher in dark- compared to light-colored mudstone
(average 2% and 0.25%, respectively) (Fig. 3.3E). Note that because the instrument’s
precision for measuring CO; is + 0.3%, organic carbon values in the light ribbon sandstone

may be as high as 0.6%, but are more probably closer to 0%.

As mentioned above, Hayes (1983) suggested that the color change was related to an
upward decrease in organic content. This, in turn, was interpreted to be related to changes in
the chemistry of the Oxfordian sea from a non-oxidizing environment where organic material
was preserved, to more-oxidizing conditions during deposition of the light-colored ribbon
sandstone. However, changes in physical or biogenic sedimentary structures, suggestive of
changes in physical and ecological conditions, were not observed across the color change.
Moreover, the color change occurs at different stratigraphic levels throughout the study area
(Fig. 3.4), suggesting that it is unrelated to changes in depositional conditions.
Stratigraphically upwards from the color change, the interstratification that typifies the light
ribbon sandstone becomes progressively more difficult to discern and gradually merges into
massive-appearing, beige strata in which primary sedimentary structures are no longer
distinguishable (Figs. 3.3A,C). These uppermost, massive strata are generally less than 2

metres thick and contain common small (< 1 mm) sphaerosiderite nodules.

Evidence for Pedogenic Alteration

The origin of the radioactive horizon and the overlying succession of light ribbon
sandstone are interpreted to be the result of post-depositional pedogenic alteration and related

leaching processes. Fossil soils, or paleosols, are relatively common in the geologic record
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and their tops commonly coincide with unconformities (Retallack, 1990). However not all
unconformity surfaces are underlain by paleosols. In many cases, the paleosol has been
eroded completely by later fluvial or wave/tide ravinement processes. In addition, paleosols
are not always easy to recognize. During burial, paleosols can be modified significantly by
groundwater flowing through a porous overburden (Pavich and Obermeier, 1985), which in
turn commonly results in significant alteration and mineralization in the underlying soil layer
(Retallack, 1983) and, as a consequence, many diagnostic soil features, such as soil horizons
and soil structures become masked. As discussed earlier, the top of the ribbon sandstone,
which in the study area marks the top of the Swift Formation, represents a major
unconformity surface and a hiatus of approximately 35 my. It would seem reasonable,
therefore, that a well developed paleosol would have formed across the top of the Swift
Formation. However, because of extensive Lower Cretaceous fluvial erosion, evidence of
pedogenesis has been locally removed. Moreover, distinguishing between Lower Cretaceous
and Swift paleosols is generally difficult, although Lower Cretaceous paleosols are generally

coarser grained, and darker because of more abundant macroscopic coalified material.

Rootlets are notably absent from the ribbon sandstone, although rare, equivocal root
traces were observed in the beige “massive” strata in the uppermost part of the succession.
Furthermore, well developed, soil horizons were not recognized in core. Stratigraphically
downwards an idealized soil profile consists of 1) a surficial rooted, organic-rich A horizon,
2) bleached, organic- and clay-poor E horizon, 3) a B horizon that is either dark in color
because of organic or clay enrichment or light in color because of intense weathering, 4)
carbonate-rich K horizon, and 5) the lowermost C horizon, consisting of mildly oxidized,
slightly more weathered rock than unaltered bedrock (Retallack, 1990). In the case of the
Swift, only the B and C horizons of the paleosol profile are interpreted to be present. The A
horizon was not preserved, most probably because of Early Cretaceous erosion. Evidence of
a B-horizon, on the other hand, is suggested by abundant microscopic laminated argillans
present in the uppermost part of the ribbon sandstone (Fig. 3.3D). Argillans, or clay skins,
form by elluviation of fine-grained sediment, principally silt and/or mud, into cracks between

soil peds (Retallack, 1990). Generally, this occurs in the clayey B horizon (Bt horizon) of a
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soil profile, and can be up to 2 m thick (Retallack, 1990). The beige, massive-appearing
strata in the upper part of the ribbon sandstone, therefore, is interpreted to represent the
preserved Bt-horizon of an ancient soil profile. The massive appearance most likely
developed because of compaction during burial. Similarly, locally developed slickensides
probably formed by the abrasive interaction of adjacent soil peds during burial. The
discernible interstratified light ribbon sandstone gradationally underlies the Bt horizon. Like
the Bt horizon, it too lacks organic material, which indicates mild oxidation and is interpreted

to represent the soil C horizon. The C horizon, in turn, is underlain by unaltered dark ribbon

sandstone.

In core the light and dark ribbon sandstone contact is generally sharp but locally is
gradational over less than 20 cm. In addition, the contact occurs at different stratigraphic
horizons, suggesting that pedogenic alteration reached different stratigraphic depths in the
study area (Fig. 3.4). Variable depth of pedogenic alteration is related to primary and
secondary permeability heterogeneities within the ribbon sandstone, which controlled local
patterns of groundwater flux and circulation. For example, in areas where more permeable
sandstone-rich strata occur near the top of the Swift Formation, the color change occurs
stratigraphically lower in the Swift succession. The color change, and associated deflection
of the gamma ray curve, is the result of post-depositional processes, and therefore has no
chronostratigraphic significance. Accordingly, these changes are not related to primary
physio-chemical changes during deposition of the Swift. Significant also is the fact that
geophysical well log signatures in the several meter-thick unit above the gamma kick, in
particular the gamma ray curve, are an unreliable indication of lithology. On gamma-ray
logs, an upward decrease in gamma counts is generally interpreted to indicate an upward-
increase in sand content (upward coarsening). In the case of the Swift, however, lower
gamma counts in highly altered Swift strata are not related to a change in lithology but rather

because exchangeable cations, principally radioactive potassium (K4°), have been extensivel
g p pally p Y

leached and removed from the succession (Fig. 3.3E).

144



Geochemical Analysis

Uranium and Thorium Distribution

X-ray fluorescence was used to identify the elemental source causing the high
radioactivity (API values) within the marker horizon. Five possible sources were considered:
potassium (K*%), which is generally present in clay minerals and potassium feldspars,
thorium, detrital uranium, or authigenic uranium. Results show that uranium occurs in
concentrations up to 30 ppm at the marker horizon and then decreases rapidly to < 1 ppm
both stratigraphically upwards and downwards (Fig. 3.3E). Thorium content, on the other
hand, is relatively constant and averages ~10 ppm. Similarly, potassium remains constant at
the marker horizon and averages ~1.4%. Because thorium is insoluble in water, and remains
stable during diagenesis, any thorium present is considered to be of detrital origin.
Furthermore, previous workers have suggested that, at the time of deposition, the ratio of
detrital thorium to uranium is constant (Myers and Wignall, 1987; Leckie ef al., 1990). -
Variations in this ratio, therefore, are taken to be related to post-depositional changes in
uranium content. In the case of the Swift Formation, authigenic uranium is interpreted to be
the source of the radioactivity at the marker horizon. Under oxidizing conditions, uranium
forms highly soluble uranyl compounds that are commonly mobilized by leaching processes
(Langmuir, 1978; Galloway, 1978; Guilbert and Park, 1986). In reducing conditions
however, uranium precipitates as uraninite (UO,) or carnotite (K, (UO,), (VO,),) or is sorbed
onto organic material. In strata of the Swift, uranium could have been derived from two
possible sources: 1) thin, unpreserved layers of Lower Cretaceous volcanic ash, and/or 2) was
present originally in the mudstone interbeds. Aptian or older Lower Cretaceous volcanic
deposits are absent in southern Alberta but Barremian (128 Ma) tuff layers are prominent to
the south in the Bighorn Basin in Wyoming (May et al., 1995). It is therefore reasonable to
assume that volcanic ash was transported downwind into southeastern Alberta where some
was deposited as thin layers. Alternatively, the uranium may have been present in the
mudstone interbeds and subsequently was mobilized and concentrated at the redox front
between the light and dark ribbon sandstone. However, in spite of the limited data set, results

from XRF analysis indicate that uranium was most probably all authigenic. Uranium

145



concentration quickly diminishes to <1 ppm below the marker horizon, and suggests that
background uranium content in unaltered ribbon sandstone is negligible. Uranium, therefore,
is interpreted to have been leached from Lower Cretaceous volcanic ash layers and
subsequently was mobilized by oxidizing, meteoric waters. Groundwater percolated slowly
downward through Swift strata until it reached a redox front at the light - dark ribbon
sandstone contact. Here uranium was reduced and sorbed onto organic matter, forming
organo-uraniferous mineraloids. With time, the redox front most probably migrated slowly
downward. As aresult, previously formed organo-uraniferous mineraloids became oxidized
and organic matter was decomposed. Uranium was then remobilized and transported to the
underlying redox front, where it was immediately reprecipitated. This process would have

continued progressively until strata were buried below the zone affected by meteoric water.

Authigenic Iron Minerals

In addition to changes in uranium content across the color boundary, there is also a
change in authigenic iron mineral composition. Different iron minerals are associated with
the different colored mudstone interbeds in the ribbon sandstone. Disseminated authigenic
pyrite and glauconite are present locally in dark ribbon sandstone but are notably absent in
the light ribbon sandstone. Thin section analyses indicate that the principal iron-bearing
mineral in the light ribbon sandstone is siderite, which occurs as sphaerosiderite nodules or as
smaller-sized disseminated siderite, and generally increases in size (0.25 mm to 1mm) and
abundance stratigraphically-upward. Glauconite is a Fe(III)-rich silicate mineral that
commonly forms from the alteration of fecal matter at the sediment-water interface in marine
environments with low sedimentation rates. Below this interface oxygen is generally absent
and pyrite commonly precipitates, aided by the activity of sulfate-reducing bacteria (Berner,
1985). Therefore, despite their differences in oxidation state, both glauconite and pyrite
likely formed at or near the sea floor and originally were most probably present throughout
the entire Swift succession. The absence of glauconite and disseminated pyrite, and the
presence of siderite in light ribbon sandstone strata are the result of post-depositional

chemical alteration and iron recycling. During subaerial exposure glauconite was chemicaily
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altered, releasing ferric iron into solution. Despite being a ferric iron clay mineral, and
therefore already in its oxidized state, glauconite can be further altered when exposed to
aggressive fluids. Sufficiently aggressive fluids are interpreted to have been present in the
soil profile because of the ubiquitous occurrence of tripolitic chert (Ieached chert), which is
significantly more abundant in altered Swift (light ribbon sandstone) strata. At the same time
that glauconite was being altered, pyrite, which was exposed to oxygen and oxygenated

water, also was being chemically altered. As a result, pyrite was oxidized, which released

sulfate and ferrous iron ions into solution:

FeS; + 7/2 O, + H,O --> Fe** +2 SO, + 2 H* (1)

Subsequently, Fe?* was oxidized to Fe3*:
2 Fe® + 1/2 0, + 2 H -> 2 Fe** + H,0 )

During this period of chemical alteration, organic material was being decomposed by
microbial action. Oxygen concentrations within the groundwater or soil profile, however,
were highly variable and oxygen was periodically completely consumed by bacteria.
Respiring microorganisms also increased the local soil pCO,. As aresult, ferrous iron was

likely repeatedly oxidized to ferric iron and then reduced again to ferrous iron. Ferrous iron

subsequently reacted with CO;%~ and precipitated siderite:

CO; + H,0 --> H,CO;5 3)
H,CO;s;--> HCO5 + H* 4)
HCO® --> H* + CO;* 3)
CO;%+ Fe?* --> FeCO; (6)

Locally, however, where small amounts of sulfate ions were present, ferrous iron

reprecipitated principally as discontinuous rings of pyrite around siderite concretions (Fig.

3.4D):
Fe?* +2 SO4> + 2 H" --> FeS, + 7/2 O, + H,0 (7)
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This interpretation is based also on changes in siderite observed within the profile,
which generally increases in size and abundance stratigraphically upwards. Because siderite
precipitates in reducing, anoxic, non-sulfidic conditions (Krumbein and Garrels, 1952;
Berner, 1981), its presence in the pedogenically altered sandstone indicates that oxygen was
at times completely consumed prior to precipitation of siderite. Importantly, XRF data
indicate that iron content increases by about 3% stratigraphically upwards from the color
change (Fig. 3.3E). This observation suggests that iron was not derived exclusively from
pyrite and glauconite in the Swift succession. Ferrous iron (Fe®*) is readily mobile in
solution and intuitively, an external source also likely contributed to total iron content in the
light ribbon sandstone.

Four siderite samples were analyzed for carbon isotopes in order to determine the
early diagenetic conditions in the Swift paleosol profile (Fig. 3.3E). However, because of the
small number of samples, these data should be treated with caution. Marine plankton
generally has 8'3C values of about —20 o/oo, whereas atmospheric CO, is about —7 o/oo
(Drever, 1997). Carbon isotope analyses for siderite in the Swift show that both
sphaerosiderite and disseminated siderite are depleted in §'*C although sphaerosiderite,
which generally occurs higher stratigraphically, is less depleted (Fig. 3.3E). In addition, there
appears to be a gradual decrease in §'C value stratigraphically downward from
approximately —8 %o (sphaerosiderite) to -23 %y (disseminated siderite), which corresponds
closely to the §'*C value of marine plankton. This decrease is probably related to the input of
isotopically lighter atmospheric CO, in the upper part of the light ribbon sandstone.
Downward, the influence of atmospheric CO, gradually weakened until the carbon isotope

signature resembled that of the original marine organic matter.

Analogue Model: Uranium Roll-front Deposits

The different authigenic minerals present in the ribbon sandstone form a vertical

stratigraphic succession that upward consists of pyrite and glauconite, uraniferous
mineraloids, and siderite. Interestingly, this vertical succession is similar to the horizontal

mineralized zones in uranium roll-front deposits described from Wyoming (Guilbert and
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Park, 1986), although the latter is much larger in scale. In the Wyoming example uranium
roll-front deposits occur in permeable channel sandstones that are underlain and overlain by
impermeable strata. They typically are crescent- or S-shaped in cross-section and are
gencrally less than 20 m thick but can extend laterally for several tens of meters along the
upper and lower limbs of the deposit. The ore is interpreted to occur along a redox front.
Here, migrating, uranium-bearing, oxidizing fluids encounter a regionally reduced host,
commonly because of the presence of organic matter. The uranium is then precipitated as
uraninite or is sorbed onto the organic material. Roll-front deposits are further characterized
by mineralized zones that consist of a hematite- and magnetite-rich core at the trailing edge
of the orebody (concave side), followed in the downflow direction by an alteration envelope
with siderite and goethite, the uranium orebody, and then an ore-stage pyrite zone at the
leading edge of the roll-front deposit (convex side) (Fig. 3.5). This zonation is interpreted to
be related to geochemical gradients (from oxidizing to reducing conditions) in the direction
of the flow system within the aquifer (Galloway, 1978). Similar geochemical gradients are
interpreted to have controlled the distribution of secondary minerals in pedogenically-altered
Swift strata. In this case, a siderite-rich horizon passes downward to the uranium layer,

which marks the redox front, and then farther downward to locally pyritic unaltered dark

ribbon sandstone.

Discussion

The radioactive horizon in the ribbon sandstone forms a regionally extensive marker
horizon in southeastern Alberta that is interpreted to be related to post-depositional pedogenic
alteration and mineralization. These changes occurred in two stages, which significantly

modified the primary mineralogy and texture of the ribbon sandstone (Fig. 3.6).

Stage one consisted of pedogenic alteration. Following withdrawal of the Oxfordian
sea from the study area, Swift strata became subaerially exposed and formed a soil in the
upper part of the succession. Because of extensive pedogenesis, primary sedimentary
structures were destroyed. Abundant clay coatings (argillans) indicate elluvial deposition in

the Bt horizon of the developing paleosol. Also, oxidizing conditions, related to atmospheric
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Figure 6. Schematic diagram illustrating the two stage, eaxly diagenetic history of the Swift
Formation. Stage one began with early diagenetic precipitation of glauconite on the
Oxfordian seafloor and pyrite under reducing condlitions in the underlying sediment.
Later subaerial exposure causes these minerals to be altered and sphaerosiderite to be
precipitated. Stage two consisted of uranium mine-ralization during late pedogenesis.
Uranium, derived from unpreserved volcanic ash layers was leached, mobilized and
sorbed onto organic material at the redox front. With time, the redox front migrated
farther downward, causing uranium to be dissolved and reprecipitated

stratigraphically lower. Eventually the redox front stabilized — its topography

preserved by the mineralized uranium layer.



Stage 2

redox front
—_—
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oxygen in pores and dissolved in meteoric waters, aided oxygen-respiring microbes to
decompose dead organic matter. Alteration of chemically unstable minerals such as feldspars
and clay minerals, plus the oxidation of authigenic pyrite, and the chemical weathering of
glauconite occurred in this pedogenically altered horizon. Carbon dioxide concentrations
were locally elevated, mostly as the by-product of bacterial respiration. At the same time,
oxygen was regularly depleted, and at times eliminated by respiring microbes. The
combination of high pCO; and anaerobic conditions, combined with the presence of ferrous
iron in solution created the conditions necessary for the precipitation of sphaerosiderite. The
observed upward increase in the size of siderite nodules is coincident with an increase in the
amount of time for crystal growth. Also, some sphaerosiderite nodules contain discontinuous
concentric layers of pyrite, which suggests that geochemical conditions (Eh and pH) within
the soil profile commonly fluctuated (Fig. 3.3D).

Stage two was an episode of uranium mineralization. Thin volcanic ash layers were
probably deposited during the Barremian. Uranium was leached from these deposits and
mobilized downward by meteoric water. Upon reaching the reducing environment at the top
of the unaltered, organic-rich dark ribbon sandstone, uranium was sorbed onto the organic
matter. With time, the redox front likely migrated slowly downward as organic material at
the top of the dark ribbon sandstone was progressively oxidized. At the same time, uranium
was being continuously remobilized and then reprecipitated stratigraphically lower until the
redox front was buried beneath the influence of atmospheric oxygen. The variable depth of
pedogenic alteration in the study area is most likely related to local differences in
groundwater flux through the Swift succession, which in turn was controlled by primary
(depositional) and secondary (pedogenic alteration) permeability heterogeneities. As a result,

the marker horizon that separates the dark and light ribbon sandstone has no

chronostratigraphic significance but only marks an ancient redox front and the depth of

pedogenic alteration.
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Significance of Recognizing Pedogenic Alteration

Recognizing the effects of pedogenesis is important because it has a significant
impact on stratal mineralogy and texture. Because of mineralogical and textural changes,
geophysical well log profiles of pedogenically altered successions are no longer indicative of
primary depositional features, and therefore, are generally unreliable for correlation purposes.
For example, above the radioactive marker horizon in the Swift, the gamma ray curve is
typically characterized by API values that gradually decrease stratigraphically upwards.
Because sandstone-rich horizons are present locally at this stratigraphic horizon, this
signature could easily be mistaken for an overall upward-sandier trend indicative of upward-
shoaling depositional conditions. However, as shown earlier, this “upward sandier” trend
formed as a result of secondary pedogenic alteration and the preferential removal of large
exchangeable ions like radioactive K*° from the soil profile (Fig. 3.3E). This, in turn,
reduced the API value but had no effect on the (primary) sand:mud ratio, which remained
unchanged. In addition, the underlying marker horizon could also be misinterpreted as a
significant bounding surface such as a maximum flooding surface or, alternatively, an
unconformity marking a change in physio-chemical conditions within the depositional basin.
However, this surface represents an ancient redox front that formed at variable depth within a

soil profile, and therefore, does not approximate a horizontal surface, nor represent a surface

with stratigraphic significance.

Summary
Radioactive marker horizons in mud-dominated successions generally make useful
and reliable stratigraphic data, because commonly they correspond with maximum flooding
surfaces. In this study, however, the readily recognizable radioactive horizon in the Swift
Formation is interpreted to be the result of post-depositional alteration. Following
withdrawal of the Oxfordian sea, the top of the Swift Formation was subaerially exposed for
approximately 35 my, during which time significant pedogenic alteration took place. A soil
profile developed, of which only the lowermost Bt (altered ribbon sandstone) and C horizons
(light ribbon sandstone), and unaltered bedrock (dark ribbon sandstone) are locally preserved.
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Pedogenic alteration penetrated to variable depth in the study area because of heterogeneities
related to primary permeability differences within the ribbon sandstone. Iron recycling was a
prominent process in the soil profile. Iron, derived in part from oxidized authigenic pyrite
and chemically altered glauconite, was reprecipitated as siderite in altered ribbon sandstone

because of high pCO, created by bacterial respiration and atmospheric input.

During late pedogenesis, uranium was leached from unpreserved (Barremian?)
volcanic ash deposits and subsequently mobilized by slow, downward-migrating meteoric
groundwater. Upon encountering a redox front at the top of the underlying unaltered, more
organic-rich dark ribbon sandstone, uranium was sorbed onto organic matter within the
mudstone and formed organo-uraniferous mineraloids. This suggests that the radioactive
marker horizon within the Swift Formation does not correspond to a significant (primary)
stratigraphic discontinuity, but instead to a horizon of post-depositional pedogenic alteration.
In addition, because of its variable stratigraphic position, this horizon does not approximate a
horizontal surface, and therefore would represent an unreliable stratigraphic datum.
Furthermore, geophysical well log signatures above the marker horizon are unreliable
because they represent mineralogically altered strata. This is particularly true for the gamma
ray log, which commonly shows an “upward-sandier” trend, which generally would be
interpreted to represent upward-coarsening related to upward shoaling depositional

conditions. In fact, this trend is the result of post-depositional leaching and removal of K*°

ions causing a concomitant reduction of gamma-ray counts.
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Chapter 4
Conclusions

The Oxfordian Swift Formation in southeastern Alberta is composed of two
unconformably bounded sequences: the shale member and the ribbon sandstone. Each
member is characterized predominantly by fine grained sediment and small-scale physical
sedimentary structures. Large scale sedimentary structures and medium sand are rare. The
contact between the Rierdon Formation and the shale member is characterized by a marked
difference in lithologies from fossiliferous calcareous shale to siliciclastic shale. A thin
chert-pebble conglomerate was locally observed at the base of the member and is interpreted
to be an areally extensive transgressive lag. The shale member comprises up to four
parasequences that form a retrogradational parasequence set, suggestive of a long-term
deepening of fully marine conditions. Within this basin, high-energy, long period waves
readily developed and deposited hummocky-cross-stratified siltstone. The basin was
therefore not physically or chemically restricted during this time. Deposition of Sequence 1
was terminated during the late transgressive systems tract by a fall of relative sea level that
exposed these strata to fluvial erosion. The cause(s) for this abrupt fall in relative sea level is

unknown, but may be related to renewed tectonic activity and uplift of the Sweetgrass Arch.

During the following lowstand (base of Sequence 2), multiple northeast-southwest
trending meandering channels incised into the top of Sequence 1 as théy flowed toward a
new paleoshoreline. The location of the lowstand shoreline is unknown, because it either lies
beyond the study area or it was eroded by wave ravinement processes during the following
rise in relative sea level or later, by Lower Cretaceous fluvial systems. Despite the presence
of lowstand channels, however, lowstand deposits were not observed. Wave ravinement
processes during the subsequent rise in relative sea level are interpreted to have thoroughly
reworked both lowstand deposits and the underlying shale member, leaving only a few

scattered chert pebbles in newly widened lowstand channels. Associated also with
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transgression were significant changes in the physical and chemical conditions in the marine
basin within the study area. These changes are related to modifications in basin
configuration and the development of a strait, which likely formed as a result of rejuvenated
uplift of the Sweetgrass Arch, possibly related to the onset of the Columbian-Nevadan
Orogeny. Within this newly configured basin, brackish waters prevailed as a result of
voluminous freshwater discharge from rivers in nearby highlands to the south (Belt Island
trend) and north (craton). In addition, the basin was incapable of developing long-period
oscillatory waves. Instead, sand was principally transported by combined flows with variable
speed, but invariably weak tidal currents and a weak oscillatory component related to storm
waves. During Sequence 2, the basin in the study area was mud dominated and bedload
sediment starved, sedimentation rates were low, and thick and areally extensive sand-rich
deposits did not accumulate. Differential deposition of bed-load sediment formed and
temporarily maintained many small, irregularly shaped sand banks that occur throu ghout the
Swift succession. The depositional history of the sand banks was controlled by the relative
contribution of the wave (oscillatory) versus tidal (unidirectional) flow components on the
combined-flow regime, which in turn controlled the short-term direction of bed-load
sediment transport and subsequent deposition. The net result of the spatial variability in sand
deposition is the formation of a number of different stratal patterns (upward-coarsening, -
fining, -aggrading), and a stratal architecture characterized by the synchronous development

of aggrading, prograding and retrograding stacking patterns, which are completely unrelated
to changes in relative sea level.

In the study area, strata of the ribbon sandstone are marked by a distinctive abrupt to
gradual (decimetre scale) upward change in colour from black to light grey mud
interlaminae, which is commonly marked by a narrow and abrupt rightward deflection of the
gamma ray curve. The colour transition is related to an upward change in the abundance of
organic matter, which is high in the dark ribbon sandstone and absent in the light. Changes
in physical or biogenic sedimentary structures were not observed across the colour boundary,
which suggests that physical and ecological conditions remained constant across the

boundary between deposition of the light and dark ribbon sandstone. Upwards from the
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colour change, the interstratification that typifies the light ribbon sandstone becomes

progressively more difficult to discern and gradually merges into massive-appearing, beige-

coloured strata with abundant siderite nodules.

The origin of the colour change and associated deflection of the gamma curve is
interpreted to be related to a two stage process. Stage one consisted of pedogenic alteration.
Following withdrawal of the Oxfordian sea from the study area, Swift strata became
subaerially exposed and formed a soil in the upper part of the succession. Because of
extensive pedogenesis, abundant elluvial clay coatings (argillans) were deposited in the Bt
horizon of the developing soil and primary sedimentary structures were destroyed. Only the
Bt-and C-horizons of the Swift paleosol profile are preserved and are represented by light
Ribbon Sandstone and ‘massive’ strata, respectively. Also, oxidizing conditions in the soil,
related to atmospheric oxygen in pores and dissolved in meteoric waters aided oxygen-
respiring microbes to decompose organic matter. In addition, chemically unstable minerals
were altered, such as feldspars and clay minerals, authigenic pyrite was oxidized and
glauconite was chemical weathered, supplying abundant ferric iron to local pore waters.
Because carbon dioxide concentrations were locally elevated, mostly as the by-product of
bacterial respiration and, at the same time, oxygen was regularly depleted or eliminated by
respiring microbes, ferric iron in solution was reduced and precipitated as sphaerosiderite

(FeCO3). The observed upward increase in the size of siderite nodules is coincident with an
increase in the amount of time for crystal growth.

Stage two constitutes uranium mineralization. Thin volcanic ash layers were
deposited over the Swift soil, probably during the Barremian. Uranium was leached from
these deposits and mobilized downward by oxidizing meteoric water. Upon reaching the
reducing environment at the top of the unaltered, organic-rich dark Ribbon Sandstone,
uranium was sorbed onto the organic matter. With time, the redox front likely migrated
slowly downward as organic material at the top of the dark Ribbon Sandstone was
progressively oxidized. At the same time, uranium was being continuously remobilized and
then reprecipitated stratigraphically lower until the redox front was buried beneath the

influence of atmospheric oxygen. The variable depth of pedogenic alteration in the study
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area most likely reflects differences in groundwater flux through the Swift succession, which
in turn was controlled by primary (depositional) and secondary (pedogenic alteration)
permeability heterogeneities. As a result, the colour change and associated radioactive
marker horizon in the ribbon sandstone has ne chronostratigraphic significance, nor does it
record significant physico-chemical changes during deposition of the Swift, but only

indicates the depth of pedogenic alteration.
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LEGEND

LITHOLOGY

:2:::] sAND/SANDSTONE sandy silt SHALE/MUDSTONE silty shate

-] SILT/SILTSTONE

CONTACTS

Sharp wwww Scoured ssss5555 Bioturbated

PHYSICAL STRUCTURES
- Quasi-planar lamination

&, - Trough Cross-strat. 2. - Combined-Flow Ripples =X
= - Wavy Parallel Bedding »» - Herringbone Cross-strat. =~ - Hummocky Cross-strat.
~nnr - Convolute Bedding @ - Chaotic Bedding Y - Synaeresis Cracks

It - Slickensides

LITHOLOGIC ACCESSORIES

............ - Sand Lamina ==~= - Shals Lamina eeese - Pebbles/Granules

Sid - Siderite Gt - Glauconitic Kaot - Kaolinitic

Py - Pyrite »wo - RipUpClasts ea=e= - Coal Fragments

tth - Lithoclasts M - -Carbonaceous shale clasts OI1] - -Carbonaceous lamina

ICHNOFOSSILS

4% - Rootlets u - Skolithos o - Planolites

& - Arenicolites 32 - Escape Trace q - Cylindrichnus

- Chondrites 8 - Teichichnus M - Helminthopsis

FOSSILS

~~ - Brachiopods @ - FishScales

<S> - Fish Remains
© - Molluscs (undifferentiated) G}

- Cephalopods

BIOTURBATION
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CMG Black Butte
16-6-1-8w4

Recovered 28 ft

Remarks: dark ribbon sandstone - altered li
Cored Interval 3092 - 3120 ft

ght ribbon sandstone - Basal Quartz sandstone

=
GRAIN SIZE a
]
=
= w
cobble 8 %
ebble
[7] granule & ,_8,_ <2
1 O - L = ° 8 g
m &) T o =
= @ o = &
3. Basal
@ Quartz
3
2]
C-
[ ] horizon
® Common fine sandstone interbeds composed of
& ] starved combined flow ripples (0.2 to 3 cm thick
sets)
] gradational colour change over a 20 cm interval
ribbon
o sandst.. 20 cm transitional zone between Dark Swift and
23 \ Light Switt
common fine to medium grain sandstone
interbeds

sets average 0.8 cm thick but are up to 4 cm thick
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Roan CMG Black Butte

6-7-1-8w4
Remarks: Dark Swift - Light Swift
Cored interval 928 - 935.5 m
recovered 7.5 m
? boxes
[
GRAIN SIZE 2
w
'—
<
= (7}
cobble o %'
pebble = 179} .
n granule os] o z
o8 L [7] o
s I sand 2 o] ul <
I — silt 5 < o s
= ‘ﬁ ﬂhl, l—clay o Q = e
Sharp increase in mud content and thinning of
Eq C- sandtone laminae.
S horizon
Minor sideritization of sandstone interbeds.
- Gradational colour change over a 5 cm interval.
o Minor fine grained sandstone interbeds 0.510 &
&3 cm thick
o ribbon
3 sandst..
<
.8- ~
= Thin interbeds of Lithofacies 5.
[ ] U P, Common fine sandstone interbeds.

178




HB

6-8-1-8w4
Remarks: Wireline core (1°)
Cored interval 3156 - 3208
Boxes 2 -9
=
GRAIN SIZE 2
1}
=
=z %]
———————cobble o ‘%
pebble = & o
@ ———granule a Q o 2
@ [__— sand > % w c
] o T 3] =
= o [$] w o
962+
Basal
L 4 Quartz
9641 Poorly defined interstratification due to
pedogenic alteration.
C- Increase in siderite content
966 horizon
Gradational change in colour and decreass in
968+ bioturbation intensity
1970 ribbon
sandst..
9724 Breaks relatively flat. Possibly
quasi-planar-faminated sandstone.
Hard to teli on 1" core
974
shale
- member
976
" Pirgrirdrdrirariy Rierdon -
_J._.L:.L_-L_-L_.‘._.L_ Shale
e he L e de de e
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McColl Union
5-17-1-8w4

Remarks: Wireline core (1%)
Cored interval 2866 - 3167' ; boxes 16-28
Rierdon Shale- dark ribbon sandstone (retrogradational stacking pattern) -

altered light ribbon sandstone

=
GRAIN SIZE 2
]
—
=
= 1]
cobble (o] %
———————— pebble s 1] "
%) ————————granule a Q o <
] | N — e g f <
m silt o) T Q
= ‘J’j ﬂf }' ’—clay o o = &
1 Basal
Quartz
936+
9384
B-
4 horizon
940+
C- -
horizon Grey and red-brown paleosol with light ribbon
L 9424 sandstone interbeds
Sharp colour change to brownish-red
Coated with drilling mud
-944+
< Greenish-grey mudstone
946+
C-
horizon
. Thickly coated with drilling mud. Details of core
unobservable in most places
9484
Sharp colour change
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——Abrupt decrease in bioturbation intensity

ribbon
sandst..

Ls

ribbon
sandst..

Bedding and physical structures not observed.
Poor core qualiity.

shale
member

—— Slightly greenish-grey
Rierdon
Shale
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9-17-1-8w4

Remarks: Wireline core (1") - good condition
Rierdon - shale member - dark ribbon sandstone - light ribbon sandstone -
paleosol - Basal Quartz - mudstone.
Cored intervals: 2930 - 3018' (11 boxes) - Swift and BQ
3190 - 3264 (8 boxes) - Rierdon Shale

=
GRAIN SIZE 2
]
3
=z (7))
cobble o c_?'
—————— pebble = 8 -
0 granule fs] X
o —l:-— sand 5 o] @ <
T vcmfv silt 6 -‘Z- S:'g 5
=y e e - - =
8924
Greenish grey mudstone
804 Probably Cretaceous floodplain deposits
896+
Basal
898- Quartz
900+
h B- |——Massive appearance
orizon Thoroughly pedogenically altered strata
L9024 Increasingly sideritized
C- Poorly defined interstratification.
[ ] horizon Greyish-white colour and slightly sideritized.
904
Gradational colour change
ribbon
906+ sandst..
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ribbon
sandst..

shale
member

Rierdon
Shale

Low mud content in the form of flasers

Strongly bioturbated

~~—Sharp change in bioturbation intensity

Low mud content in the form of flasers
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Canadian Montana gas
6-29-1-8w4

Remarks: (silty mudstone) - paleososl - Basal Quartz
Cored interval: 3060 - 3088’ - 7 boxes

e
GRAIN SIZE %
i}
[
4
-4 (4]
cobble [e] a‘
pebble Z 7] -
o ——————granule a 8 0 &
w I sand 5 g i =
g vcmfv l_ cs:;!;y 5 5 2 é
L @ = .
Basal
- Quartz

paleosol|——High angle slumps?
Micropaleontology analysis revealed no
microfauna

Uncharacteristic of altered ribbon sandstone

=(~>

Dark grey silty mudstone; unbioturbated and no
sandstone interbeds.

Micropaleontological analyses revealed no
microfauna except for 2 possible fish scales.
Also, possible siltstone-cemented tubular root.
Uncharacteristic of ribbon sandstone.
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N Cont et al.
6-32-1-8w4

Remarks: dark ribbon sandstone - altered light ribbon sandstone - Basal Quartz
Cored interval 915 - 933 m; recovered 18 m
16 boxes - logged boxes 14 to 16

&
GRAIN SIZE g
w
z
2 (7))
cobble Q %
pebble i 73]
- o o (%))
n granule o e . X
e I sand 2 Q i T
i} vemiv silt Q z g &
= cla o o T @
L e -
Basal
§' Quartz
sideritized mustone interbeds
-]
QA
D
C-
horizon
2
o colour change from dark to light coloured
mudstone interbeds
ribbon
o~ sandst..
LS
(-3
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McColl F. Union
16-29-1-9w4

Remarks: Wireline core (1)
dark ribbon sandstone - light ribbon sandstone - Basal Quartz succession with

probable channel abandonment
Cored interval 2900-3074' and 3153-3161"

=
GRAIN SiZE 2
i
z
= (%]
cobble Q a’-
pebble = 1] o
o —————granule o e o <
w — sand o & =
o il E 4 = =
b vemfv sit o 5 2 ]
= L] o o - w =
[ ] paleosol Greenish-grey Cretaceous paleosol
900
Qaa::"z Pedogenically altered with abundant siderite
- = and iron oxides
F902-
poorly defined interstratification with local
L9044 abnd medium grained
channel sandstone interbeds. channel abandonment?
clay plugs?
P pedogenically altered with common iron oxides
906
908
Basal
910+
Quartz pedogenically altered
petrographic analysis reveals absence of
" feidspar and poor sorting
probably Basal Quartz
9124
L C-
horizon
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G )

¢—B—b

ribbon
sandst..

— Gradational decrease in bioturbation intensity

Sandstone laminae are cormmonly sideritized

abrupt increase in mud content

—— Strongly bioturbated
Parallel wavy lamination focally observed.

Sandstone laminae commonly sideritized

Few combined-flow ripples; up to 4 cm thick

cosets
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16 -5-1-10w4

Domtar Mission Knappen

floodplain paleosols

Remarks: Rierdon shale, glauconitic shale member? - thin dark ribbon sandstone - altered
light ribbon sandstone, channel lag overlain by Basal Quartz sandstone and

REMARKS

Dewatering stuctures

Glossifungites surface
Uncomformity

sedimentary structures unrecognizable

™~ Color grades from light grey to green-grey and

beige
Sandstone strata become increasingly more
sideritized.

sharp colour change

14 boxes
Cored interval: 866 - 881m
rec. 15.25 m
=
GRAIN SIZE 2
s
—
=
- (7]
cobble o —a‘
pebble = @
(%) granule a
e sand S o] &8
r silt | g 6
t vc mfv o 5 <
= ) o @ 2 =
° paleosol
e
@©
Basal
o~ Quartz
b o
@©
Basal
L Quartz
< B-
3 horizon
© C-
=1 hori;on
] ribbon
sandst..
[eo]
-B-
Rierdon
§ Shale

Mud dominated with rare siitstone laminae

Sh. M.? |——Highly glauconitic, less so near at contact with

ribbon sandstone
Calcite and pyrite filled fractures
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Altex et al. Sapphire
16-5-2-5w4

Remarks: 3" core
Cored interval 1012 - 1021m; recovered 8.66 m: 6 boxes

Dark Ribbon Sandstone

fad
GRAIN SIZE 7]
i
-
2
4 5]
cobble (e} %
pebble 2 a o
[7) —————granule Q Q o [
e sand (@] i &
& 2 g i <
E vemfy c:ay % 3 = i
[ _
3 o Isolated combined flow ripples and planar
bedded sandstone, ~ 4 cm thick.
10144
10164
ribbon
sandst..
10184
"y
1020+ g Medium grained sandstone contains approx.
hrd 30% black chert
- J Abrupt increase in mudstone content
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Home Scurry Pendor
15-15-2-7w4

Remarks: light ribbon sandstone - paleosol - Basal Quartz
Cored interval: 825.25 - 843.5m; recovered 11.75m
11 boxes of slabbed 4" core

=
GRAIN SIZE 2
w
'—
=
= 7]
cobble (] ;_)'
pebble g 0] ®
w —————————granule oe] Q Qo
w sand L o) 8 [
= I i 2 = = <
] ve mfv sitt o = g &
= gy e e - = <
826~ paleosol Rubbly grey paleosol
) pedogenically aftered medium grained
sandstone
828
8304 Basal
Quartz
8324
834+ Rubbly
paleosol
Green-grey carbonaceous silty mudstone
i ™~ Probable location of the Lower Cretaceous
c- unconformity
836 horizon
838
8404
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Mc Coll Front Union

11-6-2-8w4

Remarks: wireline core (1 )
Rierdon Shale- dark ribbon sandstone - alte

appearing strata - Basal Quartz sandstone

red light ribbonsandstone - massive

Cored interval: 2940 - 3220 ; only recovered 44*

FEET

GRAIN SIZE

cobble
pebble

BIOTURBATION INTENSITY

ICHNOFOSSILS

FACIES

REMARKS

[2942]
[2944]
[2946]
2048
[2950]
[ 29521
[ 2954]
[ 2956
[ 2058
[ 2060
[ 2962
[2964-
[ 2066
2068
[ 29701
[2972]
[2974]
[ 20761
2976
[ 29801
[ 2082]
[2984]
29867
:29885

-2990-]
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Basal
Quartz

horizon

horizon

ribbon
sandst..

Paleosol

= Rubbly brownish-orange paleosol

——— Very poor recovery and thoroughly mud

coated.
From whoat can be observed, strata is

massive appearing - pedogenically altered

——Abrupt increase in mudstone content.

Sharp colour change from dark to light
-\— coloured mudstone interlaminae.

Very rubbly and coated with drilling mud: not
reliable.




GMG Pan Am - Pendant d'Oreille
7-29-2-8w4

Cored interval 2818.5 - 2780 ft; recovered 58.5 ft

Remarks: dark and light ribbon sandstone - "A" sandstone

&
GRAIN SIZE 2
7]
—
<
= 7]
r—'—— cobble o] a:)‘
——————————pebble o 8 o
[7:} —————granule o hd x
w I sand 5 o &8 <
i o z 3] =
= o Q Pr o
(')
- <s 4
@
<
b <t o
@
© Basal
-~ Quartz
@ -
L - Average porosity of 23%
(-]
2
@
[=}
L) 4
@ Lower Cretaceous unconformity
L Mudstone laminas thins stratigraphically upwards
Q e |
L& horizon
@
T Sharp colour change from dark to light coloured
mudstone interbeds.
<r
- L) o
©
L9 ribbon
@© sandst.. Uncommon fine sandstone lamina
T S .
@®
L1 4
-]
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CMG Pan Am Pendor 6-31
6-31-2-8w4

Remarks: light (shoreface sandstone) - BQ
Core 1 2565 - 2582; recovered 17* - 4 boxes Core 2 2582 - 2630;

recovered 44' - 9 boxes

=
GRAIN SIZE 7]
i)
—
£
-4 0
cobble (o] ‘—3'
pebble L 2 »
n [ granule a ¥
o r sand < S g <
T vemfv silt '5 % % 3
= U e = 2 - <
aleosol Core1/box1 is drilling mud
Brown coloured paleosol
Pedogenically altered strata
7884
7904
Basal
Quartz
7924
7944
-7 96+
C-
- horizon
Gradual decrease sand content
Ls
800
4 C-
) horizon . . R
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Gas Exploration Pinhorn #2
14-25-2-10w4

Remarks: Wireline core (1*) . Cores # 62 - 80
Rierdon shale - chert pebble lag- dark ribbon sandstone - light ribbon sandstone

- Basal Quartz sandstone.

E
GRAIN SIZE %
&
—
=
=z 7]
cobble o %
pebble = a o
(%] [ —granule D hd 5} ¥
Elll—s g 2 2 . <
T vemfv silt Q & 3 2 o
= W e = == = o
] Basal
Quartz

——— Common fine sandstone lamina with fair to good

C- oil stains
horizen _\— Flooding surface

Green-gray colouring
Sandstone laminae are slightly sideritized.

Sharp colour change

Rounded black chert granules overlying 35 cm

-\-thick shale member
Rounded biack chert granules at base of thin

shale member.

ribbon s.J
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800+

ryeraon
Shale

Rierdon
Shale
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Shell Bain
12-14-3-5w4

Core 2: 1041.2 - 1052m recovered 9 m
7 boxes of slabbed core

Remarks: dark and light ribbon sandstone - green paleosol - Basal Quartz

=
GRAIN SIZE 2
i)
z
P (/5]
[——————cobble o %
pebble 2 a -
o0 ——————granule o] X
(ut' __I__ sand % ?5 g %
i} vemfv silt 5 % 2 Lsﬁ
= cla o [$] w [oad
L == '
-] }_‘Z:.’:f:f::::::_’:::f@: Basal Pedogenically altered. Tight.
................... 4 Quartz
| R e e ] — Salt and pepper colouring
........ .
""" — Lower Cretaceous unconformity
10444 B- Slight pedogenic alteration overprinting
horizon physical structures
- - -\_ Rubbly greyish palecsol
T Greenish-grey paleosol (basal 15 cm) grading
1046+ into brownish-orange rubbly paleosol.
Sideritized; sedimentary structures are
L - difficult to discern
0 c- , :
horizon Abrupt increase in mud content
10481 = Siderite content increases upwards. Physical
1 —\_structures are more difficult to discern
[ 7 E Appearance of upper fine laminae
4 T T Abrupt colour change from dark to light
- 10501 ribbon coloured mudstone interbeds
J S 0 sandst.. .
> 4 4
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14-31-3-5w4

Cego Bumper Manyberries

16 boxes of 4" core
Logged boxes 13 - 16

Remarks: dark and light ribbon sandstone - Basal Quartz
Cored interval 981.3 - 999.3m; recovered 16.62m

fad
GRAIN SIZe 2
0
=
= 19}
cobble Qo =
pebble iz 8 "
o0 —————— granule o] he x
& r sand % o i %
ilt B = o s
I vcmfv s; Q S < i
= TRRNE N - - - -
L 4 Basal . .
Quartz Porosity varies between 12.5% and 20.5%
L 9964 Scoured basal contact with up to 3 cm relief.
T T C- hori.. Numerous light ribbon sandstonse rip up clasts in
——— basal 12cm
S = { = g ribbon -\ . 8
e sandst.. Sharp colour change but no change in physical
el 00 e i -\— or biogenic sedimentary structures.
o ' Sandstone lamina are commonly sideritized.
[
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16-32-3-5w4

Cego Bumper Manyberries

paleosol

15 boxes of 4" core

Remarks: dark ribbon sandstone - light ribon sandstone - Jurassic paleosol - Cretaceous

Cored interval 1004.5 - 1023.5m; recovered 16.84 m

GRAIN SIZE

—————————cobble
r—-— pebble
[ granule
%
silt
[— clay

BIOTURBATION INTENSITY

METRES

ICHNOFOSSILS

FACIES

REMARKS

N4
LA
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paleosol

B-
horizon

C-
horizon

Mediurn grey rubbly carbonaceous paleosol.

Beige-grey rubbly gritty paleosol.

Thouroughly pedogenically altered. Light grey
colour grading to green-grey.

T\~ Lower Cretaceous unconformity?

— Altered succession. Stratification is
obscured.
Common siderite blebs increasing in size and
_\- abundance stratigraphically upwards

Sharp basal contact.
Increase in mud content.

Commen siderite in basal 2 m.

Sharp basal contact.
Increase in mud content and significant

'\-decrease in bioturbation intensity
Common siderite in top 130 cm.

Most physical sedimentary structures are
destroyed by bioturbation

ribbon
sandst..

Sharp change in colour and increase in
bioturbation intensity




~———Sharp basal contact.
\ Increase in mud content upwards

| Trace fossils are uncharacteristically larger
scals.

Lamina thickness also thicker than usual
{average 4 mm thick)

Common siderite and pyrite in basal 50 em
Rubbly; can't log with confidence
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Trident et Al.
7-34-3-5w4

Remarks: dark ribbon sandstone
Core 1 1045 - 1054 m ; recovered 9m - ? boxes

Core 2 1054 - 1063 m ; recovered 9m - ?boxes

&
GRAIN SIZE 2
V7]
—
Z
Z [75)
cobble (o] =l
pebble k= a
0 [—————granule o e @
1 | T — e 2 & <
o vc mfv sitt 6 % Q =
= e - & &
©
[ <
e
-]
T
e
— Rare sandstone strata > 0.5 cm
(=2
w0y
8-
N
Lo
e
ribbon . N
3 sandst.. Gradual increase in mud content.
=2
- Thoroughly sideritized zone. Brownish grey,
| heavy. :
Corresponds to kick on resistivity log
8 Thickly laminated (2 - 3 em) sandy strata strongly
21 bioturbated
@
w0
8-
o {=——Discontinuous lamina
0
L ~—— Pyritized starved pebbly medium sandstone
Rounded, oblate to spherical black chert pebbles
oy (avg 2 cm)
= Origin unknown ... slumped from Sequence 1
- valley wall?
J Or is underlying strata part of the shale member?
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Canadian Montana Gas Co. Pendor
10-20-3-7w4

Remarks: dark ribbon sandstone - BQ? or Jurassic fluvial sandstone?
Cored interval: 2875 - 2879' - 6 boxes

Slabbed
Difticult to match up core to log

=
GRAIN SIZE 7]
w
—
=
Z %)
cobble o %
pebble Iz 172} 0
——— o
[75) granule 2 hrd o X
& N sand S o it <
= l o o w a
-8784 Basal
Quartz Average Basal Quartz porosity: 20%
L Varies between 14 and 23%
K] .
801 Lower Cretaceous unconformity
. 323322 ) _\ Dark green glauconitic strata in basal 20 cm.
8824 Abrupt increase in mud content.
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Murphy et al. Pakowko
10-28-3-7w4

Remarks: dark ribbon sandstone - Cretaceous mudstone - paleosol - Basal Quartz

Cored interval: 2870 - 2930' - 12 boxes
Logged boxes 7-12; boxes 2-8 have Regional "A" sandstone

&
GRAIN SIZE Q2
a7 ]
—
=
= (7]
cobble (] &
————— pebble g 7] o
o —————granule o Q - X
- O et R = g d <
t vemiv silt (@] 5 g Z
= 1111 l— clay o Q w o«
Basal
8884 Quartz
Lime green paleosol grading into white Regincal
S paleosol A" sandstone
Sharp colour change to brownish-yellow
890 paleosol
Brownish fissile mudstone. Convoluted, totally
L ribbon disrupted
sandst.. Unconformity
892
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Home CMG Pendor
11-4-3-8w4

- rubbly paleosol

Remarks: dark ribbon sandstone - altered light ribbon sandstone - Basal Quartz sandstone

Cored interval 2775 - 2825 m; recovered 44 m - 10 boxes

£
GRAIN SIZE Q
i
~
=
= 72}
cobble ] 5’)
pebble 2 7]
0 —————granule g e 2
b'-:' r s?nd > % _g_ %
o vemfv silt 5 = g &
= 1 r‘ clay o o w «
paleosolf—— Greyish-beige paleosol. Upper 30 cm is rubbly.
] Average porosity 15%. Average permeabilities
848+
" QBasal Dark grey to light grey sandstone.
uartz Variable porosities and permeabilites (10.1 -
-850+ 23.7% and 1 to 210 mD)
-‘Light ribbon sandstone rip-up clasts
-852- 8- Unconformity
horizon
Greyish-green broken-up paleosol.
F Minor carbonaceous material and slickensides
854 C-
horizon
856+ a
ribbon
[ sandst..
8584 a
Q L7
tribbon s J—— Physical sedimentary structure locally

obscured by abundant bioturbation
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HB Pendant d'Oreille
10-8-3-8w4 .

Remarks: dark ribbon sandstone - altered light ribbon sandstone - paleoso! - BQ
Core 2: 2800 - 2845"' 10 boxes
Core 1: 2745 - 2800"' 12 boxes

=
GRAIN SIZE ]
i
=
z (7}
cobble o] %
———— pebble = 195] -
0 ——————— granule a Q o ¥
£ | [———sand 5 ] L :
w vemfv silt Q 5 e &
= Ml e = < w =
8384 :
8407 .
842
————Light grey; pedogenically altered.
Basal
Quartz

- Appears pedogenically altered

Lower Cretaceous unconformity?

paleosol{——— jyrassic or Cretaceous? - barren of microfauna

™ Sharp colour change to from light grey to green
grey. Lower Cretaceous unconformity?

-\— Sharp colour change from dark to light
mudstone interbeds.

C - hori..

~ e .
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ARA.
(-1

ribbon
sandst..

*=Dignmicant gecrease In dlowuoation

— Abrupt increase in mud content

Strong bioturbated overprints physical
sedimentary structures

Interbeds are a little thicker than below (avg
4mm vs 2 mm)
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CMG Pan Am Pendor
6-11-3-9w4

Remarks: Is boxed like a Shell core - bottom's up
Light ribbon sandstone - Basal Quartz
Core 1: 2685 - 2706; 5 boxes - recovered 16'
Core 2: 2706 - 2732; 4 boxes - recovered 17"

2-1/2" core
=
GRAIN SIZE 2
=
=
- 7]
cobble o ?‘)
pebble 2 & .
W granule a x
e, —[:— sand % uO- 1.3 Z
m f siit o £ Q &
3 i T I = :
T — Slightly greenish-grey with common small
\ siderite nodules
8207 Slightly darker sandstone with large
Basal geenish-grey mudstone clasts
- Quartz
8224
1824 —Lost core? Looks like sandy cement
826+ Basal
Quartz
828 ; Basal
St R P o Quartz?
AAAAAA a Lower Cretaceous unconformity
! ‘{ AR -l S Ls
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CMG Pan d'Or
6-19-3- 9w4

Remarks: Light Swift - BQ (*A" sandstone)
Cored interval 2772 - 2783'
3 boxes

Note: barren of bioturbation and dominated by sandstone

GRAIN SIZE
———————cobble
[ pebble -

%) [ granule X

wu — sand ﬁ =

o vcmfv silt 2 E

= I e = =
C ] Basal

Quartz Lower Cretaceous unconformity
846+
c- Siderite contant increases stratigraphically upwards
F ] horizon
848 = Common interbeds of Lithofacies 7 - quasi planar laminated
sandstone.
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Ranchmen's et al. Manyberries

8-22-4-4w4

Remarks: dark and light ribbon sandstone - Basal Quartz - coél - paleosol

Core 2: 1053.6 - 1071.6m; recovered 16m

15 boxes
=
GRAIN SIZE 7]
v}
Z
4 (/5]
r*cobble (=] 5;‘
—————pebble - a o
(%)} granule @ bt x
L — sand 5 Q &a Z
L vc mfv sift o] I < =
= cla (5]
ARV - - <
1054
Basal
r1056+ Quartz
10584
Coal
[ 1 Basal Q.. i
—— Sub-Cretaceous unconformity
1060+ B - hori..
Profusely sideritized
1062+
C-
horizon S
L - Increase in primary mud content
10644
i b ~—— Common fine sandstone laminae in upper
portion
1066+
- b ribbon
sandst..
10684
10704
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Sameddan AO & G Manyberries
6-30-4-4w4

Remarks: Dark Swift - Light Swift - BQ
Core 2: 1078.5 - 1088; recovered 9.5m - 6 boxes
Core 1: 1088.0 - 1094; recovered 6.0m - 4 boxes

Slabbed core

g
GRAIN SIZE g
]
-
-
z 7]
[ cobble o a‘
’-—* pebble = 8 .
7] ————— granule 1] o
EU: sand aa: Lé- @ 5
m L ) £ 3} =
= @ o w o
1082+
Basal
s 4 Quartz
10844
—— Small to very large light ribbon sandstone
L - -\ tip-up clasts.
T 3 cm thick zones of extensive sideritization
| 10864
C-
ID horizon
10884 A o o < Broken up core pieces
i r I r
10904 [J)
ribbon
i N E' Q L sandst..
v
10924
1094 J J > J
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Home et al. Manyberries

8-4-4-5w4

Cored interval 1032 - 1050 m; recovered 18 m
16 boxes of 4" core, slabbed and tested

Remarks: dark and light ribbon sandstone - Cretaceous palebsol

fea
GRAIN SIZE g
=
£
e 7]
cobble [e] %
pebble = 1] o
o0 granule a Q £
w — sand S g a x
s ve mfv silt '5 5 g 5
= ] e @ ° & &
i 1 paleosol Rubbly light grey Cretaceous paleosol
10344
[ ] B- More altered. Common siderite spots in basal
horizon 40 cm.
10364 Oxidized organic material (roots?) in top 110
cm
Interstratification is obscured by pedogenic
1038 alteration. Poorly defined.
Increasing pedogenic alteration upwards
C-
L - horizon
10404
Sharp colour change. No changes in physical
L1042 or biological sedimentary structures.
= Although this core has an average porosity of
- 1044+ 15%, it has very low permeabilities varying
between 0.07 - 3.03 mD (average 1 mD)
ribbon
110464 sandst..
i l Significant increase in mud content
1048+
1050
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Home Manyberries
14-14-4-5w4

Remarks: dark ribbon and light sandstone - Basal Quartz sandstone
Cored interval: 1073 - 1086m; recovered 11.3m
8 boxes of slabbed 3* core

[
GRAIN SIZE Q2
g
[ s
=
= (7}
cobble o ud)
pebble Iz 17}
o0 [ granule o] ,9_ @
w sand g o A c
@ I . =2 z w <<
L vcmfv silt 5 = e &
= Ny e e - w <
paleosol Rubbly gritty paleosol. Not waxy
10744
- Basal
Quartz
1076+
i paleosol
Altered yellowish-brown rock
10784
Basal Interstratification difficult to see
Quartz
Lower Cretaceous unconformity
L1080+ \ Light greenish-grey bentonitic mudstone.
Possible preserved Barremian volcanic ash,
Q- the source of uranium for the deflection on the
o horizon gamma curve
10824 .
Gradua! (over 10 cm) colour change
ribbon
sandst..
10844
1086
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Home Manyberries
8-23-4-5w4

Core interval 1123 - 1132m; recovered 7.7m
7 boxes of slabbed 4° core

Remarks: dark and light ribbon sandstone - Basal Quartz sandstone

=
GRAIN SIZE 2
31
—
=
= [
cobble o =
pebble 2 g;; o
wn —————granule o] X
'iu _.E_ sand % lé- g‘, 5
i ) z Q =
= © Q w «
Basal
Quartz
11244
. Sideritized muds
11264 . C- Sandstone interbed thickness decreases
horizon upwards
L] T - Flooding surface
11284 U
PLERPN T Colour change
, ribbon
11301 0 8 sandst..
- Llle
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ANDERSON ET AL MANYBERRIES
8-35-4-5w4

Remarks: drak and light ribbon sandstone- massive appearing strata - rubbly paleosol

z
z z | x
GRAIN SIZE 2 = 8 o
o S|s|(2
= 2158
= Q . -
————~cobble o] it glz|=
———————————pebble L~ g w|0|C -
o [—————granule @ @A < |\EfE e
] sand S (7] 3 $ o |0 o
@ [ __sa 2 e ] wioglo <
7] vemfv silt Q 8 2 2 & | & LEU
= [ l l l l ,'—day m < [ w | a a o
Dark grey and greenish grey
10524 paleosol rubbly paleosol
§ wasas Dark grey, slighly rubbly
carbanaceous paleosol
1054 h B = Abubdant large (> 0.1 cm)
orizon siderite nodules.
A . Sedimentary structures no
F longer recognizable
10564 Beige coloured with common
small sederite nodules.
Sid Possible Heiminthopsis?
i Beige color. Physical and
biogenic sedimentary
1058+ J. _\ structures are obscure.
g h C- Disseminated siderite
. ofizon throughout
10604
Gl
L 10624
j Low ichnofossil diversity.
Dominantly planolites and
abundant helminthopsis.
- 1064+ Possible arenicolites.
ribbon
sandst..
1066+ Thickly interlaminated
mudstone (avg 0.5 cm) and
very fine sandstone (avg 0.3

cm)
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CEGO Bumper Manyberries
3-2-4-6w4
Remarks: Rierdon Shale - shale member - dark
ribbon sandstone - altered light ribbon
sandstone
Cored interval: 947 - 965m; recovered
18m - 15 boxes
Note: Boxes 2 and 3 are inversed
>
E
GRAIN SIZE 2
47
-
z
= o
’-——cobble o ;—_”
———————— pebble 'z &
0 ———————— granule o e o
g ||l _——=me 5 5 g
E vemfv z;aty c% 5 L%
L —
948 C-
horizon
950 C - hori..
L ribbon
sandst..
952
9544
956
] shale
member
958,
 960-
9624
Rierdon
964~ Shale
[
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CMG Pakowki
6-2-4-7w4

Remarks: L5 - dark ribbon sandstone - L5 - light ribbon sandstone
Core 1: 2879 - 2885"; - 4 boxes
Core 2: 2885 - 2900"; recovered 14.5' - 4 boxes

fa
GRAIN SIZE 2
]
=
= %]
cobble o =
[ w
pebble < 7)) o
0 ———granule a e o X
el —a 2 2 u -
m o £ o s
= @ S = i
8764
Ls e 9Qo
L Average porosity: 29%
Average permeability: 350 mD
878
huy
L b Ls Average porosity: 25%
<= Variable permeability: 20 - 348 mD
50 ‘”‘T
- ribbon
8 T sandst..
TRy s
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Canadian Montana Pe
7-6-4-7w4

ndor

Remarks: dark ribbon sandstone - Basal Quartz -lacustrine
Core 1: 2750 - 2778' - 7 boxes
Core 2: 2778 - 2808' - 4 boxes
Slabbed, plugs

=
GRAIN SiZE 7]
]
-
=
= (75
———————cobble @] ‘—3’
[ pebble bt 1751 »
o —————granule @ e . =
e _L___ sand 35 (o) w =z
i} i ) £ 2 =
= ‘f m® o w o«
paleosol Paleosol
] Lacustr..
844~
846+
Basail
Quartz
-848
] Lower Cretaceous unconformity
-850+
Thinner sandstone laminae
] ribbon
| 850- sandst.. ——— Abrupt increase in mud content
8544
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CMG Pendor

10-7-4-7w4

Remarks: dark ribbon sandstone - light ribbon sandstone - paleosol

&
GRAIN SIZE 2
e
=
=z 7]
cobble o %
pebble = a »
(%) —— ———granule a hrd - X
£ || [saed 5 g L4 =
7 vemfy silt o 5 2 o
= T o = - w =
8584
Basal
Quartz Abandonned Basal Quartz channel?
860+
Greenish-grey to light-grey paleosol
8624 paleosol
Gradual colour change to a rubbly waxy
864 brownish-orange paleosol with common
8 slickensides
| horizon |~ Gradual colour change to a rubbly
greenish-grey paleosol with chonchoidal fractur
pattern.
866+ . . .
c Light grey paleosol, increasingly rubbly.
] horizon increase in mud content
?
868 g ribbon
e sandst..
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Canadian Montana
6-1-4-9w4

Remarks: dark and light ribbon sandstone - Basal Quartz
Cored interval 2853 - 2883"; recovered 30' - 8 boxes

&
GRAIN SIZE 2
i
[
=
= 17,
cobble o =
pebble Z @ o
0 ———————granule 2] hd X
e ___.[_—— sand g % oy') z
' silt 5 e o =
ve mfv = o P-4 t
= IO e @ 2 w -
 8704] Basal Average porosity: 22%
Quartz Average permeability: 350 mD
C ] Sideritized sandstone laminae
C-
8724 horizon
- Gradational colour change
8744
Sandstone laminae thins upward
8764 ribbon
sandst..
8784 Minor fine sandstone laminae
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Cego Pex Manyberries
15-29-5-4w4

Remarks: Reirdon - Light Swift - Paleosol
Cored interval: 1214 - 1232.25m; Recovred 17.75m

15 boxes
=
GRAIN SIZE 2
g
z
=z 7]
"——— cobble o] a’
[———————— pebble = & -
0N [ granule tﬂé 9_ n X
wu — sand S Q w T
[E vemf silt 5 T 2 E
= WL e = ° = =
Basal
- Quartz Pitted appearance due to leached out clasts or
cabonaceous material.
1216 Medium grey, pedogenically altered sandstone
i paleosol
— —— Waxy and rubbly grey to light green paleosol
T ———Broken core pieces with iron oxides
L 1218- B- Obscure interstratification due to pedogenic
horizon alteration
12201 Multicolored mudstone: purple, green and
pink.
e Pedogenically altered very fine sandstone
12224 C-
horizon
1224
T Gradational colour change of mudtone
ribbon interbeds from fight grey to yellow-brown
12264 sandst..
12284
] Ri?“{“? —— Pink strata with common green and yellow
Shaie zones.
1230+ Top 25 cm greyish-green.
Altered calcareous Rierdon Shale
b1 2321
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PLacer CeGoPex MAnyberries
10-31-5-4w4

11 boxes of 4" core

Remarks: Rierdon Shale - dark and light ribbon sandstone - Basal Quartz
Cored interval 1212 - 1225m; recovered 12.4m

at
GRAIN SIZE a
z
w
E
rd (%}
cobble o] ;_;
pebble 2 a o
(7] granule m (7] 2
e [———sand 5 S 3z ] z
7 vemfy silt o 5 8 2 &
= 1111 [_ clay o [$] e w @
Cretace. |
1214 : Basal . . .
. Quartz |—Light grey sandstone with black chert grains
Sub-Cretaceous unconformity
F1216
B-
| i horizon Brown-orange mudstone with common
slickensides.
Sideritized
12187 == ——Broken up light ribbon sandstone
3 ) Calcite and pyrite filled fractures
X 0 shale
1220+ l IRt member
L - Pyritized and glauconitic granular lag in very
\ﬁne sandstone matrix; 1 cm thick
L1220+ Brownish-grey shale
o ko b L @ \ Common white specks in top 45 cm.
- Ty Rierdon Becoming decreasingly calcareous
Shale
le

1 —J:-.L—.L—J-L-&-.L-&
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Ashland Murphy Manyberries
6-35-5-4w4

Remarks: light ribbon sandstone - Basal Quartz sandstone
Cored interval 4258-4300"; 8 boxes

3" core
=
GRAIN SIZE 2
]
’-—
=
- (7]
cobble Q %
pebble g g @
o) ———————granule © hd X
o [ ___sand g o] i z
] vemfv silt ) 5 2 &
=l ey @ - = =
- 7 Basal Q.| Poor core recovery. Dark grey sandstone.
Sedimentary structures could not be
| j observed. Basal 2 cm is interstratified with
B- dark mudstone.
horizon \ . L
 1302- Local rust colour (organic?) reaction rims.
i N Considerably less siderite.
Pedogenically altered. Interstratification is
113044 difficult to see.
"\ Abundant siderite nodules 0.5 mm in diameter
1306+
C-
horizon
1308+
——— Common lower fine sand laminae.
13104 Less common Skolithos
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Anderson et al Manyberries

16-1-5-5w4q

Cored interval 1120 - 1134 m
Recovered 14 m

Remarks: dark and light ribbon sandstone - Basal Quartz sandstone

13 boxes
=
GRAIN SIZE 2
]
[
=
= %))
cobble o c=o"
pebble 2 175} -
0 granule o Q o X
Lt sand =) o w <<
= [ : = = s
] ve mfv silt Q 5 g &
= clay @ o w o
[
[=]
2
] Basal
Quartz
&
L Beige rip-up clasts; looks like light ribbon
sandstone
<
. N
- C-
horizon
——— 40 cm transition zone from dark to light ribbon
| & sandstone
> —— Small, dimunitive trace fossils
Uncommon Skolithos
|8
Increase in mud content
. ~—Sandstone laminae become more abundant
P ribbon upward
6. sandst..
_\_ discentinuous
—\- Poor core quality
Sc'vl Thicker sandstone laminae (avg 0.7 cm)
Poor core recovery; rubbly, broken pieces in
- - Boxes 10to 13
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New Jordan et al Manyberries
10-36-5-5w4

Remarks: dark Sand light ribbon sandstone - Basal Quartz
Cored interval: 1168 - 1183m; Recovered 14.77m

11 boxes
GRAIN SIZE
(%}
cobble &
pebble 0 -
o0 ——————granule ,9_ . e
e [ sand o u T
m oy silt = Q =
£ | e : : :
Basal Pinkish sandstone
Quartz
11684
7 B- Beige coloured strata
horizon
11704
Few thin upper fine sand laminas.
L1172+ Pedogenically altered. Common siderite.
- c-
horizon Pedogenic alteration increases stratigraphically
F11741 upward.
Sandstone laminae thin upward.
1176 Sharp calour change
] ribbon
sandst..
11784
Poorly cored section
[ 1180, Minor fine sandstone laminae
N Lime green glauconitic shale grading into
shale brown-grey shals
1 member
Minor fine sandstone laminas
11824
Greenish-grey mudstone with chonchoidal

fractures.
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Shell Manyberries
9-29-5-6w4

Remarks: dark and light ribbon sandstone - Lithofacies 5 and 7 - Basal Quartz sandstone

Cored interval 940 - 958m: recovered 18m - 16 boxes

Slabbed Core with plugs

&
GRAIN SIZE g
7]
z
= (7]
cobble o %
’———— pebble 'z a o
%) ————————granule m g ~
W [ —_sand = g ] &
] ve mfv silt o = 2 &
= N o= @ 2 w <
Basal
L Quartz
L 942- C - hori..|—Light grey mudstone
Increase in mud content
QAA
Ls&Le Quasi-planer laminated sandstone. Sets 0.5 -
] 2.5 cm thick (average 1 cm)
946+
L C- Lower fine sand-rich strata up to 1.5 c¢m thick
horizon
948 Sharp colour change from dark to light coloured
mudstone interbeds
9504
+952-
ribbon
F sandst..
954+
9564
—— Common fine sandstone laminae and
associated soft sediment deformation
958+ Thinner interbeds and finer sand size
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Con Res Manyberries
6-34-5-6w4

Remarks: Dark Swift - Light Swift - Shoreface sandstone? - Altered Light Swift

Core 1: 968 - 977m; recovered 8.5m - & boxes
Core 2: 977 - 986m; recovered 9.0m - 7 boxes

=
GRAIN SIZE ]
w
z
z (7]
cobble o %
pebble 2 a o
%) ————————granule o] 4
|l B ° g 3
g vc mfv ‘s:;laty CQD S L% §
L _
—— Stratification obscure. Looks like typical
L o altered Light Swift
9704
C-
horizon
F Very fine and fine sandstone laminae
3724
C ] — Common lower fine sand laminae
L 9744 ——Rubbly
L 4 Ls
9764
- o Sharp colour change. Basal contact may be
scoured. One planolites appears to bs
truncated
978+
980+
- ribbon
sandst..
982+
984
986
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AGIP et Al. Manyberries
10-5-6-4w4 '

Remarks: Reirdon Shale - shale member - Basal Quartz
Core 1; 1290.0 - 1293.75 m; recovered 2.6 m; 2 boxes
Core 2; 1293.5 - 1311.80 m; recovered 16.2 m; 12 boxes

e
GRAIN SIZE ]
i
'_
=
= (%}
[ cobble o %‘
————————— pebble Iz 1724 o
@ ————granule a e 2 o X
oo r sand 2 g oy w &
m silt o T 224 O =
= ‘[’T ﬂf‘l’ ~ clay @ %] o = &
1290
L - Basal .
Quartz Dark grey, pedogenically altered sandstone
1292+
Scoured into by Basal Quartz
L 1294- shale ) a 5 .
member Medium grey clastic shale with green tint.
L 4 —— Pyritized HCS beds with uncommon planolites
burrows
1296+
12984
Rierdon
1300+ Shale
13024
13044
o J [N W A A N -13 T
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1306

Al kb kA dokx

o

Generally rubbly, broken up light grey
calcareous shale
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Shell Manyberries
16-4-6-5w4

3" core, slabbed, plugs

Core 1. 1074.5 - 1083.5 Recovered 9m; 7 boxes

Remarks: light ribbon sandstone, increasingly sideritized - Basal Qaurtz sandstone

Core 2. 1083.5 - 1092.5 Recovered 9m; 7 boxes
E
GRAIN SIZE 2
w
=
=
-4 (7]
cobble (s} =
pebble 2 @ o
7 granule @ b ¥
Lt sand S o i Fe
E||lleim—ar B : g :
Q 5 < i
= 53] (S w «
10761 Medium grey fissile shale with coaly material at
basal contact
10784
bb i l.
paleosol Rubbly greenish grey paleoso
Rubbly greenish grey paleosol.
1080+
5 Large (0.1 to 0.3 cm) siderite spots comman to
108z QB::;L abundant.
Plugs #1-10
1084
— Light grey shale rip-up clasts near basal
L . contact
Average porosity: 15%
- 1086+ B Average permeability: 6 mD
horizon |~ Siderite content increases stratigraphically
. 4 upward from small dissiminated amounts to
abundant small nodules.
1088+ Average porosity: 13%
Average permeability: 5§ mD
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— Might be slighty cleaning up




horizon

Average porosity: 17%
Average permeability: 10 mD
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Shell Manyberies 14 -5

14-5-6-5w4

Core 4: 1082 - 1091m; recovered 7.75m - 7 boxes
1082m; recovered 8.50m - 8 boxes
1073m; recovered 8.70m - 8 boxes
Core 1: 1055 - 1064m; recovered 8.60m - 8boxes

Core 3: 1073 -
Core 2: 1064 -

Slabbed core

Remarks: Rierdon Shale - dark ribbon sandstone - altered light ribbon sandstone

-
Z
> s
5 =3
GRAIN SIZE 2 > 8 -
= S35z
= . <28
[&] -t -
cobble o = ol | =<
= [72] D < b
pebble < 8 2 [N e} 0
(%3] —————————granule 2 hd o s 5 5 5
& I sand 2 e w |lw|8|S <
i} vemiv sift Q = e QLIGI| & i
= clay @ (¢} o wlal|lo i
LT
1054
No rythmicity
i ] Cretace..
Medium gre
1056 grey
1058+
R - Medium grey paleosol
paleosol Rubbly light brown soil
1060 Broken up core
Basal Yellowish to greenish light
i b Quartz grey
B- T—Thoroughly altered
10621 horizon
Beige massive appearing
5 d strata
1064+
L - C- . .
horizon —_— :\::::; :ncrease in mud
10667 Siderite nodules becoming
larger and more abundant.
" T Common inclined aranicolites
burrows. Inclinedina
preferred direction.
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L

—p—
¢———p

am

m @

ay

C-
horizon

ribbon
sandst..

shale
member

Rierdon
Shale

\Pedogem'c? biogenic?
overprint

"-Strong pedogenic? overprint

TN\—First appearance of
dissiminated siderite.

Intensily bioturbated

Variable intensity of
bioturbation from weakly
bioturbated to mottled.
Overall abundant.

Possible gutter cast

Dark grey mudstone.

Few very thin (<.5 mm) very

fine sandstona laminas

Rare thin (2 mm) upper fine

\sandstone laminas
Paleosol texture near upper

contact

—Light grey fissile and broken
up calcareous shale
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Roan LL + E Manyberries

6-1-6-6w4

Remarks: shale member - dark ribbon sandstone

Cored interval: 1042 - 1051m:; recovered 7.75m

7 boxes
=
GRAIN SIZE %
w
’—
=
=z 17
—————————cobble o 5
———————— pebble = 7] o
n ————granule o] e @ Y
wt sand > (@] w z
E I i 5 = (51 =
= ‘i @ (3] = &
10444
i | l Q a ribbon Varying bioturbation intensity irrespective of
sandst.. sedimentary structures
1046
= e <
< Jr Jv Black chert pebble lag in fine sand matrix
10484
L < Pyritized sandstone laminae
Shn"‘f")e Rare upper fine sandstone lamina with
member associated soft sediment deformation
F 10507
[ l 1
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Texaco CDN Reserves Manyberries

2/6-2-6-6w4
Remarks: dark and light ribbon sandstone - Basal Quartz
7 boxes
=
GRAIN SIZE 2
w
=
d w
r————— cobble o ;—')
————————pebble 2 17}
%) ———————granule 2 e 2
u — sand 2 o) ﬁ <
7 vemfv silt (o] = 2 ]
= Oy e B - w =
10224
Basal
L . Quartz
10244
Pedogenically aitered. interstratification still
observed
c Abundant orange-brown and red siderite
L 10264 horizon
[ | Sharp colour change
10284
ribbon
| i sandst..
1030~
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Home AGIP Manyberries
6-12-6-6w4
Remarks: dark and light ribbon sandstone - Basal Quartz sandstone
Cored interval: 1051-1069 m; recovered 10m
10 boxes
=
GRAIN SIZE a
i
-
<
= 7]
cobble Q %
pebble 2 2 o
o0 —————— granule es] i~
g =" [ & :
E vemiv :;'aty g S 2 &
Q w
I [ s
27.7% porosity and 1284 mD
1052 Basal |~ Rubbly light grey sandstone
B Quartz [~ Average 11% porosity and 0.5 mD
L - \Pined appearance. Abundant weathered out
-\ rip up clasts.
L1054+ Pedogenicaly altered. Looks massive. Light
B- grey
horizon .
| J Average 11% porosity and 0.2 permeability
- 10564
Thickening of sandstone iamina
10584 stratigraphically upward from 3 to 5 mm thick.
C-
| A horizon
10604
Increase in mud content
] —— As below
1062+ . \Sharp colour change
U ribbon .
sandst..|=— So bioturbated it's difficult to estimate sand
L - content and physical sedimentary structures
L 10644
10664
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Carion et al Manyberies
8-34-6-6w4

- paleosol
Cored interval: 1147 - 1163m - 11 boxes

Remarks: shale member - dark and light ribbon sandstone - Basal Quartz sandstone - coal

Note: I'm not sure where Dark Swift/Light Swift contact is

Ja
GRAIN SIZE ]
fm}
=
-4 7]
cobble o ;'__)
~————pebble = 7] »
0 —————granule o e v
W _|__ sand o) o @ <
m ve mfv silt '5 323 3 Lzu
= l , ' ] l r_ clay o [S] w o
paleosol Rubbly paleosol. Blocky fractures
1148 - Muiticoloured: yellow, medium grey and
green-grey
Basal 5
] g Quartz |~ Pedogenic altered Basal Quartz
Yellowish-brown and brownish-red laminas
L1150+ 8- ) o
horizon Obscure interstratification. Light grey,
pedogenically altered
11524
C-
horizon
F 1154+
1156+
ribbon
11158 sandst.. Rubbly
—— Rubbly
Rubbly and poor core quality
11604
L 4 Sandstone laminae commonly sideritized.
Thicker, coarser laminae in the succession
occur in this lower portion of the ribbon
11624 shale -\ sandstone.
Ao
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[ Rl l *~Top S5cm lighter in colour (greenish-grey).
\ Oxidized?

Broken up small charcoal grey pieces.
Abundant straight, cross-cutting and
structured horizontal burrows at base of a bed.

Lag with rounded black chert granules upto1
cm in diameter (avg 4 mm) in a glauconitic
shale.

Abundant structured straight horizontal
burrows at base of bed going in different
directions and at different angles into bed.
Unknown where care piece truly fits
stratigraphically.
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McColl Union
13-5-6-7w4

Remarks: Sandstone-rich altered light ribbon sansdtone - Basal Quartz - paleosol

Wireline core (1°)
2970 - 2995' 3 boxes

=
GRAIN SIZE 2
=
=
=z 7))
cobble o %
pebble Z 7] n
%) [———————granule D e o e
o r sand =) @] w [<:
m silt 5 £ 3] =
= vemiv clay & (3} b &
i
- T"_ """" x :..- 7 paleosol|——Light green, silty paleosol
908 -
7 . : Basal
. Quartz Brown-grey to mediurn grey
L9104 - Fair core quality, typically poorly lithified. Core
-2 is smaller in diameter.
Celelele e Sedimentary structures unidentifiable
9124 C-
horizon . .
—— Slight green colour - glauconite? chlorite?
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GMG Cypress
6-23-7-3w4

Remarks: dark and light ribbon sandstone

Cored interval: 4650 - 4700; recovered 50°

14 boxes
=
GRAIN SIZE 2
i
z
=z o0
cobble o %
pebble = 2 o
o0 [ granule @ e (] 4
Ef||l_—=& 3 g & i g
i} vc mfv silt Q & re] g &
= ' l , l [ r— clay m (5] e w o
14184
C- Altered strata. Fracture pattern suggests
| . horizon small scale trough cross-stratification.
Sharp colour change
1420 P g
14224
—— Common fine sandstone strata up to 2 em
- - thick, commonly assaciated to soft sedimant
deformation
1424 ribbon
sandst..
-1426-
1428 Uncommon discontinuous sandstone laminae
'\ in basal 6*
| A Uncommon fine sandstone laminae and
L7 associated soft sediment deformation
1430~ .\_ Common fine sandstone interbeds
ribbon Mud drape alignment are disrupted by
| i sandst.. _\ bioturbation and dewatering
Increase in mud content
1 4321 i— Uncomon fine sandstone laminae
tbbon s mottled
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CMG Cypress
6-1-8-4w4

Photographed core boxes

Core 1 4052 - 4069' 5 boxes
Core 2 4069 - 4101' 8 boxes

Remarks: dark and light Ribbon sandstone

- Incised Valley (BQ)

=
GRAIN SIZE a
]
z
=z (/7]
ccbble o udz
pebble > 7] »
17 [ granule a Q n 4
o I sand 2 % w T
= o T 3] =
= o o w o«
1236+ Cretace. |
Sharp colour change to greenish grey,
- e moderately fissile mudstone
1238 paleosol
| i Sharp colour change to coalified, black rubbly
overban -\_ mudstone.
L 1240- salQ -\_ Dark grey siltstone
Light grey colour
- - \F{ecovered drilling mud
- Light grey colour
F1242-
Medium grey colour
L1244+
- < Basal
Quartz
Interbedded medium scale trough
1246 cross-stratified medium sandstone and small
scale cross-stratified fine sandstone.
1248 = Abundant beige shale rip-up clasts in basal 50
cm.
N =
1 250J U Q < ribbon s.
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Appendix 2

Petrographical Analysis
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Twenty-eight thin sections were analyzed from samples of ribbon sandstone strata
collected from several different wells in southeastern Alberta (Fig. A-1.1). Thin sections were
impregnated with blue-dyed epoxy that highlights void space (open pores). Estimated porosity
ranges from O to 20% and measured permeability ranges from approximately 3 to 100 mD.
Most thin sections were also stained with a cobaltinitrate solution that stains potassium feldspar
bright yellow. This procedure helps differentiate quartz from potassium feldspar grains in the
sandstone. Sandstones were classified according to Folk's classification (1970), and are plotted
on a QFR ternary diagram (Fig. A-1.2). In this study the R-pole comprises unaltered and
tripolitic (altered) chert, and other sedimentary rock fragments, principally compacted mudstone

and siltstone clasts that commonly form a pseudomatrix. Results of petrographical analyses are

summarized in Table A-1.1.

Ribbon sandstone are litharenites composed predominantly of moderately well sorted,
rounded, very fine sandstone. Medium-grained litharenite are comparatively rare. Framework
grain composition varies little and consists dominantly of monocrystalline quartz (average
55%), clean to muddy chert (25-40%), cherty mudstone, silty mudstone, and mudstone clasts
(10-30%), and potassium feldspar (1-8%; average 3%) (Plates 1 and 2). Chert is present both as
unaltered and tripolitic grains. Tripolitic chert is the term applied to partly dissolved (altered)
chert grains (this dissolution creates ineffective secondary porosity, Plate 2). Outlines of
silicified fossil fragments and silicified dolomite rhombohedral crystals were commonly
observed in both altered and unaltered chert grains, suggesting that the chert was most probably
derived from silicified limestone in nearby highland areas. Accessory minerals in the Swift
sandstone consists of up 1% muscovite, and trace amounts of plagioclase, biotite, and heavy

minerals, including tourmaline, zircon, and rutile.

The mudstone fraction in the Swift was not studied extensively. However, it is
noteworthy that mica-rich mudstone interbeds in the dark ribbon sandstone are considerably

darker than those of the light ribbon sandstone, which is the result of its significantly higher

organic matter content (Plate 3).
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Diagenetic grains are also present within strata of the Swift and include glauconite,
pyrite and sphaerosiderite nodules. Generally, glauconite dark green (high maturity) and is
characterized by rounded very fine grains or, compacted grains partly filling pores.
Sphaerosiderite nodules are present only in altered (light) ribbon sandstone, and typically are <1
mm in diameter with a common radial internal fabric and uncommon discontinuous concentric
layers of pyrite (Plate 5b). These compositional differences are interpreted to indicate
fluctuating Eh conditions during iron mineral precipitation. Concentric, convex-downward
laminated argillans are also abundant in the massive appearing facies of the light ribbon

sandstone (Lithofacies 8), indicating elluvial deposition of silt and mud in the Bt horizon of an

ancient soil profile (Plate 5a).

Sandstones of the ribbon sandstone are dominantly cemented by compacted mudstone
and silty mudstone clasts that form a pervasive pseudomatrix (Plate 1). Locally, however,

authigenic clay coatings, calcite cement, or pore-filling chlorite are present, and may make up to

30% of the mineralogy (Plate 4).

Although framework grain composition varies little in the Swift Formation, upward-
changes in mineralogy do occur. It is important to note, however, that these changes are not
primary, but developed during early diagenesis. For example, tripolitic chert is significantly
more abundant upward. In the upper part of the aiicred ribbon sandstor:s, chert is consistentiy
more altered, with poorly discernible grain boundaries. Because of heterogeneous and low
vertical permeabilities, strata at higher stratigraphic levels were exposed for longer periods to
aggressive meteoric fluids that partially dissolved chert grains. Similarly, feldspar and
glauconite content appears to decrease stratigraphically upward. Samples with abundant
tripolitic chert have few or no feldspars and glauconite was rare to absent in altered, light ribbon
sandstone. This is interpreted to be related to extensive leaching that took place at the same
time as chert alteration. In addition, compacted mudstone fragments (pseudomatrix) also
become more altered stratigraphically upward from a dark brown, opaque, to a more greenish
(caused by the underlying blue-dyed epoxy), translucent, milky character. Another upward

change in mineralogy, as mentioned above, is the appearance of sphaerosiderite in the upper
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part of the Swift. Sphaerosiderite abundance and size generally increase upward in the altered

ribbon sandstone because nodules occurring at higher stratigraphic levels would have nucleated

earlier and have had more time for crystal growth.

A significant problem in southeastern Alberta is differentiating Upper Jurassic (Swift)
from Lower Cretaceous (Basal Quartz) sandstones. This is especially problematic for
interpreting geophysical and seismic logs. In addition, the Basal Quartz Formation is also
commonly pedoturbated and exhibits pedogenic features similar to those observed in the light
ribbon sandstone, such as sphaerosiderite and ubiquitous laminated argillans. In thin section,
however, Swift sandstones are generally finer grained and characterized by high feldspar

content; feldspar is generally absent in sandstone of the Basal Quartz (Dan Potocki, pers.

communication, 1996).
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Figure A-1.1. Location of samples collected for petrographical analysis
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Figure A-1.2. QFR ternary diagram. The Q pole comprises monocrystalline quartz, the F pole
includes potassium feldspar and plagioclase, and the R pole comprises chert, tripolitic
chert, cherty and silty mudstone fragments, and mudstone clasts.
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Plate 1 Typical mineralogy of the sandstone-rich lithofacies of the ribbon sandstone.

A) Fine grained sandstone composed dominantly of monocrystalline quartz (M) and

B)

clean to muddy chert (CC and MC, respectively). Potassium feldspar (K) is
commonly present but generally constitutes less than 5% of framework grains. Note
the partially dissolved, light green sedimentary rock fragments compacted and
squeezed between quartz and chert grains forming a pseudomatrix. Blue
background is coloured epoxy within pores. Scale bar is 0.25 mm. Well 6-2-4-7w4,

877 metres.
In Figure A, chert and quartz can be easily differentiated under cross-polarized

light.
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Plate 2 Close-up view of tripolitic chert in sandstone-rich lithofacies of the ribbon sandstone
(large arrow). Chert was altered by aggressive fluids, which locally has completely
(small arrow) or partially dissolved grains forming secondary intragranular porosity
(large arrow). This additional porosity, however, is ineffective, and can lead to the
overestimation of effective porosity in the interpretation of density or neutron logs.
Note quartz overgrowths around monocrystalline quartz grains. Also, note rhombic
pores within the tripolitic chert grain (large arrow), which likely represents preferential
dissolution of silicified carbonate crystals. Scale bar is 0.25 mm. Well 6-23-7-3w4,

1429.4 metres.
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Plate 3 Light (A) and dark (B) ribbon sandstone. Note the abundant dark coloured, organic rich
detrital sediment in the dark ribbon sandstone (B), and its general absence in the light
ribbon sandstone (A). Organic matter was decomposed in light ribbon sandstone
during pedogenesis. In (A) note the contact between the soil ped (left arrow) in which
primary stratification has been preserved, and an ancient soil crack (right arrow) where
layering has been destroyed and illuvial argillans accumulated. Well 6-23-7-3w4,
(1419.6 m) (A) and 10-36-5-5w4, (1170 m) (B). Scale bars are 0.5 mm.
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Plate 4 Cements of the sandstone-rich lithofacies of the ribbon sandstone. Sandstone is
generally cemented by compacted sedimentary rock fragments and mudstone. In
addition, local pore-filling green chlorite (A; narrow arrow) and highly birefringent
patchy calcite cement (B; wide arrow) occur. Note the abundant yellow-stained
feldpar in (A). Scale bar is 0.25 mm in (A) and 0.5 mm in (B). Wells 13-5-6-7w4,

912 m (A), and 10-8-3-8w4, 868.7 m (B).
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Plate 5 Evidence for pedogenic alteration and changes in chemical conditions in light ribbon

sandstone:
A) Radial concave-downward, laminated argillans emplaced by elluviation of fine-

B)

grained sediment into cracks between soil peds within the Bt-horizon of the ribbon
sandstone paleosol. Scale bar is 0.25 mm. Well 10-36-5-5w4, 1170 m.

Radial sphaerosiderite in the Bt-horizon of the Swift paleosol. Note
discontinuous concentric pyrite layer within the nodule. Pyrite was precipitated
under lower Eh conditions that developed because of lower pCO-, which is likely
related to reduced activity of respiring microbes. Well 10-36-5-5w4, 1170.6 m.

Scale bar is 0.25 mm.
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Appendix 3

Geochemical Analysis
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10-36-5-5w4

Sample # depth weight loss on combustion % organic carbon

(m) (%) (%)
6b 1177.1 6.9 1.74
5b 1176.9 7.6 1.89
4b 1176.7 7.8 247
3b 1176.5 7.6 2.18
2b 1176.3 6.6 1.92
1b 1176.1 7.8 1.59
3a 1176.05 54 1.91
4a 117595 5.6 3.95
Sa 11759 3.6 0.51
6a 1175.8 3.3 0.34
7a 1175.7 not analysed 0.40
8a 1175.5 4.9 0.29
9a 1174.75 5.1 0.23
10a 11735 54 0.19
Ila 1172.25 5.6 0.29
12a 1170 4.5 0.21
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Appendix 4

Stratigraphic Cross Sections
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Figure A4-1. Map illustrating location of stratigraphic cross sections in Appendix 4
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Appendix 5

Slice Maps
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