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Abstract 

The Gordondale Member is introduced to replace the informal "Nordegg 

Member" terminology. The Gordondale Member is Hettangian to late Toarcian in age, 

and consists of highly organic, radioactive, phosphatic and fine-grained calcific 

mudstones, calcilutites and calcarenites that are distinct from adjacent Pliensbachian to 

Toarcian Nordegg Member spicular cherty limestones. Gordondale Member allochems 

are predominantly radiolarians and phosphatic fish debris. The Red Deer Member is a 

transitional facies between the Gordondale Member and Nordegg Member. Carbonate 

strata, which outcrop along the Snake Indian River, are older than and lithologically 

distinct from the Nordegg Member. 

The Gordondale Member basin was silled and had episodically poorly-

oxygenated bottom waters during low relative sea-level. The western sill became broader 

and moved eastwards, while the Peace River Embayment became a topographic low 

during the Toarcian. Toarcian changes in paleogeography and local relative sea-level are 

discordant with global sea-level changes and may be due to tectonism. 
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Chapter 1. Introduction, stratigraphie framework and 
previous work 

1.1 Introduction and statement of the problem 

Subsurface Lower Jurassic strata of the basal Fernie Formation (Nordegg 

Member), with total organic carbon values commonly in excess of 10 weight percent 

(Riediger et al. 1990), are the richest hydrocarbon source rocks of the Western Canada 

Sedimentary Basin (hereafter, WCSB) . These strata are of regional extent in west-central 

Alberta and have a high gamma-ray geophysical log response that is commonly used as a 

subsurface stratigraphie marker. However, there are few published regional scale Lower 

Jurassic Nordegg Member subsurface cross-sections. Consequently, the regional 

subsurface stratigraphy is poorly understood. Furthermore, the age of the Nordegg 

Member, both in the subsurface and at outcrop, is poorly known. This paucity of age 

data, combined with marked changes in thickness and lithology across the W C S B is 

responsible for a poor understanding of Lower Jurassic regional stratigraphy, particularly 

subsurface to surface correlations. Our understanding of the stratigraphy is further 

hindered by inconsistencies and ambiguities in stratigraphie nomenclature, such as the 

use of both Nordegg Member and "Nordegg Member" (in quotation marks) terminology. 

The fine-grained basal Fernie Formation (Nordegg Member) is recessive, has few 

outcrops, and these are generally of poor quality. Since it is not usually a reservoir rock, 

the fine-grained basal Fernie Formation (Nordegg Member) in the subsurface of west-

central Alberta has poor core control. Typically, only the lowermost portion of the basal 

Fernie Formation is cored in association with underlying reservoir rocks. Consequently, 

there are few published lithologie descriptions of fine-grained basal Fernie Formation 
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strata and little is known about their sedimentology, facies and depositional 

environments. 

This thesis refines our knowledge of the stratigraphy, sedimentology, and 

paleogeography of the fine-grained basal Fernie Formation strata (Nordegg Member). 

Thirteen detailed outcrop lithologie logs, twenty-five detailed core descriptions, thin 

section descriptions, S E M analysis, and X-ray diffraction analysis data, as well as Rock-

Eval/TOC data, and subsurface gamma-ray and outcrop scintillometer log cross-sections 

are presented. These data are used to infer the age, regional correlations, depositional 

environments, and paleogeography of the Lower Jurassic strata of the W C S B . 

1.2 Study area 

In order to gain a broad overview of the Lower Jurassic strata of the W C S B , a 

large study area was chosen. The study area, illustrated in Figure 1.1, extends from the 

Red Deer River Valley northwards to the Peace River area. The eastern extent of the 

study area is roughly Range 15 west of the fifth meridian and the westernmost subsurface 

logs are just east of the Williston Lake area. Sections were measured from outcrops at 

Snake Indian River Bridge, east of Snake Indian River Bridge, Fiddle River, Macleod 

River Rail, Macleod River Trestle, Macleod River Bluffs (near Cadomin), Drummond 

Creek, Shunda Creek (near the town of Nordegg), Limestone Mountain, Clearwater 

River, Scalp Creek, Bighorn Creek and an adjacent unnamed east tributary of Bighorn 

Creek. Figure 1.2 shows the location of measured outcrop sections and cores. Measured 

outcrop sections are included in Appendix I and core descriptions in Appendix II. 

Although stratigraphie cross-sections from well-log correlations were created with data 

from northeastern British Columbia, no cores or outcrop were examined from this area. 
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Figure 1.1. Study area. 
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E - Drummond Creek ó - 6-32-78-5W6 19 - 11-14-59-22W5 
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G - Pink Mountain 8 - 3-30-67-26W5 21 - 10-34-57-21W5 
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L - Limestone Mountain 13 - 6-9-66-24W5 20 - 11-15-42-4W5 
M - Clearwater River 

Figure 1.2. Outcrop and core locations. Outcrop locations G and H were not described, but data 
from these locations are incorporated in this study. Palinspastic restorations are from Macdonald 
(1987) and Poulton et al. (1994). 
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1.3 Stratigraphie Nomenclature 

1.3.1 Origin of the term Nordegg Member 

The stratigraphie interval now called the Nordegg Member was originally 

described by Warren (1934) as a black cherty member exposed in the foothills of west-

central Alberta. Spivak (1949) introduced the term Nordegg Member and further 

described it as cherty, phosphatic black limestones with interbeds of calcareous shales. 

He reported the cherty limestones of the Nordegg Member in outcrops from the town of 

Nordegg to the Athabasca Pviver north of Cadomin (Locations C and D, Figure 1.2). 

Further descriptions of Nordegg Member outcrops were published by Ollerenshaw 

(1968), Gibson and Poulton (1993) and Stott (1998). 

Spivak (1949) also described cherty limestones assigned to the Nordegg Member 

in lithological columnar sections from subsurface wells. These Nordegg Member strata 

correlate to the Nordegg Member Carbonate Platform Facies of Poulton et al. (1990, 

1994). Deere and Bayliss (1969), Bovell (1979) and Rail (1980) also described the 

cherty limestone Nordegg Member facies in the subsurface. 

1.3.2 Extension of the Nordegg Member 

Frebold (1957) extended the use of the term Nordegg Member to the Snake Indian 

River area in Jasper National Park, Alberta (Locations A and B , Figure 1.2). Here he 

described lime mudstones, overlying the Triassic Whitehorse Formation, as being capped 

by grainstones and coquinas with abundant Oxytoma bivalves, and large gastropods. 

Frebold referred to this capping unit as the iiOxytoma bed" and recorded it at a 

number of Nordegg Member outcrops. A loose block containing gastropods and a poorly 

preserved arietitid ammonite collected from Snake Indian River Falls (Location A , Figure 
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1.2), was used by Frebold (1957) to date the Oxytoma bed, and consequently the 

underlying Nordegg Member, as Sinemurian. This age assignment is controversial 

(Poulton et al, 1990; Asgar-Deen et al, 2003), particularly since Pliensbachian 

ammonites have been recovered from the Nordegg Member at Limestone Mountain 

(Frebold, 1966; Asgar-Deen et al, 2003). These conflicting ages can be reconciled i f the 

Nordegg Member at Snake Indian River is older than, and overlain by, the cherty 

limestone Nordegg Member as defined by Spivak (1949). This latter interpretation is 

supported by lithologie disparities between these two occurrences of the Nordegg 

Member. 

Spivak (1949) recognized a shaley facies in the lower Fernie Formation in the 

subsurface of the Peace River area and suggested this facies may be the northern 

equivalent of the Nordegg Member. The Nordegg Member terminology was extended to 

include this facies by Springer et al. (1964) and Stott (1967a, b). 

1.3.3 Origin of the term "Nordegg Member" 

Riediger et al. (1990) and Poulton et al. (1990) recognized difficulties in 

correlating the lithologically distinct, fine-grained, highly radioactive facies in the 

subsurface of west-central Alberta and Peace River Embayment with the cherty 

limestones of the Nordegg Member. In particular, Poulton et al. (1990) reported 

Pliensbachian ammonites from shales overlying the Oxytoma bed at Snake Indian River 

bridge (Location B, Figure 1.2), as well as a Pliensbachian ammonite from the fine

grained, highly radioactive facies in the subsurface of west-central Alberta. They 

suggested that the fine-grained, highly radioactive facies overlies the cherty limestone 

Nordegg Member of Spivak (1949) and is correlative with the Pliensbachian Red Deer 
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Member in the outcrop belt. In order to distinguish the Pliensbachian, fine-grained facies 

from the cherty limestones of the foothills outcrop belt, the former was informally 

designated the "Nordegg Member" (in quotation marks) by Poulton et al. (1990) and 

Riediger et al. (1990). 

The informal "Nordegg Member" was used in many subsequent publications 

(Riediger, 1991; Riediger and Coniglio, 1992; Poulton et al, 1994; Riediger and Bloch, 

1995; Riediger, 2002; Asgar-Deen et al, 2003). Newly published biostratigraphic data 

indicate that the "Nordegg Member" as used, includes not only Pliensbachian strata, but 

ranges in age from Hettangian to Toarcian (Asgar-Deen et al, 2003). 

1.3.4 Justification for a new member 

Organic-rich, phosphatic, fine-grained lower Fernie strata in the subsurface of 

west-central Alberta ("Nordegg Member") are lithologically distinct from the cherty 

limestone Nordegg Member of the Alberta Foothills outcrop belt. The subsurface 

organic-rich strata north of Township 59 are economically significant source rocks and it 

is important to use a name for this facies that excludes the cherty limestone facies. In 

particular, petroleum geochemistry studies of the source rock facies have little relevance 

to the cherty limestone facies. Previous usage of the term "Nordegg Member" for this 

fine-grained, source rock facies is confusing. Readers not familiar with the terminology 

are unlikely to make note of the presence or absence of quotation marks, and sentences 

comparing the "Nordegg Member" in the subsurface to the Nordegg Member in outcrop 

are difficult to understand. 

Both the informal "Nordegg Member" and classic Nordegg Member 

terminologies imply that the subsurface source rock facies is equivalent to the cherty 
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limestone facies of the Alberta foothills outcrop belt. Although the subsurface facies is in 

part correlative with the cherty limestone facies, it is also correlative with unnamed 

Hettangian strata of northeastern B.C. , and with both the Red Deer Member and Poker 

Chip Shale in outcrop in west-central Alberta (Asgar-Deen et al, 2003). These 

correlations are discussed in Chapter 4. 

Extending the Red Deer Member and Poker Chip Shale terminology into the 

subsurface is not feasible for several reasons. The Pliensbachian Red Deer Member is 

lithologically distinct from the subsurface fine-grained lower Femie of west-central 

Alberta ("Nordegg Member"). At its type section at Bighorn Creek (Location J, Figure 

1.2), the Red Deer Member is lighter coloured (medium grey or greyish brown), coarser-

grained (containing abundant calcarenite and calcilutite beds), less fissile, more 

calcareous, and contains common sponge spicules, in contrast to the "Nordegg Member". 

Asgar-Deen et al. (in press) introduced the name Gordondale Member for the 

highly radioactive, fine-grained Lower Fernie strata previously referred to as the 

"Nordegg Member". The Gordondale terminology (Figure 1.3) is used throughout the 

remainder of this thesis. 
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1.4 Stratigraphie Framework 

1.4.1 Sub-Jurassic Unconformity 

The Lower Jurassic of the Western Canadian Sedimentary Basin overlies a 

regional unconformity that truncates successively older beds in an easterly direction. For 

example, Mississippian strata are truncated under the cherty carbonate Nordegg Member 

near the town of Nordegg, while the Triassic Pardonet Formation is truncated near the 

Alberta-British Columbia border. Even further west, near Williston Lake, British 

Columbia (Figure 1.2), there is little or no erosion at the Triassic-Jurassic contact and the 

base of the Jurassic Fernie Formation is difficult to distinguish (Sephton et al. (2002) vs. 

Hall and Pitaru (in press a)). 

This unconformity surface displays considerable relief. Poulton et al. (1994) 

report karst features related to this surface and suggest that the local relief may be caused 

by ledges of resistant Paleozoic limestone or by dissolution of Paleozoic salts. 

1.4.2 Gordondale Member 

The Gordondale Member overlies the sub-Jurassic unconformity (Figure 1.3). 

The basal Gordondale Member commonly consists of a few centimeters of conglomerate, 

overlying brecciated Triassic or Mississippian strata with rare root-traces. On 

geophysical logs, this boundary is marked by a dramatic increase in gamma-ray and 

resistivity responses. The lithology and stratigraphy of the Gordondale Member are 

described in Chapters 2 and 3. 

The upper Gordondale contact with the overlying Poker Chip Shale is marked by 

a phosphatic conglomerate with belemnite fragments, shell fragments and a phosphatic 
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sandstone matrix, or a bed of concentrated fish debris. Above this boundary, geophysical 

logs exhibit a diminished gamma-ray log response. 

1.4.3 Red Deer Member 

The Red Deer Member (Figure 1.3) was introduced by Frebold (1969). The type 

locality at Bighorn Creek (Location J, Figure 1.2), Alberta consists of platy grey to black 

shales and finely laminated limestones. Pectinoid bivalves, brachiopods and ammonites 

are common throughout the section. The Red Deer Member rests on top of a thin Upper 

Sinemurian conglomerate. The upper contact is not exposed. The type locality at 

Bighorn Creek contains Amaltheus, an upper Pliensbachian ammonite (Frebold, 1969). 

Although similar aged strata and lithologies outcrop elsewhere (e.g. Fiddle River, 

Jasper National Park; Location F, Figure 1.2) the Red Deer Member is formally known to 

occur only in a limited region in the vicinity of the Red Deer River Valley. 

1.4.4 PokerChipShale 

The term Poker Chip Shale (Figure 1.3) was used by Spivak (1949) to describe 

black calcareous shales from the subsurface of the southwestern Alberta Foothills. 

Although defined in the subsurface, the Poker Chip Shale is mostly described from 

outcrop (e.g. Stronach, 1981), where it is characterized by calcareous, black, fissile shales 

with a high organic carbon content. The shales typically weather as thin, platy sheets and 

contain minor calcareous layers or concretions. This unit contains fish remains, bivalves 

and abundant, laterally compressed ammonite imprints. The Poker Chip Shale rests on 

unnamed basal black Sinemurian shales and limestones, or the Red Deer Member, or 

unconformably above the sub-Jurassic unconformity and is conformably overlain by beds 

of the Highwood Member. The Poker Chip Shale ranges in thickness from 10 to 38 m 
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and thins I pinches out in an easterly direction. Ammonites recovered from surface 

exposures indicate a Toarcian age (Frebold, 1957, 1969, 1976; Hall , 1984). 

Palynomorphs identified from subsurface cores extend the age range to Aalenian 

(Poulton et al, 1990). 

1.5 Previous work 

1.5.1 Lower Jurassic Sedimentology 

1.5.1.1 Gordondale Member ("Nordegg Member") 

Riediger et al. (1990), Riediger (1991) and Riediger and Bloch (1995) 

documented the Gordondale Member ("Nordegg") as being characterized by marlstones 

and calcareous mudstones with common planar parallel laminations, calcareous "white 

specks", pyrite framboids, apatite laminae, cenospheres, rare sphalerite and detrital K -

feldspar. Bedding plane concentrations of phosphate pellets, shell and bone fragments 

were noted. Albite was detected by S E M analysis but was not observed. Macrofossils 

such as Atractites, crinoid stems, calcareous shells and phosphatic shells, plesiosaur 

bones and fish remains were reported. Microorganisms included coccoliths, marine algae 

and foraminifera. 

1.5.1.2 Nordegg Member (typical cherty carbonate) 

Warren (1934), Spivak (1949) and Ollerenshaw (1968) described the Nordegg 

Member as consisting of dark gray to blue-black cherty and phosphatic limestones with 

lenticular beds, chert nodules and interbeds of shale and silty shale. 

Deere and Bayliss (1969) studied Nordegg Member and Poker Chip Shale 

mineralogy through X-ray diffraction. They described the Nordegg Member as 
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dominated by quartz, calcite and dolomite with minor pyrite, siderite and bitumen. 

Bioclastic limestones and spicular cherts were also reported from the Nordegg Member. 

Bovell (1979) described the Nordegg Member as dominated by grey, fine to 

micritic, generally massive calcareous cherts and cherty limestones 50 to 60 m thick. He 

identified six lithofacies. The first, lithofacies A , is a micritic limestone with collophane 

peloids, detrital chert, detrital quartz with undulóse extinction, micritic clasts which may 

be fecal pellets, pelecypod and echinoderm fragments. In some cases, the pelecypods 

were so numerous Bovell (1979) interpreted them as fossilized oyster banks. Lithofacies 

B is a wavy laminated and soft sediment deformed spicular argillaceous micrite with 

detrital quartz. Lithofacies C includes chalcedony spherules, collophane peloids, detrital 

quartz, micritic peloids and fossil fragments. Lithofacies D is similar to Lithofacies C, 

but contains abundant detrital quartz. Lithofacies E is a neomorphic calcite matrix. 

Lithofacies F contains more than 50% dolomite. Dolomite is associated with the chert 

lithofacies. 

Towards the eastern subcrop edge in Alberta, Rail (1980) described the Nordegg 

Member as including fine-grained, well-sorted, subangular to subrounded, calcareous 

cemented quartz and chert and detrital dolomite sandstones approximately 40 m thick and 

commonly overlain by a pelecypod coquina. Eastern bioclastic limestones were observed 

and interpreted as a shoreline facies. Spicular cherts were also identified. 

1.5.1.3 PokerChipShale 

Spivak (1949) described the Poker Chip Shale from the subsurface of the 

southwestern Alberta Foothills (Figure 1.4) as calcareous black shales and limestones 

with chert and white specks. Deere and Bayliss (1969) characterized Poker Chip Shale 
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mineralogy through X-ray diffraction. The Poker Chip was revealed to have a consistent 

lithology of quartz, illite and kaolinite with accessory pyrite, siderite and glauconite. 

Tittemore (1991) described the Poker Chip Shale from drill chip samples as black, 

platy, fissile shale. In northern central Alberta (Figure 1.4) she observed it to be dark 

green, brown, greyish green, silty and commonly pyritic. Sandstone stringers were also 

reported. North of Township 60, the Poker Chip Shale was described as green or brown, 

bentonitic, silty, pyritic and arenaceous. 
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Figure 1.4. Approximate boundaries of study areas for previous work. (1) Pocock (1970), (2) 
Spivak (1949), (3) Deere and Bayliss (1969), Rail (1980), (4) Stronach (1981, 1984), (5) Kramers 
and Dolby (1993), (6) Riediger et al. (1990). Study areas for Poulton et al. (1990) and Tittemore 
(1991) are similar to this study (Figure 1.1). 
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Stronach (1984) described the basal facies of the Poker Chip Shale as black, platy 

shales with minor occurrences of conchoidal cleavage with total organic carbon content 

of 1.3 to 4.9 weight percent. Observed fauna included radiolarians Eucytidium and 

Spumellina, nektonic cephalopods, abundant bivalves, a few agglutinated benthic 

foraminifera and limited trace fossil grazing trails. 

1.5.2 Biostratigraphy 

1.5.2.1 Palynology 

Pocock (1970, 1972, 1976) reported an abnormal palynological assemblage from 

the Gordondale Member of west-central Alberta (Figure 1.4). This abnormal assemblage 

contains Classopollis spp., abundant fragments of variably decayed wood particles, 

acritarchs such as Dictyotidium eastendense and Leiosphaeridia tangentensis. Pocock 

observed no dinoflagellates. The palynological samples are dominated by yellow 

sapropel, which obscures the palynomorphs, making identification difficult. Pocock 

could not date the Gordondale Member based on the assemblage he observed, but instead 

dated it by analogy with the Lower Gravelbourg, as part of his J l 3 assemblage that 

spanned the late Pliensbachian to Aalenian. 

Pocock (1972) noted that the palynomorph assemblage and preservation implied a 

restricted, anoxic environment. Also, time correlative palynomorph assemblages from 

the Lower Watrous (Lower Jurassic) and Lower Gravelbourg (uppermost Lower Jurassic) 

formations of the Williston Basin suggest an arid climate with a narrow strip of 

xerophytic flora adjacent to an extensive inland desert. Gordondale palynomorph 

assemblages indicate a decrease in aridity stratigraphically upwards. The palynological 
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assemblages indicate a departure from normal marine conditions towards the base of the 

Fernie Formation. 

Kramers and Dolby (1993) described two Lower Jurassic palynological 

assemblages and one Aalenian assemblage from the Poker Chip Shale. These are 

summarized below. A late Pliensbachian to middle Toarcian assemblage was sampled 

from the Poker Chip Shale overlying the Nordegg platform facies (8-24-39-4W5). This 

assemblage is dominated by sapropelic kerogen and sphaeromorph clumps. This 

character is widespread throughout the Lower Jurassic of northwest Europe, the Sverdrup 

Basin and other Arctic regions. Numerous acritarchs and rare prasinophytes are also 

reported. Contrary to Pocock (1970, 1972), Kramers and Dolby (1993) recognized 

dinocyst species from the Lower Jurassic of the W C S B . With the exception of 

sphaeromorphs, spore and pollen flora are rare. The late Toarcian palynological 

assemblage is similar to the underlying assemblage. The Aalenian assemblage is 

characterized by an abundance of Frommea dinocysts. 

1.5.2.2 Coccolith biostratigraphy 

Riediger et al. (1990) were the first to report coccoliths from the Gordondale 

Member. As detailed in Chapters 3 and 4, many coccoliths have subsequently been 

identified from the Gordondale and Red Deer Members. 

1.5.2.3 Ammonite biostratigraphy 

Ammonites ranging in age from Hettangian (Hall et al., 2000) to late Toarcian 

(Asgar-Deen et al., 2003) have been recovered from the Gordondale Member. These 

occurrences are discussed in more detail in Chapters 2 and 3. 
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1.5.3 Gordondale Member depositional paleogeography 

Macdonald (1987) and Poulton and Aitken (1989) drew analogies between 

Gordondale Member equivalent phosphorites and "west coast type" phosphorites. From 

this analogy, they determined that the Gordondale Member was not deposited within a 

restricted basin, but that there was circulation either with the open Pacific Ocean or 

through a trough connected to the ocean. Hence, Poulton and Aitken (1989) concluded 

that either the allochthonous terranes still lay well offshore in the Sinemurian, or that the 

tectonic load of approaching terranes served to create a longitudinal trough (foreland 

basin). 

Riediger and Coniglio (1992) examined early diagenetic displacive calcites of the 

Gordondale Member. They observed oxygen isotope shifts within the calcite that suggest 

a more meteoric influence towards the western and southwestern portions of the 

Gordondale basin. This relationship was taken as evidence of a silled basin. 

1.5.4 Source rock characteristics 

Stasiuk et al. (1988) conducted a preliminary investigation of the Gordondale 

Member and determined that it has good to excellent source rock potential. Creaney and 

Allan (1990) determined that the Gordondale Member is the richest hydrocarbon source 

rock of the W C S B and noted that its kerogen is sulphur-rich. 

Riediger et al. (1990) and Riediger (1991) analyzed more than 200 samples from 

the Gordondale Member and found that it contains Type I/II sulphur-rich kerogen with 

total organic carbon values commonly in excess of 10 wt % (Riediger et al, 1990). 

Furthermore, some samples yielded up to 28 wt % total organic carbon and hydrogen 

index values of up to 800 g HC/g TOC. Riediger et al. (1990) determined that 
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Gordondale biomarker signatures suggested deposition within anoxic, reducing, possibly 

hypersaline conditions with carbonate deposition and low clastic input. A n area of 

restricted oceanic circulation was proposed as a depositional environment. The organic 

components of the Gordondale Member identified by Riediger et al. (1990) included rare 

sporinite, liptodetrinite, bituminite, inertinite, cenospheres and three types of alginite, one 

of which resembled alginite which is abundant in the European Toarcian. 
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Chapter 2. Methods 

2.1 Sedimentology 

Twenty-six cores were logged at the Alberta Energy and Utilities Board core 

storage facility in Calgary, Alberta (see Figure 1.2 for locations). Representative samples 

were taken for standard thin section analysis, X-ray diffraction analysis and scanning 

electron microscopy. 

Because the Gordondale Member contains a significant component of sand-sized 

biogenic clasts, use of Dunham's or Folk's classification scheme for fine-grained 

sediments is misleading. In order to avoid this problem, the fine-grained rock 

classification scheme of Lewan (1978) is used. This scheme determines a root name 

based on the grain size and silicate fraction (Figure 2.1). A modifier for the name is 

chosen based on the composition of the rock. Since Gordondale Member sediments 

dominantly have a micritic matrix, the appropriate modifier is calcitic, and most of the 

Gordondale Member strata can be classified as calcitic mudstones. Folk's (1974) scheme 

is used for silt-size and coarser sediments of the Gordondale Member. 

Thirteen outcrops were described and measured using a Jacob's staff (see Figure 

1.2 for locations). Outcrops were selected and located based on previously published 

accounts from Frebold (1957), Ollerenshaw (1968), Macdonald (1987), Hall et al. (1998) 

and Gibson and Poulton (1993). One additional previously unreported outcrop, Snake 

Indian River Bridge East, was described. A trail map showing its location is included in 

Appendix I. Outcrop scintillometer logs were created at each outcrop by taking 

scintillometer readings at 0.5 m intervals. Five readings were taken for each sample 

interval. The highest and lowest readings were discarded and the mean of the remaining 
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three was reported. Rock samples were also collected at 0.5 m intervals. Selected 

samples were prepared for standard thin section, X-ray diffraction, scanning electron 

microscopy, and I or analyzed through Rock-Eval/TOC Pyrolysis. These techniques are 

described in the following sections. 

33% 33% 
SILT-SIZE SAND-SIZE 
¡5-62 , t ,ml ¡62-2000/ot) 

Figure 2.1. Laboratory fine-grained rock classification of Lewan (1978). The wedge-shaped 
diagram is used to determine a root term for the rock name. 

2.2 Stratigraphy 

Stratigraphie relationships were determined from regional cross-sections 

constructed both along and across strike. Only selected representative cross-sections are 

included in this thesis. 

2.3 Isopach maps 

Isopach maps were created by picking Gordondale Member unit boundaries on 

gamma-ray and resistivity logs for 390 wells. Appendix III, Figure 1 shows the location 

of these wells. A database of the stratigraphie tops is also included in Appendix III. A l l 

isopach maps were hand contoured. 
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2.4 X-Rav diffraction analysis 

Fourteen samples were analyzed on a Rigaku Multiflex X-ray diffractometer at 

the University of Calgary, Department of Geology and Geophysics. Samples were 

powdered either mechanically or with mortar and pestle. The majority of whole rock 

samples were analyzed as powders, a few were analyzed as slide mounts. Diffractograms 

were obtained at settings of 40 kV, 40 mA and a sample width of 0.020 degrees. Mineral 

identification was performed by comparing the profiles and d-spacings to standard 

published profiles for minerals using the Jade 6.5 software package from Materials Data 

Incorporated. Mineral percentages were not estimated. X-ray diffraction results are 

discussed in Chapter 6 and summarized in Table 6.1. Diffractograms are included in 

Appendix IV. 

Clay mineral X-Ray diffraction analysis samples were powdered and mixed with 

approximately 500 ml of distilled water. The samples were allowed to settle for four 

hours in order to separate the greater than 2 um fraction. The fine fraction was siphoned 

off and concentrated by centrifuging. Three slide mounts were made for every shale 

sample. One was air-dried, one was glycolated overnight, and another was oven heated 

for half an hour at 550 degrees Celsius. 

2.5 Scanning Electron Microscopy 

Selected samples were viewed under the Scanning Electron Microscope (SEM). 

Samples consisted of rock chips glued onto stubs or thin sections with the cover slips 

removed. Most samples were gold coated; a few were coated with platinum or carbon. 

Samples were viewed under the Philips/FEI E S E M at the Microscopy and Imaging 

Facility at the University of Calgary. Back-scattered electron mode proved to be most 
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effective for viewing the samples, particularly the thin sections. A n Energy Dispersive 

X-ray (EDX) system was used to identify elements and infer mineral identifications. 

Scanning Electron Microscopy results are discussed within the context of Gordondale 

Member sedimentology and mineralogy in Chapter 6. 

2.6 Rock-Eval Pyrolysis 

Seventy-two organic geochemistry samples were collected from outcrops of fine

grained Lower Jurassic strata. These outcrops include Snake Indian River Bridge, Fiddle 

River, Scalp Creek, East Tributary, as well as the fine-grained strata underlying the 

typical Nordegg Member at Clearwater River, Shunda Creek, Macleod River Rail, and 

Macleod River Bluffs (Figure 1.2). The early Toarcian strata overlying the typical 

Nordegg Member at Macleod River Bluffs were also sampled. 

One hundred grams of rock powder were analyzed for each sample by Rock-Eval 

VI /TOC pyrolysis at the Geological Survey of Canada's Organic Geochemistry Labs in 

Calgary, Alberta, Canada. A laboratory standard was run with the samples. Table 2.1 

gives mean values and the standard deviation for the laboratory standard. 

Mean S l Mean S2 Mean 
S3C02 

Mean 
Tmax 

Mean 
TOC 

Standard 9107, n=9 0.98 12.25 0.50 443.89 4.87 
Standard Deviation 0.02 0.28 0.04 1.36 0.02 

Standard Deviation as a 
percentage of the mean 1.83% 2.26% 7.12% 0.31% 0.44% 

Table 2.1. Mean values and the standard deviation for the Rock-Eval laboratory 
standard. 
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Samples were initially heated at 300 0 C for 3 min in order to volatize free and 

adsorbed hydrocarbons, which were recorded as the S l peak. Samples were then heated 

in a stepwise fashion to 650 0 C The hydrocarbons generated at this stage were recorded 

as S2, and the temperature at which the maximum amount of S2 hydrocarbons were 

released, T m a x , is a relative indicator of thermal maturity. Samples were then combusted 

in air and the CO2 created from this process (S3) was added to the S l and S2 values 

providing a measure of total organic carbon (TOC). A l l hydrocarbons were measured by 

flame ionization and CO2 by thermal conductivity detectors. S l and S2 values were 

converted to Hydrogen and Oxygen indices (HI=(S2/TOC) x 100, OI=(S3/TOC) x 100) 

and used to infer organic matter type. Rock-Eval Pyrolysis results are discussed in 

Chapter 5 and summarized in Table 5.1. Rock-Eval pyrograms are included in Appendix 

V . 
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Chapter 3. Subsurface stratigraphie framework 

3.1 Introduction 

This chapter describes informal Gordondale Member units, which provide a 

stratigraphie framework for the remainder of this thesis. The lithology, contacts and 

biostratigraphy of each unit are described based on observations from 26 cores. Five 

summarized core descriptions, with fossil localities, are included in this chapter. Figure 

3.1 shows the location of the wells with summarized core descriptions. More detailed 

core descriptions for all twenty-six described cores are located in Appendix II. 

Gordondale Member sedimentology and depositional environments are examined in more 

detail in Chapter 6. 

The informal units, and associated biostratigraphic data, were originally presented 

in Asgar-Deen et al. (2003) and in Asgar-Deen et al. (in press). A l l ammonites were 

identified by R. Hall (University of Calgary) and coccoliths by J. Craig (consultant, 

Bragg Creek). 

3.2 Subsurface stratigraphie framework 

Riediger et al. (1990) divided the subsurface Gordondale Member ("Nordegg 

Member") into three regional units: (1) a lower highly radioactive member consisting of 

organic-rich shale, (2) 1 to 3 m of siltstone to very fine-grained sandstone with a cleaner 

log response, and (3) an upper radioactive member, with lower organic content and a less 

radioactive log signature than the lower unit. Descriptions of new subunits recognized 

here are given below, using Lewan's (1978) classification scheme for fine-grained 

sediments (Figure 2.1), and Folk's (1974) scheme for silt-size and coarser sediments. 
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The units described below do not correspond to those of Stott (1967a, 1998) for the 

Fernie Formation. 

50 km 

Figure 3.1. Location of wells with summarized lithologie core descriptions and fossil localities. 
Modified from Asgar-Deen et al. (2003). Edge of deformed belt from Poulton et al. (1994). 

3.2.1 Lower Radioactive Unit - Unit 1 

The lower radioactive unit of Riediger et al. (1990), here referred to as Unit 1, can 

be further subdivided into three subunits. The lower subunit (IA) is thin, discontinuous 

and mostly occurs in the vicinity of the Peace River. The second subunit (IB) is thicker, 

widespread and fairly uniform in thickness. The third subunit (IC) is a carbonate, which 

interfingers with subunit IB, and occurs only in the eastern portion of the study area. 
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3.2.1.1 Subunit IA 

This subunit is of variable thickness, ranging up to 4 m, and fills structural or 

topographic lows on the sub-Jurassic unconformity and is most common in the Peace 

River area. 

Subunit I A gamma-ray log signatures are lower than the overlying remainder of 

the Gordondale subunits and generally range from 80 to 220 API units. Subunit I A is 

very difficult to distinguish on gamma-ray logs. Where the subunit is known to occur in 

core, it can be traced within a limited area. More biostratigraphic work is required to 

determine the areal extent of Subunit 1 A . 

As observed in 12-4-73-2W6 (Figure 3.2), Subunit I A consists of dark grey to 

brown, calcific mudstones with common pectinoid bivalves, Ostrea and other shell 

fragments in repeating, thin (2 mm to 1 cm thick) laminae. This unit also contains 

belemnoids, ammonites and very minor amounts of fish debris. 

Many Gordondale Member cores have a basal argillaceous claystone to weakly 

calcareous argillaceous claystone. Small disks of radiating barite crystals, and downward 

branching barite filled fractures, are associated with these strata. Phosphatic peloids are 

common at the upper contact of the argillaceous unit. The argillaceous unit is about 2 m 

thick in 6-6-88-10W6 (Appendix II) and thins eastwards to approximately 0.25 m in 2-

18-60-21W5. This thin zone of weakly calcareous to argillaceous claystone continues 

underneath the carbonate platform ( 10-34-5 7-19W5, Appendix II) and was also observed 

in outcrop (Fiddle River East, 0.6 m). These strata generally, but not always (e.g. 11-35-

81-11W6, Appendix II), have a lower gamma-ray response than overlying beds (e.g. 6-

32-67-19W5, Appendix II). In thin section, the argillaceous claystone is dominated by 

clay minerals (52%) aligned parallel to bedding, and dark brown phosphatic blebs and 
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stringers (20%), silt-sized subangular quartz clasts with undulóse extinction (20%), 

calcite rhombs (5%) and minor white mica (3%). More work is required to determine i f 

this argillaceous zone is correlative with Subunit I A or i f it is an age-independent facies 

associated with the transgression of the Gordondale Member over the craton. 

Subunit 1A, the lowest subunit of the Gordondale Member, unconformably 

overlies Triassic strata in the west, and is absent in the eastern part of the study area. The 

lower boundary is sharp (Figure 3.2; see also Hall et al, 2000). The upper boundary in 

12-4-73-2W6 is an argillaceous green shale with bitumen-filled, polygonal fractures and 

a thick layer of displacive fibrous calcite cement. The overlying unit (IB) is of similar 

lithology but contains greater amounts of fish debris. 

3.2.1.1.1 Biostratigraphic data 

From rocks of similar lithology at the base of the Fernie in 6-19-78-25W5, Hall et 

al. (2000) reported a late Hettangian ammonite, Discamphiceras cf. D. silberlingi 

associated with coccoliths of late Hettangian to early Sinemurian age. A n ammonite 

lateral impression from 12-4-73-2W6, 60 cm below the top of Subunit 1A, resembles 

Hettangian Alsatites (Figure 3.2); 5.5 cm higher in this core another small, poorly-

preserved lateral impression of an ammonite could be Caloceras (Figure 3.2), also of 

Hettangian age. From the preceding data, it can be concluded that Subunit I A likely 

spans the late Hettangian to early Sinemurian. 

Subunit I A is correlative with Hettangian strata from the Williston Lake area 

(Black Bear Ridge; Location H , Figure 1.2). In thin sections, the Williston Lake area 

strata are very similar to Subunit 1A, but contain greater amounts of silt-sized quartz 

grains (Plate 1, Figure A) . 
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12-4-73-2W6 
Depth Gamma-ray 
(m) (API) 

Subunit 1B 

¡ 1 5 1 5 

Lithology Fossils, 
Sedimentary 
Structures and 
Diagenetic 
Features 

-.•H--. 

SubunitIA < CaiocBras 
Alsatites cz!;; 

Triassic CMrIie Lake Fm. 
1520 

Description 

Medium brown calcific mudstone with minor white specks. Minor green 
mudstones with bitumen filed polygonal fractures and 10% dispersed Ostrea. 

Medium grey/brown to Hghttan cafcïutite to coarse calcarenite with 5-10% fish 
fragments, 5-10% pectinokJ bivalves, minor oysters, bitumen and oil staining. 
The unit contains one 10 cm thick coarse calcarenite bed with 60% sheH and 
40% fish debris. The unit is dominated by 3-5 cm thick fining upwards cycles 
with abundant fish debris at base. Beds are inclined 2 to 5 degrees. 

Black to dark grey/brown silty calcite mudstone with 5% fish debris and minor 
horizontal lime mudstone lamina. Alternating 5-10 cm beds of calcitic 
mudstone and silty calcitic mudstone. Near top of unit, shells and fish debris 
are more abundant with up to 10% fish fragments and 5% dispersed pectincid 
bivalves. Minor bitumen. 

Black to dark grey calcitic mudstone, lower portion Is only weakly calcareous. 
About 5% shells, mostly pectinoid bivalves and minor Osfreawithin < 1 mm 
thick shell-rich lamina at 1-2.5 cm intervals. Near top of unit, sheHs are 
dispersed instead of occurring in lamina. The unit contains 5-20% fish 
fragments concentrated in 0.5 cm thick beds. Minor white speckled lime 
mudstone and minor displacive calcite cement near the upper contact. 

Dark brown/grey calotte mudstone with 5-15% shels (20% Ostrea, 60% 
pectinoid bivalves). Shells occur in laminae 2 mm to 2 cm thick at regularly 
spaced intervals of 5-12 cm at the base of the unit, decreasing to 1-2.5 cm 
near the top. The unit contains minor belemnokfs, fish debris and ammonites. 
The upper contact is green shale with bitumen filled polygonal shrinkage 
cracks overlain by a thick layer of displacive fibrous calcite cement. 

L e g e n d 

Fish debris 

Ostrea 

Pectinoid bivalve 

< § £ > Belemnoid 

Ammonite 

V Displacive fibrous calcite cement 

Horizontal laminae 

4) Oil staining or bitumen 

C V ^ ) Chert nodules 

Q 
VV Phosphatic clasts 

Polygonal fractures P y pyrite 

Calcittc mudstone 

Calcilutite or 
silty calcitic mudstone 

Coccolith Sample 
Location 

Fossil location 

Conglomerate 

Figure 3.2. Subunits IA and IB summarized core description and fossil locations for 12-4-73-
2W6. From Asgar-Deen et al. (2003). 
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3.2.1.2 SubunitlB 

Throughout most of the study area this subunit is approximately 10 to 20 metres 

thick. In the eastern portion of the study area, it encases a carbonate ramp (Subunit 1C), 

and exceeds 20 m in thickness. Subunit IB thins westwards to approximately 5 m near 

the edge of the Alberta Foothills, where it begins a westward thickening trend. Subunit 

IB has not been subdivided into portions pre- and post-dating the ramp (Subunit 1C) as 

they are difficult to distinguish where the ramp is absent. 

Subunit IB has a gamma-ray log response commonly in excess of 300 API units. 

Its photoelectric effect (PE) response varies, but is usually quite calcareous (almost 5 

units) at the base and decreases upwards to 3 or 4 units. 

The lithology of this subunit is highly variable: calcitic mudstone, white speckled 

calcitic mudstones, calcilutite, fine to medium-grained calcarenites, and rare phosphatic 

peloid sandstones. Thinly bedded, repeated, fining-upwards cycles with thin horizons of 

fish debris at their base and shell-rich calcitic mudstones at their top are common. In thin 

section, most of the samples display a dark brown (organic and phosphatic?) micritic 

matrix commonly with phosphatic lenses, quartz and calcite stringers. Silt-sized grains 

consist of carbonate, angular quartz and plagioclase fragments, as thin laminae and 

dispersed throughout the matrix. Green siltstone beds with polygonal fractures and 

mottled calcareous horizons are associated with suspected paleosols (Asgar-Deen, 2002). 

Barite crystals and the green shale horizons are more common in the upper portion of 

Unit IB, which also has a lower response on the resistivity log. Scoured surfaces 

underlying phosphatic peloid or fish debris beds are also common. These phosphatic 

horizons commonly correlate to highly radioactive spikes in the gamma-ray response. 

Bedding attitude varies, and commonly ranges from about 10 degrees to horizontal. 



Sedimentary structures include fine parallel laminae, rare wavy parallel laminae and 

alternating calcitic mudstone and calcilutite beds less than 10 cm thick that often contain 

fining-upwards sequences. Observed macrofossils include belemnoids (including 

Atractites), Oxytoma, Ochotochlamys, Ostrea, abundant fish debris and ammonites. 

Radiolaria are only observed in thin section, and are very abundant. Displacive fibrous 

calcites are also common (e.g. Riediger and Coniglio, 1992). 

In the eastern portion of the study area, Subunit IB overlies the sub-Jurassic 

unconformity. This contact sometimes displays brecciation of the underlying units or a 

sharp, scoured contact (3-30-67-26W5, Appendix II). In some cases (6-16-63-13W5, 

Appendix II) there is argillaceous green shale and abundant plant roots with drab halos 

visible below this contact. The Subunit IB upper contact is described below with Unit 2. 

3.2.1.2.1 Biostratigraphicdata 

Ammonites present near the top of this unit in 6-32-78-5W6 (Figure 3.3, -1218 

m) are Harpoceras sp. cf. subplanatum and Orthodactylites; the former indicates an early 

to middle Toarcian age, the latter an early Toarcian age. Coccoliths from approximately 

the same depth in this core are consistent with this early Toarcian age. Coccoliths 

retrieved about 1.5 m lower in this core (at 1219.61 m) are Pliensbachian; others at 

1221.76 m and 1225.12 m are also probably of Pliensbachian age. The Pliensbachian 

ammonite Acanthopleuroceras (R. Hall, oral communication, 2002) has been recovered 

from Subunit IB in 7-36-59-22W5 (Appendix II). Two more ammonites, tentatively 

identified as ?'Acanthopleuroceras (R. Hall, oral communication, 2003) occur in Subunit 

IB where it underlies the Nordegg Member in 11-15-42-4W5 (Figure 3.4, Appendix II). 
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Hence, Subunit IB is tentatively designated as early Pliensbachian to early Toarcian in 

age, but it may range to the middle Toarcian. 

6-32-78-5W6 
Depth 
(m) 
1205 r 

Gamma-ray 
(API) 

_ Subunlt 3A 
1210 

H215 Unit 2 

H22Q 

Lithology Fossils, 
Sedimentary 
Structures and 
Dlagenetlc Features 

LAJ Py 

Description 

Harpoceras sp. cf. 
~Subplanatum C ^ \ ^ 

Orthodactylites<^7 

h 225 

©<A»®>< 

Black calcitic mudstone with abundant fish fragments and finely 
disseminated pyrite. 
Thin conglomerate with abundant belemnites, belemnite fragments, shell 
fragments, large irregular rounded phosphatic intraclasts and a matrix of 
peloidal phosphate sandstone with abundant fish debris. A few 
centimeters of this sandstone also overlies the belemnite bed. 

Light brown calcitic mudstone with 1 to 2% black calcitic mudstone in 1 
to 5 mm thick laminae. Contains abundant fish debris, Osfrea and 
pectinoid bivalve shells in shell-rich laminae < 2 mm thick. 

Light brown calcitic mudstone with 10% calcilutite interbeds, minor thin 
(-2 mm) Osfrea rich beds, fish debris and displacive fibrous calcite. 

Light brown calcitic mudstone with 10% calcilutite interbeds, minor 
calcarenite beds as well as Ostrea, fish debris and belemnoids. Minor 
green shales with calcite-lined fractures, minor fine horizontal Iaminatiori 
and oil staining. 

Light brown calcitic mudstone with 10% calcilutite interbeds. Coarsens 
upwards. Minor fish debris, ammonites and belemnoids. 

Black calcitic mudstone with 10% Ostrea and pectinoid bivalve shells. 
Dark grey brown calcitic mudstone with 10% calcilutite interbeds. Minor 
grey/green caicarenites with bitumen-filled polygonal fractures. Faunas 

] include Osfrea and pectinoid bivalves. Minor displacive fibrous calcite 
and phosphatic nodules. 
Silty brown calcitic mudstone with white specks, minor chert nodules, 
laminae with phosphatic fish debris and shell fragments. Shells include 
Ostrea and pectinoid bivalves. 
Dark grey/brown calcitic mudstone with 5 to 10 cm thick silty interbeds 
and minor very fine calcarenite as well as Osfrea-rich laminae, fish debris 
laminae, minor belemnoids and minor bitumen. Top of unit is dominated 
by displacive fibrous calcite. 
Medium grey silty calcitic mudstone interbedded with 0.5 to 1 cm thick 
shell-rich beds. Shells include Ostrea and minor pectinoid bivalves. The 
unit contains minor displacive fibrous calcite, fish debris and stylolites 
with about 0.5 cm vertical relief. 

Figure 3.3. Subunits IB, 2, 3A and 3B summarized core description and fossil locations for 6-32-
78-5W6. Legend as in Figure 3.2. From Asgar-Deen et al. (2003). 

31 



11-14-42-4W5 

? Fernie Formation 

L O 
C N 

Nordegg 
Member 

P Subunit 1B 
? Acanthopleuroceras 

Karsted 
Pekisko 
Formation 

O 150 api 

Figure 3.4. Location of Acanthopleuroceras ammonites recovered from Subunit IB, underlying 
the Nordegg Member. 

3.2.1.3 SubunitlC 

Subunit IC is present only in the eastern portion of the study area and thickens 

eastwards to over 20 m. The transition from thin basinal limestones to the 11 m thick 

carbonate ramp occurs at approximately Range 19W5 (Figure 3.5). Subunit IC probably 

makes up the base of the southern carbonate ramp located south of Township 59 and east 

of Range 25 west of the fifth meridian (Figure 3.5). However, with few exceptions, 

Subunit 1C cannot be differentiated from overlying ramp strata. 
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Subunit IC has a consistent log character with a photoelectric effect (PE) 

response of 4 units and a gamma-ray response of approximately 45 API units decreasing 

upwards to about 30 API Units. This is consistent with the colour of the unit, which is 

increasingly lighter towards the top of the core. 

Subunit IC is described from three cores: 3-23-64-19W5, 6-16-63-13W5, and 

02/6-32-67-19W5 (Appendix II). In 6-16-63-13W5 it consists of alternating dark, 

medium and light brown calcitic mudstones and minor silty calcitic mudstones. Sparse 

pectinoid bivalves, Ostrea and fish fragments are present. This subunit contains a trace 

fossil suite consisting of Chondrites, Planolites, Diplocraterion, Thalassinoides, 

Phycosiphon and possibly Cochlichnus or Helicodromites (J.P. Zonneveld, written 

communication, 2001). In thin section, this unit consists mostly of mielite with minor 

amounts of white mica and quartz. In 3-23-64-19W5 and 02/6-32-67-19W5 it is grey to 

brown calcitic mudstone with fine-grained white specks, minor shells and fish debris. 

Beds have dips up to 7 degrees. Both of these cores have a phosphatic peloid horizon at 

approximately the middle of the unit. The peloids in 3-23-64-19W5 have oxidized 

reddish rims. This erosional horizon corresponds to a gamma-ray spike and correlates to 

a burrowed, siltstone-clast conglomerate in 6-16-63-13W5. 

Subunit IC is encased by Subunit IB shales. The lower Subunit IC boundary 

with Subunit IB appears to be conformable; in 6-16-63-13W5, it is marked by a few 

small Planolites burrows. The upper contact has only been observed in 3-23-64-19W5, 

where it is sharp and corresponds approximately to a poorly developed thin green shale. 

3.2.1.3.1 Biostratigraphic data 

No ammonites or coccoliths were recovered from Subunit I C 
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3.2.2 Middle Siltstone I Southern Carbonate Ramp - Unit 2 

Unit 2 is present throughout the study area. In the northern and western portions 

it is a calcilutite about 2 m thick, whereas in the southeastern portion it is a 42 m thick 

carbonate ramp. The northern boundary of this carbonate ramp occurs at approximately 

Township 59, and its western boundary at about Range 25 west of the fifth meridian 

(Figure 3.5). The lower portion of the carbonate ramp likely consists of strata correlative 

to Subunit 1C, but as mentioned above, these strata are difficult to distinguish from the 

overlying Unit 2. This facies corresponds to the "Carbonate Platform Facies" described 

by Poulton et al. (1990). 

3.2.2.1 Basinal siltstone facies 

The Unit 2 basinal siltstone facies has a gamma-ray log response typically 

between 75 and 100 API . It consists of variably oil-stained, light grey calcilutites, fine 

calcarenites and lesser calcitic mudstones. The calcitic mudstones commonly contain silt 

interbeds or fining-upwards beds of fine calcarenite to calcilutite. Thin section 

observations reveal that the calcarenites contain abundant micritic matrix, fine-grained 

calcite clasts and radiolarians. Fossils include ammonites, pectinoid bivalves, Ostrea, 

and fish debris. The latter is usually present in thin laminae at the base of beds. 

3.2.2.2 Carbonate ramp facies 

The Unit 2 carbonate ramp facies has a clean gamma-ray log response usually 

below 45 API. Only limited portions of this facies are described from core. Observed 

lithologies include calcarenites as well as partly silicified and silicified calcarenites 

(chert). There is no clear trend to the distribution of silicified beds. However, coarser 

beds are more commonly silicified. This facies contains abundant normally graded beds, 
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ripple cross-stratification, fine planar laminae, soft sediment deformation, chert nodules 

and chert clasts with porous edges. Less common are bi-directional ripples 

(identification confirmed by F. Hein, oral communication, 2000), wavy, flaser and 

lenticular bedding, and possible shale drapes. Thin sections display chalcedony spherules 

of probable sponge spicule, or oolitic, origin. Burrows are common and the ichnofauna 

includes Planolites, Teichichnus and possibly Anchonichnus, Rosellia and 

Thalassinoides. Fossils include pectinoid bivalves, Ostrea and rare belemnoids. 

The lower contact of the thick carbonate ramp facies was not viewed in core. 

However, the lower boundary in 11-14-59-22W5 (Appendix II) where Unit 2 is of 

intermediate thickness was observed. It is an erosional boundary with shale clasts and 

phosphatic peloids. The upper contact was only observed in one core, 10-12-57-19W5 

(Appendix II), where it is a sharp boundary between two pieces of core. The calcarenites 

underlying the upper 3A contact in 10-12-57-19W5 are burrowed by Macaronichnus. 

Both upper and lower boundaries of the thin (2 m) basinal siltstone equivalent were 

observed as gradational over approximately half a metre. The upper boundary is 

discussed below with Subunit 3A. 

3.2.2.2.1 Biostratigraphicdata 

One poorly preserved ammonite lateral impression from the basinal siltstone 

facies of this unit in 1-35-62-20W5 (Figure 3.6) is tentatively identified as an early to 

possibly middle Toarcian dactylioceratid. 

3.2.3 Upper Radioactive Unit - Unit 3 

Subunit 3 A , the uppermost subunit of the Gordondale Member, roughly 

corresponds to the Upper Radioactive Unit as defined by Riediger et al. (1990), and the 
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Poker Chip Shale A of Riediger (2002). Subunit 3B is a thin, laterally persistent unit 

which overlies the Gordondale Member, and is likely also correlative to the Poker Chip 

Shale A (Riediger, 2002). Although not included in the Gordondale Member, a 

description of Subunit 3B is included below because it contains valuable biostratigraphic 

information. 

3.2.3.1 Subunit 3A 

This subunit displays drastic changes in thickness. Near the edge of the Alberta 

foothills (Figure 3.1), it is less than 5 m thick; from there it thickens eastwards to over 30 

m, and westwards to at least 10 m. Most of the eastward thickening occurs between 

Ranges 21 and 24W5 (Figure 3.5). Subunit 3A thins to a few metres over the southern 

ramp facies of Unit 2, and is absent in some wells having thick Unit 2 carbonate ramp 

facies. 

Subunit 3A has a lower gamma-ray response than the lower radioactive unit (Unit 

1), ranging from approximately 150 to 225 API near the Alberta I British Columbia 

border and decreasing eastwards where 130 API units is a common response. The base 

of the unit displays an increased gamma-ray response compared to the underlying Unit 2. 

The photoelectric effect (PE) response indicates that the subunit has a more argillaceous 

composition upwards and eastwards. 

Subunit 3A is characterized by brown calcitic mudstones, calcareous siltstones, 

fine calcarenites, shell-rich laminae and white speckled lime mudstones. This subunit 

fines and becomes more argillaceous upwards. Lenticular beds of black argillaceous 

mudstone or shale are common in the upper portion of this subunit (e.g. 6-6-88-10W6 

and 02-11-87-13W6, Appendix II). This subunit also contains green siltstones with 
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Figure 3.5. Map denoting the location of major Gordondale facies changes, such as the edges of 
facies IC and 2, as well as the thickening of Subunit 3A. From Asgar-Deen et al. (2003). 

37 



1-35-62-20W5 
Depth 
(m) 

Gamma-ray 
(API) 

P I 5 Unit 2 

2030 

dactylioceratid c z £ > 

2035 

I2040 

Lithology Fossils, 
Sedimentary 
Structures and 
Dlagenetic 
Features 

Description 

/Triassic Montney Fm 

Poor core quality, black calcitic mudstone with minor calcilutite, minor small Osfrea 
and minor ammonites. 

Silty black caicitic mudstone with <5% Iish debris and -1 % Ostrea and pectinoid 
bivalves. 

Alternating, approximately 7 cm thick beds of dark grey to black calcitic mudstone 
and very fine calcarenite with about 5% fish debris, minor Osfrea and pectinoid 
bivalves. The unit contains minor displacive fibrous calcite, a green siltstone and a 
paleosol (?) at about 2031 m depth. Subvertical stylolites are abundant. 

Dark grey 2 to 6 cm thick fining upwards cycles from fine calcarenite to shell-rich 
calcitic mudstone. About 10% fish debris, 10% Ostrea and <5% pectinoid bivalves. 
Minor green siltstones with bitumen-filled polygonal fractures. 

Silty dark brown calcitic mudstone wilh about 5% fish debris and 10% Osfrea. 
Common 2-4 cm thick shell rich (up to 25%) beds. Minor bitumen and displacive 
fibrous calcite. 

Dark grey 2 to 6 cm thick fining upwards cycles from calcarenite or calcilutite to 
calcitic mudstone. The cycles include a basal 2-3 mm lag of fish debris (up to 60%) 
and shell fragments (40%). Shells include both Osfrea and pectinoid bivalves. Minor 
phosphatic clasts. 

Black calcitic mudstone to calcilutite with lesser dark grey calcarenite. Usually less 
than 5% fish debris, occasionally up to 10%. Minor Osfrea, minor ammonites, minor 
displacive fibrous calcite cement and bitumen-fi lied polygonal fractures. Beds are 
Inclined 20 degrees and progressively shallow to horizontal at top of unit. 

Black calcitic mudstone with 10% fish debris and minor pectinoid bivalves and minor 
silt. Fish debris is concentrated in laminae at 0.5 cm intervals. Near the top of the 
unit, there are three green siltstones with bitumen filled polygonal fractures, 

Figure 3.6. Subunits IB and 2 summarized core description and fossil locations for 1-35-62-
20W5. Legend as in Figure 3.2. 
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polygonal, bitumen-filled fractures. One such siltstone, from 6-9-66-24W5, is associated 

with an apparent rooted horizon and suspected paleosol with soil micromorphology 

features such as branching roots and cutans of translocated clays (evidence of exposure is 

discussed in section 6.2). Radiolarians are abundant, fish debris is common, and Ostrea, 

pectinoid bivalves and Inoceramus are sparse. 

Subunit 3 A is coarser-grained in the eastern portion of the study area (e.g. in cores 

of wells 10-5-57-19W5 and 10-12-57-19W5, Appendix II). There it consists of finely 

laminated calcarenite with minor fish debris and minor beds of argillaceous shale. The 

calcarenites are variably bioturbated (MacaronichnusT) and overlain by argillaceous 

shales with finely disseminated pyrite. 

Subunit 3A generally has a gradational or sharp lower boundary marked by calcite 

crystals (7-31-79-10W6). However, this contact is erosional in a few wells in the eastern 

portion of the study area (2-11-87-13W6 and 6-6-88-10W6). The upper boundary, 

observed in several cores (6-32-78-5W6, 6-9-66-24W5, 7-31-79-10W6, and 2-11-87-

13 W6), is marked by either a fish debris bed, or a thin conglomerate bed with abundant 

belemnites, belemnite fragments, bivalve shell fragments, large rounded phosphatic 

intraclasts, and a matrix of peloidal phosphatic sandstone with abundant fish debris. In 

thin section, it can be seen that the phosphatic intraclasts contain abundant radiolarians; 

each intraclast has a slightly different composition and degree of phosphatization. The 

belemnite bed is overlain by a few centimetres of phosphatic sandstone identical to the 

sandstone matrix of the belemnite bed. The base of the belemnite bed marks the upper 

boundary of Subunit 3A. 
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3.2.3.1.1 Biostratigraphic data 

Coccoliths indicative of an early Toarcian to late Bajocian age were obtained 

from a depth of 1208.08 m, and of late Toarcian to middle Aalenian age from a depth of 

1212.57 m in 6-32-78-5W6. Kramers and Dolby (1993) reported both late Pliensbachian 

- early Toarcian and late Pliensbachian - middle Toarcian palynomorph assemblages 

from what they interpreted to be Poker Chip Shale. However, correlations suggest that 

they sampled Subunit 3A where it overlies the thick Unit 2 carbonate ramp facies. 

A late Toarcian ammonite of indeterminate genus was recovered from Subunit 3 A 

in subsurface core of 7-31-79-10W6 (Figure 3.7). The underlying Unit 2 contains an 

early to possibly middle Toarcian ammonite, and the overlying Subunit 3B contains late 

Toarcian ammonites. As discussed in Chapter 4, early Toarcian ammonites have been 

recovered from strata thought to be correlative with Subunit 3A at the Cadomin Rail 

outcrop section. Therefore, Subunit 3A is lower to upper Toarcian. 

3.2.3.1.2 Regional correlations 

The lithology and age of Subunit 3 A suggest that it is correlative with the Poker 

Chip Shale. This interpretation is supported by revised regional correlations (Figure 3.8), 

which link strata of the Gordondale Member with subsurface strata commonly referred to 

as the Poker Chip Shale. Figure 3.8 illustrates these correlations with an east to west 

cross-section of subsurface gamma-ray logs and Figure 3.9 shows the location of this 

cross-section. 
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00/7-31-79-10W6 
Depth Gamma-ray 
(m) . (API) 

Fossils, 
Sedimentary 

Structures and 
Diagenetic 
Features 

Lithology Description 

Brown (d), dark brown (w), calcitic mudstone interbeddedwith dark greenish grey (d & w) argillaceous 
mudstone overlying medium brown (d}, dark brown (w) moderately calcareous to argillaceous mudstone. A 
5 cm thick fish debris sandstone with belemnite fragments is located in the middle of the unit. Fish debris 
in Ihin <3 mm thick lamina. Very poor core quality. 

Gordondale Member upper contact; Hack (d 4 w) phosphatic pebbles up to 3.5 cm diameter, some with a 
reddish (oxidized?) rim, in a matrix of medium-grained phosphatic peloid, fish debris and belemnite 

. fragmenl sandstone. Minor irregular, rounded shale clasts with darken (phosphatized?) edges overiyng a 
dark black (phosphatized?), burrowed eroswnal surface with 4 cm relief, vertical fractures associated with 
brBcaated zones and is underlain by medium to dark grey (d), black (w) R phosphatic peloid sandstone 
wflh poncilolooic calere cement 

Medium brown (c). dark brown <w) wcakty calcareous mudstone Fisn dews in thin <3mm larona. M nor 
idlotopic calote and dfc. ere such calcile is topped by a Ixeccaled 'ed. argi acecus shale Minor green 
(d & w) sitelone with honzonta dark grey traces (roots?) and m nor bitumen filed fractures. Lower metre 
oluiiil consists mostly of argillaceous mucstone with minor O 5 by 4 cm np up clasts Thm (1.5 cm) fish 
debns bed: wi ï i 20% shell fragments 

Medium greyish brown with black tanma (d & w) Vfucalcarenile -calciiu'jte nleDedded with -30-40% 
black argillaceous lenses Medurr to coarse, displacive equanl to fibrous catate near base Poor core 
quality Upper contact has brecciated beige (d & w) Vfu calcarenite containing clay mme-als overtymg 
medium greyish brewn (c 4 w) Vu calcaroni» • calbluBle mterbeddeo with -40% black arg « aceous lenses 
with 1 -1 5 cm elongate rounded, light grey phosphatic nodules m a black argillaceous matnx Verypoor 
core quaUy 

Medium b'owr (d) dark brown Io Waek (w) < 1mm thk* lamina of hsn oebns and shell fragmerts overtam 
by Vfu cakarenite fining upwards to calokiMe andcafcitiic mudslone with black argillaceous lamina ( -5% 
ol total umi, These firing upwards bees are 1 -6 cm thick Upper 3 cm has Iozengeshapec cátale 
crystals 

Ughi to neCumgrey (d;. dark grey ;c). Vfu calcarenite with - 5 % amina of tíarx calase mudstone «itn 5 
^ zones o' dispiaave fibrous calale Minor zones of rectangular and cross-shaped calote crystals about 0.5 

cm in diameter 

Medium brown (0). black (w) cala ulte ; Vtu while speckled calcarenite fining upwards to a tematmg. 2 cm 
thick beds, of calcaren te or calduhte and mudstone. fimng upwards tc calcitic mjdstone Beds are 1 -4 
cmthick - l cmdiameler radiating calcite crystals 40 cm from upper contact. Poorcorequality 

Light to metí jm rxownisn grey (d). dark grey (w). Vfl to Fl ca'caronite with Ml equant calate Beds are 5-
10 cm thick Smal (-0 5 cm) ca:Cite Webs about 5 cm from base ano al too of unit 

Ughlgreyish b'owr ;c). dark greyish beige (w) Fl calcarenite. 0.5 lo 3 em oeds fnmg upwards to caloluliie. 
15cm bulf coloured bed 28 cm from base Minor Ihinlaminaof fish scales at the base of beds. Lower 
contact is a 5 cm thick ish détins sandstone overlying orange stained calote motles 

Medium brown (c). dark brewn / black (w) catatiC mudstone to mudstone Upoer 35 cm-15 • 20% IMn (-3 
mm) lamina ot dark brewn to black mudstone Upper 63 cm very slgTJy calcareous to arg.llacecus Bante 
crystals. < 1 cm s-ze irregular rectangular shaœs. located at upper c o ñ a c Lower contact consists of 2 
closery spaced green siltstones with Hturren filled polygonal fractures. 

Lighl Io medium brown (d). dark b'owr to black (w) calcilic mudsone. -2% fine para Iel laminated while 
speckled R calcarenite beds. -4% ihi-i (< 1 cm) beds of dark brown catatic mjdstone -2% Pectinoid 
bivalves dispersed •n about 2.5 cm the* bees near top. brvalves a'e dispersed m mainx at base of unit 
Bottom metre of unit consists of 80-90% Fl catamite with 10-20¾ cal&tic mudstone in 0 3 - 3 cm thick 
beds 2 green si stones in lower half of unit minor displacive Inbrous calcite 

Mediumgrey (d¡. da* grey i black (w) Fl calcarenite 1 mm thick lamina of fsh debris at the base of 5 • 15 
cm beds E ne parallel lamma nea- top 2 degree dip 

Medium brown ¡d). dark brown (w) calane mudatone with R white speckled beds about 25-30% at base, 
fining upwards to aoojt 5% near top and 5% lenses oí black (phosphatic'') calcine mudstone 30% Osfea 
and pectmoid bivalves n top 5 cm w.h common die rims. 2 degree dip. Minor disptaave fibrous catite. 
Upper contad has2tmn ;0 3. 1 cm) green argillaceous siltstones 

Medium brown to grey (d) cark Orown Io grey (w) calcilic mudstone. with mterbedded " • 5 cm beds of 
white speckled (Fl) calcarenite with pectinoid hi valves and calcitic mudslone with minor wh te specks 30% 
pectmoid bivalves at base. 5% rear top 30% white speckled beds nea' base and 10% nea' top 12 
degree d p at base sha lowing upwards to 3 degrees. Lower contact is an angular oiscordance. Shale 
clasts near base 

Medium brown ¡d). dark grey to blaci (w). calcile mudstone w th -I S-50% F to Fu white speckled beds of 
calete mudstone wiih - 5 % wnite specks and -20% shells Coarsens upwanjs Common sequence 
consists of a basa calerne mudstone overtam oy white speckled mudstone and caped by mudstone with 
Hack (pnosphate-5)'entcjlar beds 1-10cmbedthickness. 1-3degreediD 

Oarkbrown (d) Hack (w) cac-üc mudstone with fsh debns and minor phosphate peods n thin ¡amina at 
P*- the base of 2 • 3 cm tnicx beds The lower contacts consists of a thin (0 5 cm) green siltstone Iense 

Darkbrow (dl. Hack (w) slightly calcareous mudstone grading upwards to cat Hc mudstone with - 15% Fl 
k white specks overtymg a Hack (c & w) phosohate conglomerate with large (-1 5 cm) noduies and 2 mm B 
* 5 mm dasts of phosphatic sandstone n a phosphatic peloid and mudstone rratr x The lower portón of 

the unit corn sts c! dark brownish grey (0) Hack (w) 60% Vfci to R phosphate adod sandstone with Vfu 
^ white specks and 40% argiHaceojs mudstone matrix 

Continued on next page. 
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Figure 3.7. Gamma-ray log and summarized lithologie descriptions of the Gordondale Member 
stratotype. Fossil location of the late Toarcian ammonite from Subunit 3 A is marked with an 
arrow. From Asgar-Deen et al. (in press). 
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Figure 3.8. Subsurface gamma-ray log cross-section correlating Subunit 3A with strata commonly referred to as the Poker Chip Shale (e.g. 
Riediger, 1991). Note the eastwards thickening of Subunit 3A. Figure 3.9 contains the location map for this cross-section. 
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Figure 3.9. Location map for cross-section A - A ' shown in Figure 3.8. From Asgar-Deen et al. 
(2003). 
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3.2.3.2 Subunit 3B 

Throughout most of the study area, Subunit 3B has recognizable log signatures 

and ranges in thickness from one to five metres. As only the basal portion of Subunit 3B 

has been described in core and its regional extent is not well known it is not included in 

the Gordondale Member. 

This subunit has a low gamma-ray response of about 75 to 150 API units and 

often has muted upper and basal gamma-ray spikes. The most distinctive log signature of 

this unit is its high resistivity compared to overlying Fernie Formation shales. 

Subunit 3B has been observed in core from 6-32-78-5W6 (Figure 3.3) and 6-9-66-

24W5 (Figure 3.10), 7-31-79-10W6 (Figure 3.7) and 02-11-87-13W6 (Appendix II). It is 

argillaceous to moderately calcareous, and consists of black to greenish dark grey 

mudstones, siltstones and common fissile I platy shales. It contains rare belemnites, and 

approximately 5-10% fish debris, the latter often concentrated along thin laminae spaced 

at regular intervals. Finely disseminated pyrite is also present throughout. In thin 

section, the green fissile shales contain fish debris, angular quartz fragments, lesser 

amounts of angular plagioclase fragments and a micritic matrix. Subunit 3B closely 

resembles the subsurface Poker Chip Shale lithologies described by Tittemore (1991). 

The lower boundary is described above with Subunit 3A; the upper boundary was 

not observed in core, but is expressed on well logs as an increased gamma-ray response 

and a marked decrease in resistivity from approximately 300 ohm-m to 30 ohm-m. 

3.2.3.2.1 Biostratigraphic data 

Subunit 3B contains abundant ammonites; those from 6-9-66-24W5 (Figure 3.10) 

are tentatively identified as the late Toarcian Yakounia. 
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3.2.4 Summary of stratigraphie framework 

The Gordondale Member, in the subsurface of west-central Alberta can be 

subdivided into five informal subunits. These subunits range in age from Hettangian to 

Late Toarcian. The upper portion of the Gordondale Member (Subunit 3A) is correlative 

with the Poker Chip Shale A of Riediger (2002). The subsurface stratigraphie framework 

of the Gordondale Member is summarized in the fourth column of Figure 1.3. 
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6-9-66-24-W5 
Depth 
(m) 

Gamma-ray 
(API) 

Lithology 

_ Subunit 3A 

2025 

Fossils, 
Sedimentary 
Structures and 
Dlagenetlc 
Features 

Description 

12030 

Moderately calcitic black to greenish dark grey mudstones, calcilutites and 
common fissile shales. The unit contains rare belemnites and approximately 5-
10% fish debris. The fish debris is often concentrated along thin laminae at 
regularly spaced intervals. 

Thin conglomerate with abundant belemnites, belemnite fragments, shell 
fragments, large irregular rounded phosphatic intraclasts and a matrix of 
peloidal phosphate sandstone with abundant fish debris. About 15 cm of this 
sandstone also overlies the belemnite bed. 

Brown calcitic mudstone to calcilutite with minor very fine calcarenite, minor 
Osfrea and <5%-10% fish debris. Fish debris is commonly within thin laminae 
-2 mm thick. 

Brown calcitic mudstone with 5% pectinoid bivalves, minor Ostrea, 5% fish 
debris, minor calcilutite and minor displacive fibrous calcite. Near top of unit, 
there are thin laminae with phosphatic peloids, abundant fish debris and about 
12% shells. Topof unit has bitumen filled shrinkage cracks and mottled brown 
calcitic mudstone which is a suspect paieosol. 

Subrounded to subangular moderately sorted very fine calcarenite to calcilutite 
with 10% pectinoid bivalves, 5-15% fish fragments and minor belmnoids. 
There are 2 to 4 cm thick alternating cycles of fining upwards calcarenite to 
calcilutite. 

Dark grey/brown calcilutite and Iessercalcitic mudstone with 5% fish debris, 
fine parallel laminations, minor stylolites and bitumen staining. Upper contact 
has bitumen-filled polygonal fractured green mudstone and displacive fibrous 
calcite cement. 

Dark brown/grey calcitic mudstone to calcilutite or very fine calcarenite with 
pectinoid bivalves (5-10%), fish fragments (5-20%) and minor Osfrea. 
Sedimentary structures include 2-3 cm thick fining upwards cycles with 1-3 mm 
fish fragment laminae at base and bitumen-filled shrinkage cracks. The 
calcilutite to very fine calcarenite is commonly oil-stained. Includes zones with 
displacive fibrous calcite cements. 

Figure 3.10. Subunits IB, 2, 3A and 3B summarized core description and fossil locations for 6-9-
66-24W5. Legend same as in Figure 3.2. From Asgar-Deen et al. (2003). 
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Chapter 4. Nordegg Member age and Lower Jurassic regional 
correlations 

4.1 Age of the Nordegg Member 

The Lower Jurassic stratigraphie framework and paleogeography of western 

Canada are largely based on a Sinemurian age for the Nordegg Member. Problems with 

this age assignment were previously briefly discussed with the introduction of the 

Gordondale Member (Chapter 1). This chapter expands on this discussion. The ages of 

Snake Indian River strata and the typical Nordegg Member are examined in the context 

of new regional stratigraphie correlations. In particular, stratigraphie relationships 

between the Nordegg Member, Gordondale Member, Red Deer Member and Poker Chip 

Shale are reexamined. 

4.1.1 Age of Snake Indian River Strata 

The previously published Sinemurian age of the Nordegg Member is based on a 

poorly preserved arietitid ammonite recovered in a loose block from Snake Indian River 

Falls (Frebold, 1957; Location A , Figure 1.2). Because this block contained large 

gastropods it was assumed to come from a bed equivalent to the Oxytoma bed which caps 

the Nordegg Member at Snake Indian River Bridge (Location B, Figure 1.2) and the 

Nordegg Member was assumed to be Sinemurian. Other outcrops (e.g. Limestone 

Mountain, Location L . , Figure 1.2) containing Oxytoma cygnipes were also considered to 

be correlative with the Sinemurian Oxytoma bed of Snake Indian River Falls. However, 

Oxytoma (Palmoxytoma) cygnipes is not distinctive of the Sinemurian, and has been 

reported from Hettangian to Toarcian beds of Western Canada (Aberhan, 1998). 

Furthermore, Oxytoma bivalves occur throughout most subsurface cores of the 
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Gordondale Member. For example, Oxytoma cygnipes was recovered from a calcitic 

mudstone below a carbonate unit correlative with the typical Nordegg Member 

limestones (Subunit IB, 3-23-64-19W5, depth of 1782.25 m, Appendix II, identification 

by R. Hall, oral communication, 2002). 

Late Sinemurian ammonites have been recovered from Bighorn Creek (Location 

J, Figure 1.2) in a conglomerate that also contains large gastropods, at the boundary 

between Triassic strata and the overlying Pliensbachian Red Deer Member (Hall, 1987). 

The Snake Indian River Bridge section (Location B , Figure 1.2) contains a similar 

conglomerate at the base of the highly radioactive, fine-grained strata containing early 

Pliensbachian ammonites. Gibson (1965) also recovered an early Sinemurian arietitid 

ammonite from a basal Femie conglomerate at Wolf Pass, Jasper National Park (Figure 

4.1). The Snake Indian River Falls arietitid could have been derived from this basal 

conglomerate. However, it is more likely that the ammonite came from the gastropod-

rich upper beds of the Snake Indian River Falls section. Corroboration for this 

interpretation comes from Gibson (1965) who describes strata similar to the Nordegg 

Member along the Snake Indian River and recovered an arietitid ammonite from Sulphur 

River, Jasper National Park (Figure 4.1). Unfortunately, Gibson (1965) did not publish a 

description or photograph of this ammonite, and attempts at locating it within the 

Geological Survey of Canada collections have been unsuccessful (R. Hall , oral 

communication, 2002). 
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Figure 4.1. Location of Sulphur River and WolfPass outcrops described by Gibson (1965). 
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4.1.2 Are the Snake Indian River and typical Nordegg Member facies 
correlative? 

The Snake Indian River strata are lithologically very different from typical 

Nordegg Member strata. Snake Indian River strata are dominated by micrite I lime 

mudstone with gastropods, Ostrea, pectinoid bivalves and crinoid ossicles. Figure 4.2 

graphically compares the Snake Indian River lithologies with typical Nordegg Member 

cherty limestones from Shunda Creek (Location C, Figure 1.2). Snake Indian River strata 

contain only minor chert nodules and no sponge spicules. In thin section, Snake Indian 

River sediment is commonly bioturbated and has moderate amounts of silt-sized, 

subangular to subrounded, quartz clasts. In contrast, the typical Nordegg Member cherty 

facies is dominated by chert and sponge spicules. Plate 1, Figures B to F and Plate 2 

Figures A to F compare thin sections of Snake Indian River strata and typical Nordegg 

Member strata. Detailed outcrop descriptions for Snake Indian River Bridge, East Snake 

Indian River Bridge and outcrops containing typical Nordegg Member strata (Drummond 

Creek, Macleod River Rail, Macleod River Bluffs, Macleod River Trestle, Clearwater 

River, Shunda Creek and Limestone Mountain) are included in Appendix II. These data 

suggest that the Snake Indian River Oxytoma-besLÛng strata are not correlative with the 

typical Nordegg Member strata at Shunda Creek (Figure 4.2). 
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Figure 4.2. Graphic lithology strip logs of Snake Indian River strata and typical Nordegg Member 
cherty limestones from Shunda Creek (near the town of Nordegg). Note that the Snake Indian 
River strata above the sub-Jurassic unconformity consist mostly of lime mudstone while the 
Shunda Creek strata are dominated by cherty calcarenites with relict sedimentary structures. 
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4.1.3 Stratigraphie relationship between Snake Indian River and Nordegg 
Member strata 

Stratigraphie correlations suggest that the typical cherty Nordegg Member 

carbonates, such as those outcropping at Shunda Creek (Location C, Figure 1.2), overlie 

and are younger than the Snake Indian River strata. One line of evidence for this 

interpretation is the thin, recessive sediment with several ash layers (Figure 4.3) or an 

equivalent recessive covered interval (e.g. Limestone Mountain outcrop as described in 

Appendix I) that underlies the typical Nordegg Member cherty carbonates. In contrast, 

Snake Indian River strata are separated from the underlying Triassic Whitehorse Group 

by a 70 cm thick phosphatic, chert pebble conglomerate. Furthermore, thin, highly 

radioactive fine-grained strata similar to those underlying the typical Nordegg Member 

facies overlie Snake Indian River strata. Figures 4.4 and 4.5 illustrate this stratigraphie 

relationship and summarize salient lithologie features of the correlated outcrop sections. 

Subsurface to surface correlations indicate that the Nordegg Member is 

correlative with units IB, 1C, 2 and portions of 3A of the Gordondale Member (Figures 

4.6 and 4.7) as defined by Asgar-Deen et al. (2003). As discussed in the preceding 

chapter, these units are Pliensbachian to late Toarcian in age, and thus post-date the 

Sinemurian Snake Indian River strata. 
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Figure 4.3. Drummond Creek outcrop, east side. 2.1 m of fine-grained highly radioactive strata 
with ash layers (white bracket) underlie cherty Nordegg Member strata. 
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Figure 4.4. Correlation of scintillometer logs from Nordegg Member and Snake Indian River strata in the vicinity of the eastern boundary of Jasper 
National Park. Note that the Snake Indian River strata underlie the typical cherty Nordegg Member. The locations of outcrops included in this 
cross-section are illustrated in Figure 4.5. 
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Figure 4.5. Location map for outcrops included in Figure 4.4. 
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Figure 4.6. Subsurface cross-section illustrating that the Nordegg Member (Shunda Creek) is equivalent to Gordondale Member units IB, 1C, 2 
and portions of 3 A. Cross-section location is illustrated in Figure 4.7. Numbers in brackets refer to well locations in Figure 4.7. Well location 
with an asterix is described in Hall et al. (2000). Modified from Asgar-Deen et al. (2003). 
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4.1.4 Red Deer Member: a transitional facies 

The Red Deer Member is of limited extent and only formally known from the Red 

Deer River valley (e.g. Locations I, J and K , Figures 1.2 and 4.5). Strata of similar 

lithology, although not formally defined as the Red Deer Member, also occur at Fiddle 

River (Location F, Figures 1.2 and 4.5), Jasper National Park, Alberta. 

The Red Deer Member is lithologically very similar to the Gordondale Member. 

However, the Red Deer Member is slightly coarser grained, lighter in colour and, as 

discussed in Chapter 5, has lower organic carbon contents. In the Red Deer River Valley, 

it consists mostly of light to medium grey or greyish brown calcitic mudstones, 

calcilutites and calcarenites with abundant belemnoids, pectinoid bivalves, brachiopods 

and fish debris. At East Tributary, the overlying Toarcian Poker Chip Shale is of similar 

lithology, but is finer grained. It consists predominately of calcitic mudstones with 

abundant fish debris. 

In thin section, the Red Deer Member beds are similar to the Gordondale 

Member, with phosphatic peloid beds, radiolarians and fish debris. However, the Red 

Deer Member and Fiddle River strata also contain sponge spicules (Plate 3, Figures A 

and B). In contrast, the Gordondale Member contains few sponge spicules, and where 

present, they occur in proximity to the spicule-rich cherty carbonates of the typical 

Nordegg Member. 

Scintillometer correlations between typical Nordegg Member outcrops and the 

highly radioactive Gordondale Member at Snake Indian River Bridge suggest that the 

Red Deer Member and Fiddle River strata are transitional between typical Nordegg 

cherty carbonates and basinal Gordondale Member strata. Figure 4.4 establishes strong 

correlations between Nordegg Member cherty carbonates from Drummond Creek and 
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Fiddle River as well as Snake Indian River Bridge strata. Figures 4.8 and 4.9 compare 

the East Tributary and Scalp Creek outcrops from the Red Deer River valley. In both 

cross-sections, the strata become thinner, more organic-rich, and more radioactive 

westwards. Both cross-sections suggest that the Nordegg Member is correlative with 

both the Red Deer Member and the Poker Chip Shale. Additional evidence for the 

transitional nature of the Red Deer Member is its westward shift towards darker and more 

brownish calcitic mudstones, calcilutites and calcarenites. For example, the Red Deer 

Member strata at East Tributary are light greyish brown, medium grey at Bighorn creek 

and medium greyish brown at Scalp Creek. 

The Gordondale Member and Fiddle River strata also share common stratigraphie 

surfaces. For example, in the subsurface, the upper contact of the Gordondale Member is 

marked by a phosphatic conglomerate with abundant belemnite fragments. A similar 

conglomerate marks the top of the highly radioactive Fiddle River strata (Figure 4.4). 

Subsurface gamma-ray log correlations from the edge of the Nordegg Member 

carbonate show remarkably similar correlations to those suggested by the scintillometer I 

stratigraphie cross-sections at outcrop (Figures 4.4, 4.6 and 4.8). Figures 4.10 and 4.11 

contain subsurface gamma-ray log cross-sections of the Nordegg Member to Gordondale 

Member transition in the vicinity of Jasper National Park and the Red Deer River valley 

respectively. Figure 4.12 shows the location of these cross-sections. 

In conclusion, stratigraphie correlations incorporating the lithology and 

scintillometer response of the Red Deer Member suggest that it is a transitional facies 

between the Nordegg and Gordondale Members. 
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Figure 4.8. Outcrop scintillometer log cross-section showing that the Red Deer Member is a transitional facies between typical Nordegg Member 
cherty carbonates and the Gordondale Member. The Amaltheus from Limestone Mountain was discovered in a piece of loose talus at the base of 
the interval denoted by a double headed arrow. The ammonite likely originated from nearby strata, but may have fallen from higher. Figure 4.9 
displays a location map for this cross-section. 
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Figure 4.9. Location map for the stratigraphie cross-section illustrated in Figure 4.8. Insert map modified from Hall et al. (1998). 
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Y Y ' 
4-9-55-3W6 7-28-52-1W6 11-7-49-25W5 
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Figure 4.10. Subsurface gamma-ray well log cross-section showing the transition from Nordegg 
Member cherty limestone to an intermediate Red Deer Member-like lithology to the Gordondale 
Member. This cross-section is from the vicinity of Jasper National Park and shows a similar 
transition to that illustrated between the Nordegg Member, Fiddle River strata and the 
Gordondale Member from outcrop in Figure 4.4. The cross-section location is shown in Figure 
4.12. Modified from Asgar-Deen et al. (in press). 
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Figure 4.11. Subsurface gamma-ray well log cross-section showing the transition from Nordegg 
Member cherty limestone to a Red Deer Member-like lithology. This cross-section is from the 
vicinity of the Red Deer River Valley and displays a similar transition to that illustrated from 
outcrop scintillometer logs between the Nordegg Member, and Red Deer Member in Figure 4.8. 
The cross-section location is shown in Figure 4.12. Modified from Asgar-Deen et al. (in press). 
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200 km 
Figure 4.12. Location of subsurface gamma-ray log cross-sections Y - Y ' and Z-Z'shown : 

Figures 4.10 and 4.11 respectively. Modified from Asgar-Deen et al. (in press). 



4.1.5 Age of the Red Deer Member 

The base of the Red Deer member consists of a phosphatic conglomerate with late 

Sinemurian ammonites (Hall, 1987). The lower few metres are highly radioactive, fissile 

and contain ash beds. One such ash bed from East Tributary has yielded early 

Pliensbachian zircons in association with strata containing early Pliensbachian coccoliths 

(Hall et al, in press). The main portion of the Red Deer Member contains late 

Pliensbachian ammonites (Hall, 1987; Hall et al. 1998) and coccoliths (Hall et al, in 

press and J. Craig, written communication, 2002). The upper 2 m of the Red Deer 

Member at Bighorn Creek contain what is likely an early Toarcian (Tenuicostatum Zone) 

ammonite (R. Hall, written communication, 2002). 

4.1.6 Age of the typical Nordegg Member 

The Sinemurian age of the Nordegg Member was based on biostratigraphic data 

from Snake Indian River strata. As demonstrated above, the Snake Indian River strata 

are lithologically distinct and lie stratigraphically below the typical cherty Nordegg 

Member. Hence, the age of the typical cherty Nordegg Member must be re-examined. 

Poorly preserved ammonites tentatively identified as Pliensbachian 

IAcanthopleuroceras (R. Hall, oral communication, 2003) have been recovered from the 

fine-grained strata directly underlying the typical Nordegg Member. Correlations 

between the Nordegg Member cherty limestones and more basinal Red Deer Member 

strata, as well as the Gordondale Member, provide further constraints on the age of the 

Nordegg Member. The fine-grained strata underlying the Nordegg Member are 

correlative with the late Pliensbachian strata at Fiddle River (Figure 4.4), as well as with 

the Red Deer Member lower fissile, highly radioactive strata with ash beds containing 
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early Pliensbachian zircons and coccoliths (Hall et al., in press) at East Tributary (Figure 

4.8). Subsurface correlations also show the fine-grained strata underlying the Nordegg 

Member to be correlative with Gordondale Member calcitic mudstones bearing a lower 

Pliensbachian ammonite, and generally correlative with the Pliensbachian to Toarcian 

Subunit IB described in Chapter 2. Figure 4.13 shows the location of the Pliensbachian 

Acanthopleuroceras ammonite (R. Hall , oral communication, 2002) from 7-36-59-22W5 

and its stratigraphie position relative to the Nordegg Member. 

The lower portion of the Nordegg Member is correlative with the Gordondale 

Member Subunit I C This subunit is underlain and overlain by Pliensbachian strata. 

Figure 4.13 shows the correlations between the lower portion of the Nordegg Member 

and subsurface Unit I C 
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7-36-59-22W5 7-34-59-1 7W5 7-15-59-1 7W5 16-28-59-15W5 7-23-59-15W5 10-20-59-14W5 02/12-30-59-13W5 

Figure 4.13. Stratigraphie cross-section of subsurface gamma-ray logs correlating the Nordegg Member and Gordondale Members. Note that the 
majority of the typical Nordegg Member, as seen in 02/12-30-59-13W5, is correlative with Gordondale Member Subunits L B and l.C. This 
cross-section is located on the edge of the Nordegg Member carbonate ramp and the cross-section location is shown in Figure 4.14. 
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The only biostratigraphic data directly from the Nordegg Member are late 

Pliensbachian ammonites (Amaltheus) recovered from typical Nordegg Member cherty 

limestones at Limestone Mountain (Frebold, 1966; collected by Ollerenshaw, 1964) and 

from a loose piece of talus recovered by the author (Asgar-Deen et al., 2003). Figure 4.8 

illustrates the provenance of the Limestone Mountain Amaltheus and compares the 

Limestone Mountain section to a more complete Nordegg Member section at Clearwater 

River. This comparison shows that the majority of the Nordegg Member is Pliensbachian 

or older, and its upper portion may be younger. 

Subsurface regional correlations indicate that the upper portion of the Nordegg 

Member is equivalent to the Gordondale Member middle silty unit (Unit 2) and may be 

partly correlative to the Toarcian Subunit 3A (Figure 4.13). As described in Chapter 2, an 

early to possibly middle Toarcian ammonite was recovered from the base of the 

Gordondale Member Unit 2 in core of 1-35-62-20W5. Figures 4.13 and 4.15 are cross-

sections showing that the middle silty unit of the Gordondale and the upper portion of the 

typical Nordegg Member are equivalent. Hence, the upper portion of the Nordegg 

Member is likely Toarcian. 

In the Red Deer River Valley area, the Nordegg Member is correlative with 

Pliensbachian and early middle Toarcian strata of the Red Deer Member and Poker Chip 

Shale (Figure 4.8). In the Jasper I Cadomin area, the Nordegg Member correlates with 

Pliensbachian to early Toarcian strata at Fiddle River (Figure 4.4). The Nordegg 

Member at Cadomin (Macleod River Bluffs section) is overlain by calcitic mudstones 

with early Toarcian ammonites (Hall, 1989). These calcitic mudstones are lithologically 

similar to the Toarcian strata from Fiddle River, have a fairly high TOC (6.51 wt %) and 
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a high scintillometer response (294 cps). However, the section is not continuous and it is 

not possible to determine the precise stratigraphie location of this shale. 

In summary, the typical Nordegg Member is Pliensbachian to Toarcian in age. 

4.1.7 Progradation of the Nordegg Member 

In the Red Deer River valley, the Nordegg Member is predominantly correlative 

with Pliensbachian strata. The Limestone Mountain outcrop also contains a thick section 

of Pliensbachian sediments (Figure 4.8). Further north, near Fiddle River, the Nordegg 

Member correlates predominately with Toarcian strata. Hence, the Nordegg Member is 

slightly older in the Red Deer River Valley area, and prograded northwards. 

In the subsurface, the Pliensbachian strata (Unit 1C) thicken eastwards (Figure 

4.13) whereas the Toarcian strata (uppermost portion of Subunit IB, Unit 2, and Subunit 

3A equivalents) thicken southwards (Figure 4.15). These basin trends are further 

discussed in Chapter 7, which details the Lower Jurassic paleogeography. 
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Figure 4.14. Location map for Figures 4.13 and 4.15. The locations of Unit IC and Unit 2, as 
inferred from the cross-sections are also illustrated. 
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Figure 4.15. Stratigraphie cross-section of subsurface gamma-ray logs correlating the Nordegg Member and Gordondale Members. This cross-
section is located on the edge of the Nordegg Member carbonate ramp and the cross-section location is shown in Figure 4.14. 
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4.1.8 Summary of regional stratigraphie relationships 

Sinemurian Snake Indian River strata, previously assigned to the Nordegg 

Member by Frebold (1957), are lithologically distinct from, and older than typical 

Nordegg Member cherty carbonates. The typical Nordegg Member cherty carbonates are 

Pliensbachian to Toarcian in age, not Sinemurian as previously assigned by Frebold 

(1957). 

Fine-grained, organic-rich, radioactive lower Fernie strata, previously referred to 

as the Nordegg Member or "Nordegg Member", are now assigned to the Gordondale 

Member. The Nordegg Member now refers exclusively to cherty carbonates similar to 

those that outcrop at Shunda Creek near the town of Nordegg. The Gordondale Member 

ranges in age from Hettangian to late Toarcian. The Gordondale Member is correlative 

with the Red Deer Member, the Poker Chip Shale and the Nordegg Member cherty 

carbonates. The Red Deer Member is of limited lateral extent because it is a transitional 

facies between the basinal Gordondale Member strata and the Nordegg Member cherty 

carbonates. 

The stratigraphie correlation chart in Figure 1.3 summarizes current and past 

knowledge of the Lower Jurassic stratigraphy of west-central Alberta. 

4.1.9 Future work 

In order to confirm the revised stratigraphie correlations proposed above, zircons 

have been collected from ash layers within the basal fine-grained, highly radioactive 

strata at both Snake Indian River Bridge and Shunda Creek. Should the correlations be 

correct, these zircons are expected to be Pliensbachian. 
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Chapter 5. Organic Geochemistry 

Riediger (1990, 1991) and Riediger et al. (1990) described the organic 

geochemistry of the subsurface Gordondale Member (see below). In order to compare 

their data with outcrop equivalents, organic geochemistry samples were collected from 

outcrops of fine-grained Lower Jurassic strata. These outcrops include Snake Indian 

River Bridge, Fiddle River, Scalp Creek, East Tributary, as well as the fine-grained strata 

underlying the typical Nordegg Member at Clearwater River, Shunda Creek, Macleod 

River Rail, and Macleod River Bluffs (Figure 5.1). The lower Toarcian strata overlying 

the typical Nordegg Member at Macleod River Bluffs were also sampled. 

5.1 Previous work 

Riediger (1991) and Riediger et al. (1990) characterized the Gordondale Member 

as a sulphur-rich Type I/II source rock with total organic carbon contents up to 28 wt %. 

Riediger (1991) also noted that the lower radioactive unit yielded, on average, higher 

TOC values than the upper radioactive unit, although relatively few samples were 

available from the upper radioactive unit. 

Riediger (2002) reported Rock-Eval data from outcrops of the lower Poker Chip 

Shale at Fiddle River and Bighorn Creek Falls, which ranged from 1.07 to 7.05 wt % 

TOC. 

Stronach (1981, 1984) studied lower Femie outcrops in the Foothills of Southern 

Alberta (Figure 1.4). He recorded TOC values up to 4.95 wt % from fine-grained basal 

Fernie strata. 
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5.2 Results and discussion 

There were 4 anomalous samples (MAD-02-ET-10,-15, -17, FR-72) with T m a x values in 

disagreement with other T m a x values from the same outcrop (Table 5.1). There were no 

apparent reasons, such as structural discontinuities, for these samples to be less mature 

than the surrounding samples. These data may have been contaminated by fresh organic 

matter; they are considered to be spurious and are omitted from the following analyses 

and discussion. 

5.2.1 Maturity 

Riediger (1991, 1997) proposed that T m a x values for Lower Jurassic samples from 

western Canada, with S2 values lower than 0.5 mg HC/g rock and < 0.5 wt % TOC are 

unreliable. This is because the T m a x value is calculated from the S2 peak, which is broad 

and of low relief for samples with low S2 values (Peters, 1986). 

Mean T m a x values for samples that meet Riediger's (1991) empirically derived 

guidelines are summarized for each outcrop in Table 5.2 and Figure 5.1. T m a x values 

range from 485°C to 614°C. A l l samples are overmature with respect to hydrocarbon 

generation. The Shunda Creek, Macleod River Bluffs and Macleod River Rail outcrops 

do not have any samples matching the S2 > 0.5 mg HC/g rock criteria. For these 

outcrops, mean T m a x values of all samples are reported. 

5.2.2 Total organic carbon content and distribution 

The samples range in total organic carbon content (TOC) from 0.55 wt % 

(Macleod River Rail, 0 m) to 10.23 wt % at the base of Fiddle River East (0.3 m) (Table 

5.1). TOC contents generally increase westwards in conjunction with a facies change to 

the dark brown calcitic mudstones of the Gordondale Member. Figures 5.2 and 5.3 



Table 5.1. Rock-Eval VI/TOC data for Lower Jurassic outcrops of western Canada. 
Continued on following page. 

Sample 
Height 

(m) Qty Sl S2 PI S3C02 Tmax TOC HI OIC02 
East Tributary 
MAD-02-ET-01 8.0 100.0 0.01 0.52 0.02 1.06 595 4.60 13 23 
MAD-02-ET-03 10.0 99.6 0.02 0.44 0.03 0.17 595 3.83 13 4 
MAD-02-ET-04 11.5 99.9 0.02 0.53 0.04 0.18 593 3.91 15 5 
MAD-02-ET-05 13.5 99.9 0.02 0.38 0.04 0.11 591 3.95 11 3 
MAD-02-ET-06 15.0 100.1 0.01 0.56 0.02 0.01 588 3.45 18 0 
MAD-02-ET-07 16.0 99.7 0.01 0.34 0.03 0.06 597 3.29 12 2 
MAD-02-ET-08 17.5 100.4 0.01 0.17 0.03 0.00 573 1.55 12 0 
MAD-02-ET-09 18.0 100.1 0.01 0.22 0.03 0.01 570 1.79 13 1 
MAD-02-ET-10 20.0 100.4 0.01 0.12 0.06 0.05 485 2.85 5 2 
MAD-02-ET-11 20.5 100.8 0.01 0.13 0.08 0.02 613 2.39 6 1 
MAD-02-ET-12 25.0 99.8 0.01 0.20 0.03 0.06 602 3.47 6 2 
MAD-02-ET-13 28.5 100.8 0.00 0.12 0.04 0.29 613 2.86 5 10 
MAD-02-ET-14 29.5 100.8 0.01 0.12 0.04 0.19 609 2.82 5 7 
MAD-02-ET-15 30.5 100.5 0.00 0.09 0.05 0.07 485 1.98 5 4 
MAD-02-ET-16 33.5 99.5 0.01 0.18 0.03 0.11 609 3.17 6 3 
MAD-02-ET-17 34.5 100.5 0.00 0.07 0.06 0.04 482 1.56 5 3 
MAD-02-ET-18 36.5 99.8 0.01 0.21 0.02 0.29 611 3.43 7 8 
MAD-02-ET-19 38.5 99.7 0.01 0.21 0.02 0.35 607 3.95 6 9 
MAD-02-ET-24 7.7 99.7 0.02 0.58 0.03 0.12 600 4.67 14 3 
MAD-02-ET-25 24.0 99.9 0.01 0.16 0.05 0.25 609 3.81 5 7 
Macleod River Rail 
MAD-02-WR-20 0.0 100.4 0.00 0.06 0.02 0.00 502 0.55 11 0 
MAD-02-WR-21 1.0 100.2 0.00 0.05 0.04 0.00 485 0.64 8 0 
MacIeod River Bluffs 
MAD-02-MR-22 1.3 100.4 0.00 0.16 0.01 2.87 525 2.12 8 135 
Toarcian strata stratigra shically above Macleod River Bluffs 
MAD-02-MR-23 N/A 100.9 0.05 1.56 0.03 0.10 524 6.51 26 2 
Snake Indian River Bridge 
MAD-02-SB-26 6.8 99.9 0.01 0.62 0.02 4.46 602 7.02 10 64 
MAD-02-SB-27 7.5 100.3 0.02 0.73 0.02 0.22 594 4.73 17 5 
MAD-02-SB-28 9.5 100.2 0.02 0.87 0.02 0.17 592 5.38 18 3 
MAD-02-SB-29 11.0 100.9 0.02 0.24 0.08 0.01 581 1.18 22 1 
MAD-02-SB-30 11.5 99.7 0.02 0.56 0.03 0.41 609 4.57 14 9 
MAD-02-SB-31 13.5 101.0 0.01 0.52 0.02 0.18 607 3.88 15 5 
MAD-02-SB-32 14.5 100.1 0.02 0.64 0.02 0.23 610 5.27 14 4 
MAD-02-SB-33 15.5 100.2 0.01 0.72 0.02 2.68 601 6.00 14 45 
MAD-02-SB-34 16.5 100.2 0.02 0.57 0.03 0.19 609 4.65 14 4 
MAD-02-SB-35 18.0 100.1 0.01 0.50 0.02 0.72 607 4.27 14 17 
MAD-02-SB-40 8.5 100.4 0.02 1.03 0.01 0.54 595 6.69 18 8 
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Table 5.1. Continued. 

Sample 
Height 

(m) Qty Sl S2 PI S3C02 Tmax TOC HI OIC02 
Shunda Creek 
MAD-02-SC-41 0.7 100.1 0.02 0.30 0.06 3.47 526 1.67 19 208 
MAD-02-SC-42 1.0 100.0 0.02 0.38 0.05 4.25 526 2.47 16 172 
Clearwater River 
MAD-02-CW-36 1.5 100.3 0.30 0.67 0.30 0.15 514 1.33 53 11 
MAD-02-CW-37 2.0 100.1 0.15 0.61 0.19 0.79 562 1.63 39 48 
MAD-02-CW-38 2.5 100.5 0.40 0.99 0.28 0.22 485 1.52 68 14 
MAD-02-CW-39 3.0 100.5 0.30 0.78 0.27 0.17 512 1.43 57 12 

MAD-02-SC-43 2.5 100.2 0.02 0.59 0.03 0.10 609 7.81 9 1 
MAD-02-SC-44 4.4 100.8 0.02 0.38 0.04 0.15 596 3.12 14 5 
MAD-02-SC-45 3.5 100.4 0.01 0.48 0.02 0.12 609 5.04 11 2 
MAD-02-SC-46 6.0 100.6 0.01 0.34 0.04 0.12 609 4.05 10 3 
MAD-02-SC-47 7.5 100.2 0.01 0.20 0.03 0.97 614 3.09 7 31 
MAD-02-SC-48 9.0 100.5 0.01 0.13 0.05 0.14 607 2.27 7 6 
MAD-02-SC-49 12.0 100.3 0.00 0.15 0.02 0.17 600 1.48 11 11 
MAD-02-SC-50 13.0 100.9 0.01 0.08 0.06 0.16 597 0.72 13 22 
Fiddle River East 
MAD-02-FR-51 0.3 100.6 0.01 0.36 0.02 5.57 614 10.23 4 54 
MAD-02-FR-52 3.0 100.4 0.01 0.22 0.05 1.68 595 2.52 10 67 
MAD-02-FR-53 0.7 99.7 0.01 0.39 0.01 2.43 614 7.33 6 33 
Fiddle River West 
MAD-02-FR-54 4.0 100.8 0.00 0.20 0.02 0.00 601 1.63 14 0 
MAD-02-FR-55 6.5 99.9 0.01 0.10 0.10 0.00 607 1.05 10 0 
MAD-02-FR-56 7.5 99.9 0.01 0.17 0.03 0.08 613 4.00 5 2 
MAD-02-FR-57 10.0 100.9 0.01 0.23 0.02 0.19 613 4.27 6 4 
MAD-02-FR-58 15.0 100.1 0.01 0.39 0.01 0.17 613 5.13 9 3 
MAD-02-FR-59 18.0 100.2 0.00 0.22 0.02 0.09 609 4.63 5 2 
MAD-02-FR-60 19.5 100.0 0.01 0.29 0.02 0.10 613 5.06 7 2 
MAD-02-FR-61 21.0 100.3 0.01 0.41 0.01 0.25 613 5.34 9 5 
MAD-02-FR-62 23.5 100.7 0.01 0.26 0.02 0.10 610 5.36 5 2 
MAD-02-FR-63 11.0 99.9 0.01 0.22 0.02 0.08 613 4.30 6 2 
MAD-02-FR-64 12.5 100.7 0.01 0.35 0.03 0.19 613 4.66 9 4 
MAD-02-FR-65 14.0 100.3 0.01 0.45 0.02 0.28 613 6.17 8 5 
MAD-02-FR-66 16.0 100.3 0.00 0.38 0.01 0.10 612 4.71 9 2 
MAD-02-FR-67 25.0 100.1 0.01 0.55 0.01 0.09 595 5.59 11 2 
MAD-02-FR-68 22.5 100.8 0.01 0.66 0.01 0.45 609 6.65 12 7 
MAD-02-FR-69 27.0 100.8 0.01 0.73 0.01 0.06 593 4.75 17 1 
MAD-02-FR-70 29.0 99.6 0.01 0.67 0.01 0.01 587 5.14 15 0 
MAD-02-FR-71 33.5 100.1 0.01 0.04 0.10 0.17 600 1.00 4 17 
MAD-02-FR-72 37.0 100.1 0.00 0.04 0.09 0.00 366 0.83 5 0 
MAD-02-FR-73 40.0 99.8 0.00 0.05 0.04 0.00 614 1.24 5 0 
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Location in Figure 5.1 Location Mean T m a x ( 0 C) 
K East Tributary 594 
I Scalp Creek 609 
A Snake Indian River Bridge 602.6 
F Fiddle River 596 
M Clearwater River 518 
C Shunda Creek No applicable data / 526* 
D Macleod River Bluffs No applicable data I 525* 
d* Macleod River Bluffs I 

Toarcian Strata 
524 

D* Macleod River Rail No applicable data / 493.5* 

Table 5.2. Mean T m a x values for sampled outcrop localities. Samples with S2 > 0.5 
mg HC/g rock and TOC > 0.5 wt % were used to calculate these means. *The 
Shunda Creek and Macleod River Bluffs outcrops do not have any samples 
matching the S2 > 0.5 mg HC/g rock criteria. For these outcrops, mean T m a x values 
of all samples are reported. 

illustrate the stratigraphie variation of TOC within the Jasper and Bighorn Creek area 

outcrops. 

The highest TOC values correspond to the basal, highly radioactive and variably 

calcareous shale at the base of the Gordondale Member and its stratigraphie equivalents 

(up to 10.23 wt % at Fiddle River). However, this shale is less organic-rich where it 

underlies the Nordegg Member (e.g. 0.64 and 0.55 wt % at Macleod River Trestle, 2.12 

wt % at Macleod River Bluffs, 1.67 and 2.47 wt % at Shunda Creek and 1.33 to 1.63 wt 

% at Clearwater River). This eastward decrease in organic content may be due to more 

oxygenated depositional conditions, or post-depositional oxidation, hindering the 

preservation of organic matter. 

78 



I lo 0W 116°W I14°W 

54° N 

53° N 

52° N 

20W5 10W5 Í + 

Athabasca R. 

- 603 y E d m o n t o n y 

S S \ V V 

C-rv^1I / C o j 
— — -

K \ M518 

S W 6 0 9 

\ \ n W -
S Rng20W5 RnalOW5 —•, 
il i \ i •i L 

H8°W 

60 
54° N 

|Twp 
50 

53° N 

52° N 

30 

5 l °N 

16°W H4°W 

200 km 
River 

Railway 
H—I—I—h 

Road 

Cross-section Location 
X X' 

Legend 
* Outcrop location 

B Snake Indian River Bridge / 
Snake Indian River Bridge East 

F Fiddle River 
D Macleod River Trestle 
D* Macleod River Rail 
d* Macleod River Bluffs 
d Macleod River Bluffs / Toarcian shale 
C Shunda Creek / Nordegg 
M Clearwater River 
I Scalp Creek 
K East Tributary 

Figure 5.1. Location of outcrops sampled for Rock-Eval VI/TOC analysis. Mean T m a x values (°C) are also displayed. 

79 



The upper radioactive unit of the Gordondale, and its equivalents at Fiddle River 

and in the Red Deer River valley (Poker Chip Shale), have slightly lower TOC values 

than the lower radioactive unit. The middle silty unit, which thickens towards the 

Nordegg Member margin, has the lowest TOC values. For example, at the Snake Indian 

River Bridge outcrop, the lower unit has a range of total organic carbon contents from 

4.73 to 7.02 wt %, the middle unit from 1.18 to 4.57 wt % and the upper unit from 4.27 to 

6.00 wt %. Riediger et al. (1990) reported similar trends in the organic content of the 

Gordondale Member. 

The lower Toarcian strata overlying the Macleod River Bluffs outcrop has a TOC 

value of 6.51 wt %. This organic content is consistent with the upper radioactive unit of 

the Gordondale Member and the Poker Chip Shale A of Riediger (2002). 

The high residual TOC content of the lower Jurassic samples indicates that they 

initially had very high source rock potential. Type I kerogens convert 80 to 90 % of their 

organic matter to hydrocarbons and Type II convert about 60 % (Tissot and We Ite, 1984, 

p. 592). The lower Jurassic strata, which currently contain residual TOC contents of up 

to 10.23 wt %, likely had TOC contents which ranged as high as 33 wt % before 

maturation. 

5.2.2.1 Comparison with subsurface Rock-Eval data 

In general, the outcrop TOC data have a similar trend to previously reported 

subsurface data, with the lower radioactive unit having the highest TOC content (up to 

10.23 wt % at Fiddle River). Because they are overmature, the outcrop samples have 

much lower TOC contents than the subsurface samples previously reported for the 

80 



Gordondale Member by Stasiuk et al. (1988), Riediger (1990, 1991), and Riediger et al. 

(1990). 

5.2.3 Organic Matter Type 

5.2.3.1 Hydrogen Index (HI) vs. Oxygen Index (OI) cross-plot (pseudo-van 
Krevelen diagram) 

As previously noted, all samples are overmature, and most plot in the lower left 

hand corner of the HI-OI (pseudo-van Krevelen) diagram (Figure 5.4). The least mature 

samples, from Clearwater River with a T m a x of 518 °C, plot along the Type I/II curves. 

A few samples have relatively high oxygen indices, low hydrogen indices and 

plot to the right, well below the Type III organic matter curve. These samples likely 

contain Type IV kerogen (inertinite). Some sources of inertinite include oxidized organic 

matter, charcoal and reworked organic matter (Tissot and Welte, 1984). These samples 

are from the basal fine-grained highly radioactive strata at Shunda Creek, Macleod River 

Bluffs, Snake Indian River Bridge strata (6.75 m) and basal Fiddle River strata (0.3 and 3 

m). 

These strata are associated with ash layers (see lithologie columns of Shunda 

Creek, and Snake Indian River Bridge, Appendix I). The inertinite could have been 

derived from charcoal created by forest fires associated with volcanic activity. These 

strata are also fairly eastern and could contain reworked organic matter derived from an 

eastern continent. Alternatively, the organic matter could have been oxidized at the 

sediment water interface during a hiatus in sedimentation. However, this last scenario is 

the least likely as the Gordondale Member was generally deposited under reducing 

conditions (Riedigerera/., 1990). 
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5.2.3.2 Rock-Eval S2 vs. TOC cross-plot method 

Cornford et al. (1998) suggested that one of the best methods of assessing 

kerogen types is through the use of S2 vs. TOC cross-plots. This method, initially 

proposed by Langford and Blanc-Valleron (1990) provides a hydrogen index from the 

slope of the plot as well as estimates of inertinite within the rock (x-intercept). Cornford 

et al. (1998) suggested that this method is superior to the use of pseudo-van Krevelen 

diagrams, because the latter do not distinguish between the effects of kerogen mixtures 

and thermal maturity. Cornford's method also relies less on oxygen indices, which may 

be affected by a sample's mineral matrix decomposing during pyrolysis (Katz, 1983). 

The slope of the S2 vs. TOC best-fit line decreases with increasing maturity. 

According to Cornford et al. (1998) samples should be immature to early mature in order 

to assess initial HI from this method. The x-axis intercept, which estimates the amount of 

dead carbon, or inertinite, is not affected by maturity. 

Although the samples from this study are overmature, they are of relatively 

similar maturity (East Tributary, Scalp Creek, Snake Indian River Bridge and Fiddle 

River all have T m a x values near 600 0 C and the detector limit of 650 °C) and the HI values 

of these samples can be compared with each other. Most of the samples lie along a 

similar S2 vs. TOC trend line, with HI values between 5 and 20 mg HC/g TOC (Figure 

5.5). This HI is much lower than previously reported for the Gordondale Member, over 

800 mg HC/g TOC according to Riediger (1991), because these samples are overmature. 

The best-fit trend line has an x-intercept of just less than 1 wt % TOC. This intercept 

likely represents the typical amount of inertinite in the Gordondale. Riediger et al. 

(1990) 
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Figure 5.4. Pseudo-van Krevelen-type diagram for Lower Jurassic outcrop samples. 
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reported similar estimates of inertinite (1-3% volume) from organic petrography 

methods. 

Because they are the least mature, the Clearwater River samples have the highest 

HI values (Figure 5.5). More data are required to accurately calculate the HI of the 

Clearwater River samples. These samples have a near vertical trend line, which is likely 

caused by data scatter and a small sample size. 

5.2.3.2.1 Anomalously high S2 values 

Overall, the samples have higher S2 values and higher residual TOC values than 

expected for rocks of such high maturity. Highly radioactive basal Jurassic strata from 

the base of Snake Indian River Bridge have particularly high S2 values for their 

corresponding total organic carbon content (Figure 5.5). Pyrograms reveal that the S2 

values may be misleading since the S2 peaks are incomplete at the end of the pyrolysis 

stage of the Rock-Eval V I (e.g. Figure 5.6). However, it can be seen that most of the 

samples have bimodal S2 peaks (Figure 5.6) or peaks with a pronounced shoulder (Figure 

5.7). Such bimodal peaks are typical of samples containing migrated hydrocarbons 

(bitumen staining) (Peters, 1986; Clementz, 1978). Although it is known that oil 

migrated into the calcarenites, calcilutites and phosphatic sandstones of the Gordondale 

Member (e.g. Riediger, 1994), it is possible that oil sourced from the fine-grained facies 

of the Gordondale Member was inefficiently expulsed. The Gordondale Member 

kerogen is sulphur-rich (Riediger et al., 1991). Sulphur-rich oils generally have high 

viscosities and specific gravities (Tissot and Welte, 1984, p. 396-400), which may 

impede expulsion and buoyancy related migration. 
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Some of the strata with the anomalously high S2 values, such as the basal Snake 

Indian River Bridge Gordondale Member strata, are highly radioactive and contain 

abundant phosphatic material. 

There have been numerous reports of bitumen rims formed by irradiation and 

immobilization of hydrocarbons around radioactive minerals (Buick et al, 1998; 

Rasmussen, 1997). Gordondale Member strata with anomalous S2 values contain 

analogous bitumen rims surrounding phosphatic material (Figures 5.8 and 5.9). The 

phosphatic material is likely radioactive, since, as discussed in Chapter 6, the Gordondale 

Member beds with the highest radioactivity tend to be phosphatic sandstones and 

conglomerates. The formation of bitumen rims surrounding radioactive minerals may 

contribute to the large amounts of residual carbon in the Gordondale Member. 

5.3 Summary 

Lower Jurassic strata at outcrop in the foothills of western Alberta are overmature 

with respect to hydrocarbon generation and it is difficult to determine their organic matter 

type. Samples from the least mature outcrop, Clearwater River, appear to have Type I/II 

organic matter, which is consistent with previous subsurface work (e.g. Riediger et al, 

1990). 

Despite their high thermal maturity, the samples have high residual TOC carbon 

contents of up to 10.23 wt %. The pyrograms for the samples commonly have bimodal 

S2 peaks indicating the presence of bitumen, which is likely due to retention of generated 

bitumen due to poor expulsion efficiencies. 
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90 



Figure 5.8. Back scatter image of carbonate fluorapatite (light grey) rimmed by bitumen (black); 
Fiddle River East, 3 m (Sample M A D 231). 
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Figure 5.9. Back scatter image of carbon and sulphur-rich carbonate-apatite (dark grey) fish 
bone(?) replaced by light grey euhedral authigenic apatite and bitumen; (MAD 221: Scalp Creek 
1.9 m). Note the darker grey, cracked rim of bitumen surrounding the apatite. 
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Chapter 6. Sedimentology and mineralogy 

This chapter briefly discusses the sedimentology of the Nordegg and Gordondale 

Members and expands upon selected aspects of Gordondale Member mineralogy. 

General descriptions of the Gordondale Member and correlative units are included in 

Chapter 3. 

6.1 Sedimentology 

6.1.1 Summary of Nordegg Member lithostratigraphy 

This study focused on the Gordondale Member, and the sedimentology of the 

Nordegg Member was not studied in great detail. Nevertheless, some conclusions can be 

drawn from the Nordegg Member outcrops, core and thin sections that were described 

while establishing a regional stratigraphie framework. 

Nordegg Member outcrops are dominated by chert and calcarenite. In thin 

section, the chert consists of sponge spicules, which are commonly filled with length-fast 

spherulitic chalcedony. Many of the sponge spicules are poorly preserved, and it is 

difficult to distinguish spicules from other allochems, such as ooids or peloids, which 

may also have been replaced by chalcedony. However, longitudinal sections with 

preserved central canals (Plate 2, Figures E and F; Plate 3, Figures E and F) and 

branching forms (Plate 3, Figure C) indicate that the majority of the chalcedony-filled 

allochems are likely spicules. Dumbbell-shaped cross-sections are common, and these 

are likely tangential slices through branching spicules. Many spicules have a central, 

light brown zone, probably due to the presence of organic matter. Deere and Bayliss 

(1969) reported similar central zones of bitumen in sponge spicules of the Nordegg 

Member. Radiolarians and spicules are found together in some thin sections (Plate 3, 
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Figures A and B). The spicules have generally smaller diameters (approximately 50 um) 

than the radiolarians (80 to 200 uxn), and are more commonly filled by chalcedony. 

The Nordegg Member sponge spicule beds are variably composed of chert or 

calcite. The calcite beds are typically composed of anhedral calcite crystals with light 

brown ghosts of sponge spicules (Plate 3, Figures E and F). The calcite beds with 

siliceous spicules are weakly calcareous in hand samples and easily confused with 

dolomite (e.g. Clearwater River outcrop (6 m to 10.25 m), Appendix I). In outcrop, the 

partially calcareous facies appears as pinkish calcareous sandstone (Clearwater River 

section (14.5 m to 24.5 m), Appendix I). 

Other allochems include calcispheres (Plate 4, Figure A and B) of possible 

dasycladacean algal origin. These were observed in a phosphatic peloid sandstone 

capping the Nordegg Member at Clearwater River. 

Many of the Nordegg Member outcrops contain relict sedimentary structures, 

which are better preserved in the chert beds. Hummocky cross-stratification was 

observed in the Macleod River Trestle (Location D, Figure 1.2; Appendix I, and Gibson 

and Poulton, 1993), and Drummond Creek outcrops (Location E, Figure 1.2; Appendix 

I). Poorly preserved wavy and parallel laminae are also common at Shunda Creek, 

Macleod River, and Drummond Creek outcrops. Sedimentary structures are also well 

preserved in core, and include bi-directional ripples, wavy, flaser and lenticular bedding, 

and possible shale drapes. 

6.1.1.1 Discussion of Nordegg Member sedimentology 

More detailed correlations and lithologie descriptions are required to fully 

understand the Nordegg Member depositional environment, and are beyond the scope of 
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this study. However, preliminary conclusions can be reached based on the data available 

for this study. 

As the chalcedony-filled spicules are better preserved than those composed of 

calcite, the spicules are interpreted to have been initially siliceous and variably replaced 

by calcite (e.g. Plate 2, Figure C and D vs. Plate 2, Figure E and F). The contacts 

between chert and limestone beds are irregular and crosscut bedding (Plate 2, Figures C 

and D; Plate 3, Figure D). Several of these boundaries were observed in thin section and 

no clear pattern was found to explain the distribution of this diagenetic facies. 

Observed Nordegg Member sponge spicules are not part of a biogenic framework. 

Instead, they were transported as allochems and created beds with sedimentary structures. 

Sedimentary structures are better preserved within the chert beds. Sponge spicules are 

much more abundant within the Nordegg Member than previously reported (e.g. Gibson 

and Poulton, 1993; Rail, 1990). This lack of recognition may be because they are 

commonly poorly preserved. 

Nordegg Member outcrops located near the Gordondale / Nordegg Member 

transition, such as Drummond Creek (Figures 1.2 and 4.4), contain deeper water 

sedimentary structures, such as hummocky cross-stratification, than observed within 

Nordegg Member cores located further east. The latter (e.g. 6-27-57-19W5, Appendix II) 

contain sedimentary structures such as bi-directional ripples, which indicate a tidal 

environment of deposition. 

6.1.2 Description of Gordondale Member sedimentology 

Gordondale Member strata had little terrestrial input and were dominated by 

pelagic and hemipelagic sedimentation. Gordondale Member sediments typically contain 
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minor amounts of silt-sized quartz, minor pyrite, abundant organic matter and allochems 

within a calcite matrix. Allochems consist of radiolarians (Plate 3, Figures B and C; 

Plate 4, Figures C) and coccoliths, with lesser amounts of fish debris, bivalves, 

phosphatic peloids, sponge spicules and minor foraminifera. The radiolarians commonly 

appear as "white specks" in hand sample (e.g. previous descriptions by Tittemore 

(1991)), and are of the orders Spumellaria and Nassellaria. 

In thin section, the radiolarians are often filled by a single calcite crystal or a few 

crystals with planar boundaries. Radiolarian silica skeletons are rarely preserved in the 

Gordondale Member. The radiolarian's shape and detail are commonly outlined by the 

surrounding fine-grained matrix. It is likely that silica dissolution occurred after some 

lithification, allowing the shape of the original radiolarian skeletons to be preserved. In 

addition, although seawater is under-saturated with respect to silica, silica is more soluble 

at high temperatures and pH (Brasier, 1980). These conditions are more easily met in a 

burial environment. Compaction continued after the skeletons were filled by calcite as 

fine matrix laminations are commonly deflected around the skeletons. The best-

preserved samples were processed and examined under S E M by Dr. C M . Henderson. 

No intact fauna were observed. However, a few fragments of radiolarian skeletons are 

identified (Plate 4, Figure C). Some of these are pure silica; others are a mix between 

silica and calcite. In the latter, it is unclear whether the skeleton has a mixed composition 

or i f the S E M beam straddled both the skeleton and the central calcite crystal. 

Minor amounts offish debris are dispersed throughout all Gordondale Member 

strata. Fish debris, phosphatic peloids, and shell fragments are also concentrated in thin 

beds (a few millimetres to rarely a few centimetres) at the base of centimetre to decimetre 
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scale fining-upwards cycles (typically from calcarenite or calcilutite to calcitic mudstone) 

(e.g. Unit B , 1-35-62-20W5, 6-6-88-10W6, 12-4-73-2W6 Appendix II). The significance 

of this phosphatic material is discussed under the mineralogy section of this chapter. The 

basal portion of the fining-upwards beds contains radiolarians, fish debris, minor 

ammonite imprints and belemnoid guards, but no benthic fauna, within a calcarenite to 

calcilutite matrix. The upper portion of the fining-upwards cycles typically consists of 

calcitic mudstone with thin shell-rich laminae. Some shells occur dispersed throughout 

the sediment, instead of concentrated within laminae. 

Gordondale Member shells consist of numerous pectinoid bivalves 

{Ochotochlamys and Oxytoma), lesser Ostrea, as well as minor Inoceramus and Bositra 

(Asgar-Deen et al., 2003; R. Hall, oral communication, 2002). The pectinoid bivalves 

commonly occur as imprints, and their original thin shells are only rarely preserved. In 

contrast, original oyster shell material is commonly preserved. Some oysters grew upon 

ammonite shells and preserved their detail. 

The Gordondale Member commonly has fine parallel laminations, but other 

sedimentary structures are rare. Bioturbation is also rare. Some bioturbation occurs at 

the eastern edge of the basin in both Unit IB (e.g. 11-15-42-4W5, Appendix II), and in 

Unit 1C. The Gordondale Member also contains a few bored hardgrounds overlain by 

clasts of the underlying lithology, within a phosphatic sandstone matrix. Other notable 

features include the presence of numerous thin (a few centimetres) green argillaceous 

shales, barite crystals, and displacive calcites. The latter include both equant I idiotopic 

and fibrous forms as described by Riediger and Coniglio (1992). 
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6.1.3 Interpretation of Gordondale Member sedimentology 

Radiolarians are by far the most common allochem within the Gordondale 

Member. Radiolarians occur at all water depths and latitudes within modern marine 

environments and knowledge of their ecology is fairly limited (Brasier, 1980). Hence, 

radiolarian-rich sediments are difficult to assign to a range of water depths. Furthermore, 

they rarely occur in strata with any sedimentary features that allow their depositional 

depth to be quantified. However, by analogy with modern sediments, such pelagic 

sediments are commonly interpreted as being deposited within deep settings such as 

below the carbonate compensation depth (e.g. Bosellini and Winterer, 1975). Such 

depths are unlikely for the Gordondale Member, which also contains calcarenites. 

Furthermore, there is growing evidence that deposition of pelagic sediments is controlled 

more by the distance from the coastline (and clastic input) and not the depth of the basin 

(summarized in Molina et al., 1999). For example, Molina et al. (1999) report the 

presence of radiolarite deposits associated with shallow water deposits with hummocky 

cross-stratification. 

In general, the lack of sedimentary structures and abundance of biogenic 

sediments indicate that the Gordondale Member was deposited below storm wave base, 

in a basin with little terrestrial input. Detailed interpretations of the Gordondale Member 

depositional environment are linked to the Lower Jurassic paleogeography of western 

Canada, and are described in Chapter 7. 
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6.2 Evidence of exposure 

Gordondale Member Subunits IB, and less commonly 3A, display paleosol-like 

features. Most of the paleosol-like samples are associated with green argillaceous 

mudstones, siltstones and sandstones (e.g. M A D 0104 described below). 

6.2.1 Macroscopic pedogenic features 

Most of the green siltstone beds observed in core contain polygonal fractures 

(Plate 4, Figure D), which are commonly filled by bitumen. These fractures taper slightly 

downwards and do not extend into the surrounding lithologies. 

Riediger and Coniglio (1992) suggested that these fractures might be syneresis 

cracks. As discussed below (section 6.2.2.1) the cracked green argillaceous beds contain 

swelling clays, which have been experimentally shown to produce subaqueous shrinkage 

cracks due to changing water salinities (summarized in Plunrmer and Gostin, 1981). 

Although shrinkage cracks can form both subaerially and subaqueously, the regular 

polygonal pattern of these cracks is more suggestive of desiccation than syneresis 

(Plummer and Gostin, 1981; W. Arnott, oral communication, 2002). 

6.2.2 Microscopic pedogenic features 

Many of the Gordondale Member green siltstones contain microscopic pedogenic 

features. One sample in particular, M A D 307 from Subunit 3A in well 6-9-66-24W5 at a 

depth of 2025.8 m, displays numerous pedogenic features and other samples are 

considered to be paleosol-like by analogy with this sample. M A D 307 displays drab 

beige colours, branching roots (R. Meyer, oral communication, 2001), and root fill of 

fine-grained low birefringence clay minerals and low birefringence, twinned crystals. 

The sample also displays degraded cutans of translocated clays (Fitzpatrick, 1984, p. 221; 



R. Meyer, oral communication, 2001), as well as irregular calcite crystals with abundant 

inclusions and ghosts of angular, replaced minerals. There is also abundant reddish 

brown material (oxides?) associated with the root traces (Plate 4, Figures E and F). This 

reddish brown material often outlines the mineral "ghosts" (Plate 4, Figure E). The X-ray 

diffractogram of this whole rock sample ( M A D 307, Appendix IV) was dominated by 

calcite, but also displayed an illite peak at 10 Â. 

Sample M A D 0107 (a green siltstone from Subunit IB, 3-30-67-26W5) contains 

the above described irregular calcite crystals (Plate 5, Figure A) within a clay matrix with 

a cross-striated birefringence fabric. The thin section spans the upper contact of this 

siltstone. This sample contains reddish brown material in increasing abundance towards 

the upper contact. The contact has been bored and the borings are filled by chalcedony 

and finely crystalline quartz cement (Plate 5, Figure B). These cements are not present 

elsewhere within the thin section. 

Sample M A D 0104 (a green fine-grained sandstone from Subunit IB, 12-4-73-

2W6) has a clay matrix and possible cross-striated birefringence fabric (Brewer, 1964) 

(Plate 5, Figure E). Sample M A D 302, a mottled green calcite bed from Subunit IB in 

well 6-32-78-5W6, also displays irregular calcite crystals, possible branching root traces 

partially filled with plagioclase, and resembles sample M A D 307. Sample M A D 302 

also contains linear, branched carbonaceous features of unknown biogenic affinity (Plate 

6, Figures A to F). These features superficially resemble striations caused by root traces 

as illustrated by Smart and Tovey (1981, p. 105). 

Samples M A D 0115 (greenish calcite bed from Subunit IB, 1-35-62-20W5, 

2030.95 m) and M A D 0112 (a mottled calcite bed, Subunit IB, 3-30-67-26W5, 2027.05 
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m) possess the above described irregular calcite crystals, as well as possible degraded 

clay cutans (Plate 5, Figures C and D), reddish brown material and possible branching 

roots (R. Meyer, oral communication, 2001). 

6.2.2.1 Clay mineralogy 

Two of the argillaceous green shales were analyzed for clay mineralogy through 

X-ray diffraction. One of them, M A D 308 (Figure 6.1, Table 6.1), is a mixed layered 

illite I smectite clay with an illite concentration between 70 and 80%, based on the 

position of the °A0 between the 001/002 and 002/003 reflections (Moore and Reynolds, 

1989). The second, M A D 302 (Figure 6.2, Table 6.1), is also likely an illite I smectite 

mixed layered clay. Its X-ray diffraction profile is significantly altered by glycolation 

(contains smectite) and reverts to an illite-like pattern when oven heated. The 001/002 

peak on the glycolated sample is difficult to resolve, possibly due to improper glycolation 

or interference of peaks and it is therefore difficult to estimate the relative proportions of 

illite and smectite. The presence of a low intensity 7 Â peak, which disappears when 

heated, indicates the presence of minor amounts of kaolinite (Moore and Reynolds, 

1989). The identification of illite and smectite was also based on their platy habit, as 

viewed by scanning electron microscopy (Plate 5, Figure F). 

6.2.2.1.1 Interpretation of green bed clay mineralogy 

Illite and smectite are common clay minerals in the rock record. The presence of 

mixed layered illite I smectite in the green argillaceous shales is not particularly 

diagnostic. Smectite is associated with poorly drained soil zones and weathering with 

intermediate amounts of leaching (Hardy and Tucker, 1989). However, smectite is also 

commonly reported as an alteration product of volcanic ash layers (Hardy and Tucker, 
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1989). The green shales also contain trace amounts of kaolinite, which is associated with 

extensively weathered and leached tropical soils (Hardy and Tucker, 1989). The 

differences in relative amounts of illite and smectite can be accounted for by burial 

diagenesis. Within the burial diagenetic environment, smectite progressively transforms 

from smectite to mixed layered smectite-illite to illite (Hardy and Tucker, 1989). 

6.2.2.2 Interpretation of paleosol-like features 

Polygonal dessication cracks associated with the green beds suggest subaerial 

exposure. The clay cutans and branching roots, observed in thin section, suggest 

affinities with paleosols. Cross-striated fabrics are associated with, but not diagnostic of, 

paleosols and shear stresses from the wetting and drying of clays (Brewer, 1964). 

Additionally, inclusion-rich calcite mottles are distinct from the remainder of the 

Gordondale Member calcite nodules. 

One of the green beds ( M A D 107) contains inclusion-rich calcite mottles and 

borings which appear to cross-cut the clay fabric. This cross-cutting relationship implies 

that the sample was lithified before it was bored, and there was likely a hiatus in 

sedimentation after its deposition. The boring is filled with chalcedony cement, not by 

overlying material, which implies that the cement precipitated before the overlying 

sediment was deposited. However, hiatuses in sedimentation could be related to marine 

hardgrounds, not necessarily exposure. 

If the pedogenic features described above are deemed characteristic of paleosols, 

the Gordondale Member must have been repeatedly exposed. Hence, water depths must 

have been shallow enough for exposure to result from small I short-term relative sea-level 

fluctuations. A n alternative interpretation for the argillaceous green shales and siltstones 
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is that they are volcanic ash beds. Volcanic ashes have been found in the lower 

Gordondale Member and stratigraphie equivalents in outcrop, but are not yet reported 

from core. A volcanic ash origin accounts for the presence of smectite, as well as albite, 

Figure 6.1. Peak profile for glycolated, air-dried and oven heated clay samples of argillaceous 
green shale M A D 308. 
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Figure 6.2. Peak profile for glycolated, air-dried and oven heated clay samples of argillaceous 
green shale M A D 302. 

muscovite and biotite, as determined from whole rock X-ray diffraction analyses (Table 

6.1), and thin section microscopy (Table 6.1; Plate 5, Figure E). The shrinkage cracks 

commonly observed within these beds could be associated with a volume loss during 

devitrification. Furthermore, calcite has been known to replace volcanic glass (Mulhern 

et al., 1983). Such replacement might create the mottled calcite textures with ghosts of 

angular volcanic glass and minerals. 

Further work is needed in order to determine i f the Gordondale Member contains 

paleosols, volcanic ashes or both. More detailed facies work, particularly in a cluster of 
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geographically close subsurface cores, may help determine i f the green shales are 

typically present at the top of shallowing upward sequences. 

6.3 Gordondale Member mineralogy 

Gordondale mineralogy, as determined by X-ray diffraction analysis, is 

dominated by calcite, quartz, clay minerals, pyrite, with lesser amounts of muscovite, 

albite, dolomite and fluorapatite. Table 6.1 summarizes the major constituents of the 

whole rock Gordondale Member samples. The X-ray diffraction profiles are included in 

Appendix IV. The mineralogy is similar to that previously reported by Riediger and 

Bloch (1995) from X-ray fluorescence and X-ray diffraction analyses. It is also similar to 

that reported by Deere and Bayliss (1969) for the Nordegg Member, and may indicate a 

common source of sediment for the Gordondale and Nordegg members. 

Only one typical Gordondale Member sample (315) was analyzed for clay 

minerals, which consist mostly of illite. Illite is generally associated with weathering 

from continents with minimal leaching, as would be expected in an arid climate or at high 

latitudes (Hardy and Tucker, 1989). However, illite is a common clay mineral and its 

predominance within the typical Gordondale Member whole rock sample is not 

diagnostic. 

In general, the Gordondale Member mineralogy is dominated by calcite, with 

lesser quartz, pyrite and clay minerals. This mineralogy reflects a paucity of terrestrial 

input. 
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Sample Well Depth Description Minerals from XRD 
Number analysis 
301a 7-36-59-22W5 2661.1 m rosette calcite (Mg-rich), barite 
301b 7-36-59-22W5 2661.1 m argillaceous green 

shale with rosette, 
whole rock 

calcite (Mg-rich), barite 

302 6-32-78-5W6 1221.04 m argillaceous green 
sand 

illite I smectite mixed 
layered clay, minor 
kaolinite, quartz, pyrite, 
albite, muscovite 

303 11-35-81-11W6 1303.7 m representative 
whole rock 
sample 

calcite, quartz, pyrite 

304 6-6-88-10W6 1112.7m calcitic mudstone 
with fish debris 
but no shells 

clay minerals, quartz, 
calcite, pyrite 

306 11-35-81-11W6 1301.7 m barite 
307 6-9-66-24W5 2025.8 m paleosol? calcite, minor clay minerals 
308 11-14-59-22W5 2770.55 m green shale > 2 

cm thick, with 
calcareous 
rosettes 

illite / smectite mixed 
layered clay, quartz, calcite, 
pyrite, albite, muscovite 

309 10-34-57-19W5 2670.9 m argillaceous shale 
above Triassic 

quartz, calcite, pyrite, 
muscovite, clay minerals 

311 11-35-81-11W6 1305.9 m argillaceous with 
phosphatic 
nodules 

quartz, fluorapatite, clay 
minerals, minor pyrite 

312 7-31-79-10 W6 1536.04 m lenticular shale calcite, quartz, pyrite, clay 
minerals 

313 7-36-59-22W5 2660.8 m calcitic mudstone 
with tabular 
crystals 

quartz, calcite, pyrite, clay 
minerals 

314 6-6-88-10W6 1107.15 m lenticular calcitic 
mudstone 

quartz, calcite, pyrite, clay 
minerals, minor dolomite? 

315 10-5-57-19W5 2874.2 m pyritic? quartz, illite, pyrite, 
dolomite 

Table 6.1 Mineralogy of selected Lower Jurassic samples as determined through X-
ray diffraction analysis. 
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6.4 Phosphate in WCSB Lower Jurassic strata 

6.4.1 Introduction 

Our understanding of the sedimentation of phosphorite deposits has drastically 

changed over the last three decades. Major developments include documentation of the 

phosphorus cycle including the weathering of phosphorus from soils, a more detailed 

understanding of upwelling, and the close link between organic productivity and 

phosphorite deposition (Bentor, 1980). Phosphorites are also now associated with rises in 

sea-level, and condensed intervals, such as maximum flooding surfaces, where phosphate 

deposition is not diluted by sedimentary influx (Hallam, 2001). Previous interpretations 

of phosphatic sediments within the W C S B focused on modern California-coast style 

upwelling, and bone beds are commonly interpreted as mass mortality events (Davies, 

1997; Macdonald, 1987; Poulton and Aitken, 1989). This section examines some of the 

phosphate-rich strata within the Gordondale Member and provides new interpretations for 

their deposition. 

6.4.2 Previous work 

Macdonald (1987) reported phosphate contents within strata correlative with the 

Gordondale Member of up to 14.1 wt % P2O5. The phosphate occurs as generally 

structureless pelletai phosphates, as well as bone, phosphatic shell debris and intraclast 

horizons. Some of the pelletai phosphates are cored by quartz. Macdonald (1987) 

interpreted the intraclast horizons to represent several episodes of phosphatization, 

erosion and transport. 

Microbial mats and stromatolites are associated with phosphates as microbes 

release phosphate into interstitial waters as they break down (Knudsen and Gunter, 2002). 
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Riediger and Bloch (1995) reported such black, laminated organic mats with spherical to 

coccoid shaped apatite grains from the Gordondale Member. They interpreted apatite 

precipitation to have been bacterially mediated and associated with bacterial sulphate 

reduction. The apatite-rich laminae contain no pyrite, whereas the apatite-poor laminae 

contain framboidal pyrite. They attributed the laminated nature of the apatite to 

alternating anoxic and dysoxic conditions. 

6.4.3 Characterization of Gordondale Member Phosphate 

Most of the phosphate observed within the Gordondale Member in this study 

consists offish debris (bones, scales and teeth), phosphatic peloids, and shale clasts. 

Phosphatic fish debris and peloid beds are commonly located at the base of decimetre 

scale fining-upwards sequences. Minor amounts of fish debris are also dispersed 

throughout the entire sequence (Plate 7, Figure A) . Phosphatic shale clasts commonly 

overlie erosional surfaces (Plate 7, Figures B to F) and are associated with the upper 

boundary of the Gordondale Member. Less abundant phosphatic sediments include 

phosphatized shells, phosphatic peloids with quartz cores (Plate 8, Figures A and B) and 

apatite crystallized from fish debris (Figure 5.9). Phosphatic mats, such as those 

described by Riediger and Bloch (1995), were not observed. This may be because this 

study focused on larger scale features than that of Riediger and Bloch (1995). The main 

types of Gordondale Member phosphate are discussed in more detail below. 

6.4.3.1 Fish debris (Ichthyoliths) 

From numerous core and thin section observations, it is apparent that fish debris is 

an important source of phosphate in the Gordondale Member. Marine fish hard parts are 

composed of an organic matrix with 60-70% embedded hydroxyapatite 
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(Caio(PO"4)6(OH)2) crystals (Schenau and De Lange, 2000). The inorganic fraction of 

enamel, dentine and bone contain 18.3, 18.6 and 17.1 wt % P respectively (Elliot, 2002). 

Fish debris is likely the major source of phosphate for the Gordondale Member, as it is 

highly abundant and has high P concentration. 

Fish debris is commonly concentrated at the base of fining upwards beds (Unit B, 

1-35-62-20W5, 6-6-88-10W6, 12-4-73-2W6 Appendix II), but is also present in minor 

amounts interbedded with radiolarians and pectinoid bivalves. These basal, concentrated 

fish debris beds often contain shell fragments and phosphatic peloids, but generally 

contain little matrix. In fact, several of the fish debris beds are devoid of matrix and are 

cemented by coarsely crystalline to poikilotopic calcite (Plate 8, Figures C to F). 

Radiolaria are rare within the fish debris beds (Plate 8, Figure C). Clastic material 

coarser than the surrounding sediment, such as sand-sized plagioclase and quartz grains 

are common within the fish debris beds (Plate 8, Figure D; Plate 9, Figures A and B). 

Centimetre scale fish debris beds commonly overlie erosion surfaces and bored horizons I 

hardgrounds. Gordondale Member fish debris, particularly in the eastern portion of the 

study area, is commonly bored. 

6.4.3.2 Peloids 

6.4.3.2.1 Fish debris origin 

Phosphatic peloids in the Gordondale Member have similar occurrences to the 

fish debris beds. Where thin laminae offish debris are present at the base of beds in the 

central portion of the study area, towards the east, these laminae are more commonly 

composed of phosphatic peloids. One exception is the very basal Gordondale Member 
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strata (Subunit IA), which are commonly capped by a bed of phosphatic peloids, with 

rare fish debris. 

Many of the phosphatic peloids are structureless, or have a vermicular internal 

texture. This internal texture may be the result of borings. In some cases there is a clear 

gradation from bored fish scales to bored phosphatic peloids. It is likely that many of the 

peloids were created by abrasion and bioersion of the fish debris. Plates 9 (Figures C to 

F), 10 (Figure A to F) and 11 (Figures A to B) display bored phosphatic fish debris and 

peloids. The borings typically contain collophane. When anisotropic debris is bored, the 

borings are filled by isotropic collophane (Plate 9 Figure C and D). Most of the 

Gordondale Member fish debris is isotropic. This isotropism may be caused by borings, 

or interference colours obscured by organic matter. Plate 10, Figures E and F, and Plate 

11, Figures A and B show the internal structure of bored phosphatic peloids as viewed 

with a scanning electron microscope. 

Several types of microorganisms have been observed from microbial tunnels in 

bones (Taylor, 1971; Garland, 1989; Grupe and Piepenbrink, 1989, Piepenbrink, 1989). 

These microorganisms include bacteria, cyanobacteria, fungi, and amoebic protozoans 

(Soudry and Nathan, 2000). However, because they are heterotrophic and are known to 

infest bone tissue, fungi are regarded as the most likely organism to bore fish debris. 

Within the Gordondale Member, scanning electron microscopy has shown that 

some borings into phosphatic peloids, denoted by the letter A in Plate 10, Figure F, are 

probably of fungal origin because they consist of branched borings from a larger cavity 

(Perry, 1998; Friedman et al, 1971). 
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6.4.3.2.2 Other modes of origin ofphosphatic peloids 

Some of the phosphatic pellets have a regular, porous pattern (Plate 11, Figures C 

and D). This pattern may have been caused by intestinal appendages during the origin of 

a fecal pellet (Scholle, 1978, p. 111). Riediger et al. (1990) suggested the presence of 

fecal pellets within the Gordondale Member based on the occurrence of coccolith-bearing 

organic-rich pellets. The regular pattern within the phosphatic peloids might also be 

created i f a radiolarian was phosphatized. Finally, some of the phosphatic peloids could 

have been eroded from phosphatic shales. More detailed thin section and S E M analysis 

are required to help determine the origin of the phosphatic peloids. 

6.4.3.3 Detrital-cored phosphatic pellets 

Several rounded phosphatic pellets, some with detrital cores, occur within the 

basal Gordondale Member sandstones in the eastern portion of the study area (Plate 8, 

Figures A and B). Macdonald (1987) observed similar pellets and interpreted them as 

authigenic pellets formed below the sediment / water interface from phosphorous-rich 

interstitial waters. 

6.4.3.4 Phosphatic shale clasts 

Gordondale Member phosphatic beds, particularly the thicker ones, commonly 

contain phosphatic shale clasts. Within one bed, the clasts commonly display different 

degrees of phosphatization. Clasts commonly contain radiolarians and rarely sponge 

spicules (Plate 11, Figure E). 
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6.4.4 Uranium enrichment 

Gordondale Member horizons of phosphatic peloids, fish debris and phosphatic 

intraclasts correspond to high gamma-ray responses (Fig. 3.7). Since these beds typically 

contain little fine-grained matrix, the gamma-ray kick is not associated with shale, but 

rather with phosphate. No spectral gamma-ray logs were available for the cored wells 

describe within this study. However, spectral gamma-ray logs of the Gordondale 

Member, from other well locations, show that most of its gamma-ray spikes are due to 

uranium enrichment (Figure 6.3). Fungal boring of fish debris may have contributed to 

uranium enrichment of these beds. Soudry and Nathan (2000) found borings within fish 

debris that were filled with finely crystalline carbonate-fluorapatite enriched in F, and 

probably U , compared to unaltered debris. Additionally, laboratory experiments have 

shown that fungal inoculation of fresh bone material causes fungal mediated enrichment 

of the bone with metals from the growth medium (Grupe and Piepenbrink, 1989). Soudry 

and Nathan (2000) also found that bored fish debris progressed from anisotropic, weakly 

biréfringent to isotropic material. Most of the fish debris observed within this study was 

isotropic. 

Care should be taken when interpreting Gordondale Member facies and sequence 

stratigraphy from gamma-ray logs as the highest gamma-ray responses generally respond 

to the coarsest intervals (phosphatic sandstones and conglomerates), not necessarily to 

shales associated with marine flooding surfaces. 
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6.4.5 Source of Gordondale Member phosphate 

6.4.5.1 Introduction 

There is a current understanding that phosphorites do not form from unique 

conditions, but that several different environments can lead to their deposition (Knudsen 

and Gunter, 2002). Upwelling, which occurs in a variety of geographical settings within 

modern oceans, may cause high organic productivity and is one mechanism, but not the 

sole manner, of promoting phosphate deposition. For example, in modern oceans, 

upwelling occurs in a variety of settings, and phosphates are also associated with margins 

with little upwelling (e.g. east coast of Australia (Heggie et al, 1990)). Additionally, 

Jurassic ocean circulation was influenced by different mechanisms than modem oceans; 

for example, circulation may have been significantly influenced by salinity gradients 

(Ròhl et al., 2001). Hence, paleogeographic reconstructions based solely on the 

occurrence of phosphatic sediment and analogies with modern upwelling along the west 

coast of California are not very robust (e.g. Poulton and Aitken, 1989). 

Common sources of phosphate and phosphorous to sedimentary basins include 

detrital apatite, organic matter, iron oxides with sorbed phosphate, upwelling currents 

with associated organic matter, as well as fish debris (Schenau and De Lange, 2001). No 

detrital apatite has been reported from the Gordondale Member. Furthermore, the 

Gordondale Member consists mostly of calcareous strata with little terrestrial input and 

little iron and so phosphate sorbed onto iron oxides is also an unlikely source of 

phosphate. The other two possible sources of phosphate, organic matter associated with 

upwelling and fish debris, are discussed below. 
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Figure 6.3. Spectral gamma-ray log of the Gordondale Member, note the dominance of uranium. 

6.4.5.2 Upwelling-associated organic matter 

Upwelling is not necessary to create phosphatic sediments within the Gordondale 

Member. The entire Gordondale Member contains little terrestrial sediment. Reduced 

terrestrial sedimentation can have the same effect of concentrating phosphatic organic 
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material, as an increase in organic productivity due to upwelling, and phosphatic beds are 

commonly associated with reduced sedimentation from sea-level rises (Hallam, 2001). 

Furthermore, the influx of continentally-derived riverine phosphate can be significant, 

particularly when not diluted by terrestrially derived sediment (Filippelli, 2002). These 

constraints are commonly met in arid climates such as that of the Lower Jurassic of 

Western Canada (climate discussed in Chapter 7). 

Bentor (1980) estimated that on average, modern organic matter contains 1% P on 

a dry weight basis. It is unlikely that concentrations as high as 14.1 % P2O5 reported by 

Macdonald (1987) could have been derived from the accumulation of organic matter with 

average phosphorous concentration. Furthermore, Gordondale Member samples, 

analyzed through X-ray fluorescence by Riediger and Bloch (1995), show a poor 

correlation between TOC content and P2O5 wt % (Figure 6.4). 

Early in the study of phosphates it was suggested that phosphatic beds could be 

created by massive die-offs of fish and other marine fauna (summarized in Cook et al, 

1990). However, Bentor (1980) suggested that concentrations of P could never be high 

enough in ocean water for phosphorites to be quickly deposited. Additionally, i f the fish 

debris beds were created by rapid mass mortality events, which are commonly attributed 

to toxins created by algal blooms associated with upwelling (Davies, 1997), one would 

expect to find a variety of fauna within the fish debris beds. However, radiolarians, 

which are almost ubiquitous within the remainder of the Gordondale Member, are sparse 

within these beds. Furthermore, mass mortality events cannot explain the phosphatic 

peloids commonly associated with fish debris beds, nor the sparseness of fine-grained 

matrix within these beds. 
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Fish debris is more abundant in sediments of upwelling regions (Diester-Haass, 

1978). However, these sediments are usually associated with other pelagic fauna such as 

diatoms. Additionally, in the upwelling region off Peru, DeVries and Pearcy (1982) 

found that beds with the most abundant fish debris were associated with angular 

unconformities rather than periods of high productivity. 
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Figure 6.4. Weak negative correlation between Gordondale Member P 2 O 5 (X-ray fluorescence) 
and TOC (Rock-Eval). Data from Riediger and Bloch (1995). 

6.4.5.3 Fish debris 

The majority of Gordondale Member phosphate consists of fish debris, phosphatic 

peloids possibly derived from the fish debris, and phosphatic shale clasts. Small amounts 

of fish debris were probably continuously deposited throughout Gordondale Member 

sedimentation. This regular deposition is probably represented by the small amounts of 

fish debris dispersed throughout the calcareous strata. The thin laminae and beds of 
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phosphatic sediment are more difficult to explain. A discussion of a few methods of 

creating these beds follows. 

6.4.5.3.1 Condensed beds 

Phosphatic bone beds are commonly explained as condensed beds representing 

periods of slow sedimentation allowing organic material to be concentrated. These 

condensed beds are often associated with maximum flooding surfaces (Hallam, 2001). 

The condensed bed theory does not account for the absence of radiolarians within the 

phosphatic beds. A maximum flooding surface should be associated with drowned 

sediment supplies and cannot explain the phosphatic shale clasts or the sand-sized quartz 

and plagioclase (Plate 8, Figure D) associated with the fish debris. A phosphatic shale 

clast, and associated quartz grains, are shown in Plate 9 (Figure A) . 

6.4.5.3.2 Winnowing 

Current winnowing could explain the concentration of dense phosphatic material 

and absence of lighter radiolarians. Winnowing could concentrate the fish debris, but 

could not erode and redeposit phosphatic shale clasts. The mechanism might be 

applicable to phosphatic beds without phosphatic shale clasts. However, it is simpler to 

explain the phosphatic beds by one mechanism. 

6.4.5.3.3 Transgressive lags 

Transgressive lags are often associated with conglomerates and bone beds. 

However, most of the Gordondale Member strata are devoid of sedimentary structures 

and were likely deposited within a low energy environment. It is difficult to explain how 

transgression could cause reworking of material already below wave base. However, this 
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would be possible i f the transgression was preceded by a regression bringing the strata 

above wave base. Erosive surfaces overlain by phosphatic sandstone and conglomerate 

probably represent such a sequence of events. 

6.4.5.3.4 Turbidites 

Turbidity currents could be responsible for the influx of phosphatic debris into the 

basin. However, the Gordondale Member generally contains few of the sedimentary 

structures, such as ripple cross-stratification, which are generally associated with 

turbidites (Walker, 1992). Gordondale Member strata do contain normally graded cycles. 

However, these cycles contain undisturbed laminae of pectinoid bivalves, suggesting that 

they were not deposited in an event bed. 

6.4.5.3.5 Regression 

The phosphatic beds were probably mechanically eroded and re-deposited by 

higher energy currents associated with a relatively low sea-level. The scarcity of other 

fauna within these beds suggests that the dense phosphate has been mechanically 

concentrated. The occasional presence of quartz and plagioclase clasts, coarser than 

surrounding material, within these beds can also be explained by current deposition. Low 

relative sea-level would also increase the source area of terrigenous siliciclastic material. 

6.4.6 Conclusions 

There is no need to invoke upwelling to explain phosphatic-rich sediment of the 

Gordondale Member. Within modern oceans, upwelling occurs within a variety of 

settings. The previous interpretation of the Lower Jurassic of the W C S B as an open shelf 
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with no terranes impeding upwelling currents is not necessary for the deposition and 

preservation of phosphate-rich sediments within the Gordondale Member. 

The majority of the phosphate within the Gordondale Member is linked to 

phosphatic fish debris, including peloids probably derived from the fish debris. These 

phosphatic beds were likely deposited during periods of low relative sea-level. 

6.5 Barite 

6.5.1 Descriptionofbaritenodules 

6.5.1.1 Barite in outcrop sections 

Barite is abundant within basal beds of the Red Deer Member at Scalp Creek. It 

consists of bird-foot shaped radiating crystals resembling syneresis cracks. Similar barite 

crystals also occur in the Red Deer Member at East Tributary. Generally, little barite was 

observed in outcrop, probably due to the poor quality outcrop exposures of fine-grained 

Gordondale Member equivalents. 

6.5.1.2 Barite in subsurface core 

In the subsurface, barite nodules are common throughout the Gordondale 

Member. These occur as rosettes, tabular / lath I polygon shaped crystals, birds-foot 

shaped crystals similar to those observed in outcrop, tapered flat disks of radiating 

crystals, and poorly preserved palisades of swallow-tailed crystals. These morphologies 

are illustrated in Plate 11, Figure F, Plate 12, A to F, and Plate 13, Figures A and B. 

Barite crystals are commonly replaced, or partially replaced, by calcite (Plate 12, Figures 

E and F). This replacement is evident in rosette-shaped nodules. However, tabular barite 

crystals, which have been replaced by calcite, are difficult to differentiate from crystals 

that originated as calcite. 
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Some of the "white specks" observed in core are barite casts of radiolarians. 

Some of these barite crystals have grown past the radiolarian molds and coalesced (Plate 

13, Figures A and B). 

6.5.2 Source of Barium 

Barium is associated with hydrothermal vents (Aquilina et al, 1997). It is also 

associated with marine organic matter (Paytan et al, 1996). Much of the barium in 

modern oceans is associated with acantharians (Bernstein et al., 1992). The Subclass 

Acantharia is a sister Subclass to Radiolaria. Acantharians resemble radiolarians, but 

have a skeleton composed of strontium sulphate (Celestite, SrSCU) (Brasier, 1980) with 

high Ba contents (Bernstein et ai, 1992). Celestite skeletons are known to be 

significantly enriched in barium and to be significant in ocean Ba recycling (Bernstein et 

al, 1992). 

Modern sediment trap studies show that acantharians undergo almost complete 

dissolution in the upper 900 m of the water column, but most of the dissolution occurs at 

even shallower depths (de Villiers, 1999). Since strontium sulphate skeletons are easily 

dissolved in seawater, acantharian skeletons are not preserved in the fossil record. The 

oldest record of acantharians is from Eocene and younger strata (Campbell, 1954). 

Hence, it is difficult to assess whether dissolved Acantharia skeletons were a significant 

source of barium for the Gordondale Member. However, given their close affinity with 

radiolarians, and the high abundance of radiolarians within the Gordondale, it is possible 

that acantharians flourished as well. Although their skeletons do not consist of celestite, 

some modern colonial radiolarians also contain SrSO.4 crystals inside their siliceous 
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skeletons (Bernstein et al, 1992). Hence the barium may be sourced from the 

radiolarians. 

Until recently, variations in accumulation of marine barium were thought to be an 

indicator of changes in bioproductivity (e.g. Paytan et al, 1996). It is now known that 

this paleoproductivity record is easily altered by the remobilization of barite under poorly 

oxygenated conditions (McManus et al, 1998). The possible sources of some of the 

Gordondale Member barites are discussed below. 

6.5.3 Origin of the barite 

6.5.3.1 Pseudomorphs after Gypsum 

Gordondale barite crystals have similar morphologies to gypsum, including 

rosettes, lozenge shaped crystals and palisades of swallow-tailed crystals. This similarity 

in morphology could be caused by barite pseudomorphs of gypsum crystals. The 

association of barite rosettes with desiccation cracks and their location within a restricted 

basin, which may have occasionally been hypersaline (Riediger et al, 1991) suggests an 

origin as an evaporitic mineral. Barite pseudomorphs after gypsum can be detected by 

measuring interfacial angles (Lambert et al, 1978). No appropriate barite twins I crystal 

faces were found in order to determine interfacial angles for Gordondale Member barite. 

The internal structure of the barite rosettes consists of many thin, elongated, crystals with 

irregular crystal faces. The irregular crystal faces could be caused by diagenesis or 

pseudomorphs after the original gypsum crystals. Where the barite is partially replaced 

by calcite, the calcite crystals are larger and more irregular. S E M analysis revealed that 

one of the argillaceous green shales contains rosettes of radiating gypsum laths (Plate 13, 

Figures C and D). The presence of gypsum, in the same sediment type that commonly 
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contains barite rosettes, suggests that it is feasible for the barite rosettes to be 

pseudomorphs after gypsum. 

6.5.3.2 Hydrothermal 

Paytan et al. (2002) examined the morphologies of marine barite crystals of 

various origins. They found that hydrothermal barite commonly precipitates as cross-

cutting tabular crystals (20-70 um in size) and rosettes. In outcrop, Gordondale Member 

and stratigraphie equivalents contain several ash layers (e.g. Snake Indian River Bridge, 

Fiddle River, East Tributary; Appendix I), indicating volcanic activity, and it is possible 

that this volcanism was associated with hydrothermal fluids and the precipitation of the 

rosettes. It is troubling that the ash layers, so easily identifiable in outcrop have not been 

reported from core. Ifthe green argillaceous layers, previously described here under 

evidence of exposure, are in fact ash horizons, their associated barite rosettes may have 

precipitated from hydrothermal fluids. 

6.5.3.3 Diagenetic barite associated with sulphate reduction 

Many of the barite crystals, including the rosettes, have displaced the surrounding 

sediment, suggesting that they formed during early diagenesis. The early diagenetic 

remobilization and precipitation of barite are thought to be linked to the base of the 

sulphate reduction zone (Bréhéret and Brumsack, 2000). Barium-rich fluids are thought 

to be created when barium is released as sulphate-reducing bacteria use the sulphate from 

previously deposited marine barite or when barite dissolves because interstitital waters 

are undersaturated with respect to sulphate due to its use in sulphate reduction (McManus 

et al, 1998). Barite is precipitated when the Ba-rich fluids meet sulphate-rich pore 

waters or marine waters at oxic / anoxic fronts (Paytan et al, 2002). Paytan et al. (2002) 
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found that diagenetic barite crystals are large (20-700 urn) and occur as flat or tabular-

shaped crystals. 

Most of the Gordondale Member barite crystals have a similar lath or tabular 

shaped morphology. Furthermore, Gordondale Member barite is commonly distributed 

into linear horizons (Plate 12, Figure B), which suggests an origin at a diagenetic front. 

Gordondale Member samples with greater than 0.1 wt % BaO as analyzed by X-ray 

fluorescence by Riediger and Bloch (1995), show a weak negative correlation with TOC 

wt % (Figure 6.5). Ifthe same process responsible for the destruction of organic matter, 

such as sulphate reduction, is associated with the precipitation of barite, one would 

expect a negative correlation between barite and TOC. Furthermore, the precipitation of 

barite in linear horizons within the sediment suggests that the sulphate-reducing zone was 

below the sediment - water interface at the time of barite precipitation, and therefore that 

bottom waters were oxygenated. Such conditions would not be favourable for the 

preservation of matter. More data, particularly from barite of known origin, are required 

to test these hypotheses. 

Some of the barite crystals have a flat disk morphology with internally radiating 

crystals (Plate 12, Figure D). This morphology occurs mostly in the lowest portion of the 

Gordondale Member. It is possible that the lower Gordondale Member strata, 

particularly the Hettangian strata, were lithified or partially Iithified before the 

precipitation of these barite crystals, promoting bedding parallel growth. 

6.5.4 Barite as a stratigraphie tool 

In the Marnes Bleues Formation of the Vocontian Basin (SE France), barite 

nodule horizons within basin sediments have been correlated with shallower condensed 
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intervals and discontinuities (Bréhéret and Brumsack, 2000). Bréhéret and Brumsack 

(2000) suggested that pauses in sedimentation allowed oxic-anoxic boundaries to be 

static at a particular depth for an extended period of time. These oxic-anoxic fronts 

remained stable long enough for the precipitation of barite horizons. 

BaO vs. TOC 
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Figure 6.5. Weak negative correlation between BaO and TOC for samples with greater than 0.10 
wt % BaO from the Gordondale Member. Data are from Riediger and Bloch (1995). 

Within the Gordondale Member, barite horizons can be traced over significant 

distances. For example, barite horizons can be correlated approximately 5 km between 6-

15-67-16W5 and 8-34-67-16W5 (Figure 6.6). Barite horizon correlations are hindered by 

their variable replacement by calcite. The majority of tabular Gordondale Member barite 

horizons occur between stratigraphie discontinuities (Figure 6.6). This stratigraphie 

position could be consistent with maximum flooding and sedimentation starvation (Haq 

et al., 1987), which might create a stable oxic-anoxic boundary for the precipitation of 

124 



barite. Barite is not associateci with the major transgressive surface between Gordondale 

Member Unit 2 calcarenites and Unit 3 fine-grained strata (relative sea-level discussed in 

section 7.4.3.1). 

6.5.4.1.1 Future work to determine source of barite 

Modern barite stable sulphur isotopes vary depending on their origin (Paytan et 

al, 2002). If the sulphur isotope signature of Lower Jurassic sea-water can be 

established, the stable sulphur isotopes from the barite could be compared to this baseline 

in order to determine their origin. 

Short term oceanic Sr cycling is poorly understood, but is now believed to be 

linked to Acantharia abundance and dissolution (Bernstein et al. 1987; de Villiers, 1999). 

Measurement of Sr/Ca ratios of the Gordondale Member might provide some insight as 

to the original presence of acantharians. 
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Figure 6.6. Correlation between Subunit IB barite horizons of 6-15-67-16W5 and 8-34-67-16W5. 
Legend is in Appendix II. 
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Chapter 7. Depositional model and paleogeography 

In this chapter, the depositional environments of the Gordondale Member are 

inferred from the sedimentological, mineralogical and geochemical data previously 

discussed, and incorporated into a depositional model. 

In addition, the Lower Jurassic paleogeography of west-central Alberta and 

northeastern British Columbia is reconstructed from the stratigraphie, biostratigraphic, 

and geochemical data summarized in previous chapters, as well as from the inferred 

presence of the western sills discussed briefly below. Finally, tectonic influences on 

Gordondale Member deposition and the tectonic setting are discussed. 

7.1 Depositional environment 

The abundance of marine fauna, particularly radiolarians, indicates a 

predominantly marine environment of deposition. The level of oxygenation and salinity 

of this environment are described in further detail below. The Lower Jurassic climate of 

the W C S B is also briefly discussed before a depositional model is introduced. 

7.1.1 Oxia 

Deposition of the Gordondale Member occurred under alternating poorly 

oxygenated and oxic bottom water conditions. As discussed below, this interpretation is 

based on observed trends in bioturbation, and geochemistry, as well as on the distribution 

and type of fauna. 

7.1.1.1 Bioturbation 

The Gordondale Member is predominantly devoid of bioturbation. Exceptions 

include regions of higher paleorelief. For example, Subunit IC (described in Chapter 3), 
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represents a distal facies of the Nordegg Member carbonate ramp. It is sparsely 

bioturbated and contains Phycosiphon, a grazing trace that often acts as an opportunistic 

colonizer within somewhat hostile environments, such as in low oxygen environments, or 

as a colonizer on turbidite flows (Bromley, 1990). 

The typical cherty Nordegg Member and its correlative Unit 2 strata contain 

wave-induced sedimentary structures (e.g. hummocky cross-stratification) and were 

probably deposited in a shallower (above storm wave base), more nearshore environment. 

This facies contains more abundant and diverse trace fossils (described in chapter 3) and 

was likely deposited under oxygenated conditions. 

Units 2 and IC are more burrowed and were deposited within more oxygenated 

conditions than typical Gordondale Member strata. Because of their higher relief and 

nearshore locations, Units 2 and IC would intersect the water column at a higher level. 

One method of explaining the geographic distribution of burrows within the Gordondale 

Member is a stratified water column with bottom waters that were commonly poorly 

oxygenated while the upper portion of the water column, remained well oxygenated 

(Figure 7.1). 

Periods of bottom water oxia are indicated by bioturbation associated with 

hardgrounds and erosional surfaces within the Gordondale Member (Plate 7, Figure B). 

These surfaces are commonly overlain by fish debris and phosphatic peloid sandstones 

with oxidized pyrite (Plate 7, Figures C to F). 

7.1.1.2 Geochemistry 

The high organic carbon content of the Gordondale Member suggests deposition 

within poorly oxygenated bottom water conditions, which inhibits the degradation and 
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oxidation of organic matter. Moreover, Riediger et al (1990), Riediger (1991) and 

Creaney and Allan (1990), showed that the organic geochemical characteristics (saturate 

fraction biomarkers) of the Gordondale Member indicate local hypersalinity and strongly 

reducing bottom water. 

7.1.1.3 Fauna 

Gordondale Member sediments are dominated by radiolarians, and contain 

abundant ammonites, belemnoids and fish debris. The radiolarians, fish, belemnoids and 

ammonites must have lived within oxic waters. Hence it is likely that the upper water 

column was oxygenated, even during periods of bottom water anoxia as initially 

suggested by Macdonald (1987). 

The Gordondale Member contains abundant benthic pectinoid bivalves, 

predominately Ochotochlamys and Oxytoma, oysters, and a lesser abundance of Bositra 

and lnoceramus. The presence of benthic fauna indicates oxygenated bottom water 

conditions during at least intermittent periods. 

Bivalves such as Bositra are known to quickly colonize the sea floor during 

periods of oxygenated bottom waters (Rôhl et al., 2001). Such colonization events can 

be as short as a few weeks. Short events of bottom water oxia are characterized by low 

faunal diversity and small shell size. Although several horizons of small shell size were 

observed (e.g. 7 mm shell diameter at -1223.5 m, Subunit IB, 6-32-78-5W6; as small as 

5 mm shell diameter at -1517 m, Subunit IB , 12-4-73-2W6; normal shell sizes described 

in Aberhan (1998)), most of the Gordondale Member bivalves are of normal size, 

indicating colonization of several years or decades (Rohl et al, 2001). The bivalves 

generally occur in thin (1-3 mm) laminae, rather than dispersed throughout the bed. 
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Their concentration in laminae is suggestive of episodically oxygenated conditions (Róhl 

et al, 2001). 

7.1.2 Cyclicity 

The Gordondale Member contains repeated decimeter scale cycles consisting of a 

thin (a few millimetres) basal bed of fish debris or phosphatic peloids with shell 

fragments, overlain by calcarenite or calcilutite with minor fish debris, and fining 

upwards to calcitic mudstone with abundant shell-rich laminae (Unit B , 1-35-62-20W5, 

6-6-88-10W6, 12-4-73-2W6, Appendix II). In some instances, the basal strata consist of 

calcitic mudstone. 

These cycles represent a transition from poorly oxygenated bottom water 

conditions with sedimentation of only pelagic fauna to at least episodically well-

oxygenated bottom waters promoting colonizations by benthic bivalves. Similar episodes 

of bottom water anoxia and bivalve colonization have been reported from the lower 

Toarcian Posidonia Shale of SW Germany where the oxygenation level of variably 

bivalve-colonized bedding surfaces was evaluated through TOC-S plots (Ròhl et al., 

2001). 

7.1.3 Salinity 

Riediger et al. (1990) suggested that the biomarkers and low pristane to phytane 

ratios of the Gordondale Member might be indicative of hypersaline conditions. There is 

currently no strong sedimentological evidence (e.g. casts of halite hopper crystals, 

anhydrite beds) to support this hypothesis. However, the Gordondale Member contains 

rosettes of barite, which as discussed previously, may have been originally crystallized as 

gypsum. A pycnocline would also be an effective mechanism for stratifying basin waters 
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and maintaining bottom water anoxia. The sparseness of dinoflagellates within the 

Gordondale Member (Pocock, 1970) might be due to unusual salinities. 

7.1.4 Climate 

Lower Jurassic palynological assemblages of Western Canada indicate an arid 

climate with xerophytic flora adjacent to an extensive inland desert (Pocock, 1970). The 

presence of numerous desiccation cracks, previously discussed under evidence of 

exposure (section 6.2), are also consistent with an arid climate. 

Although the age of the Watrous Formation of Saskatchewan is controversial, 

recent palynological interpretations suggest that it was deposited between the Middle 

Triassic and Middle Jurassic (White et al, 2002). The Watrous Formation is dominated 

by anhydrite (Poulton et al., 1994), indicating an arid climate cratonward of the 

Gordondale basin. 

7.1.5 Depositional model 

Both the normal grading of the decimetre-scale cycles and the distribution of 

benthic fauna can be explained by deposition within a silled basin (Figure 7.1). A Lower 

Jurassic western sill to the Gordondale Member basin was proposed by Riediger et al. 

(1990) and Riediger (1991) based on isopach data and geochemical evidence. The 

presence of a sill is supported by gamma-ray well log cross-sections and lithologie 

descriptions included below (section 7.2). The thin basal beds of phosphatic peloids, fish 

debris and phosphatic shale clasts likely originated during periods of low relative sea-

level associated with higher energy conditions, erosion, transport and winnowing. 

During periods of low relative sea-level, oceanic circulation was restricted and bottom 

waters became poorly oxygenated, barring the growth of benthic fauna. It is likely that 
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the water column was stratified and that only bottom-waters were poorly oxygenated 

since pelagic fauna such as radiolarians, coccoliths and fish remains continued to be 

deposited. A n arid climate could have contributed to evaporation and the development of 

a salinity gradient, further promoting stratification and bottom-water anoxia within the 

restricted basin. The basin could have become further restricted i f relative sea-level 

dropped below the level of the sill. Coarser-grained sediments correlate with periods of 

lower relative sea-level. During periods of higher sea-level, circulation with oceanic 

waters was improved, benthic fauna colonized the basin floor and sediment sources were 

drowned resulting in finer-grained sediments. 

Portions of this depositional model, such as a silled basin with restricted 

circulation during low relative sea-level, and benthic communities controlled by 

fluctuating bottom water oxygenation, have established analogues. The Toarcian 

Posidonia Shale of Germany, as described by Rohl et al. (2001), is a particularly good 

analogue. However, the interpretation of fish debris-enriched erosional beds as 

associated with low relative sea-level is not based on an analogue. The fish debris beds 

were interpreted based chiefly on their sedimentology as described in Chapter 6. 

Previous studies occasionally associate fish debris with erosion. For example, DeVries 

and Pearcy (1981) described fish debris beds overlying unconformities and Moslow and 

Davies (1997) described fish debris associated with the base of turbidites. However, 

most studies ascribe fish debris beds to increased organic productivity associated with 

upwelling (e.g. Davies, 1997). 

Studies of fish debris sedimentation are rare (Schenau and De Lange, 2000) and 

our knowledge of the importance offish debris is still evolving. For example, Schenau 
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and De Lange (2000) considered biogenic apatite to be a globally insignificant sink of 

sedimentary phosphorus. However, after they developed a method to extract fish debris 

apatite from sediment without hand picking, Schenau and De Lange (2001) reconsidered 

fish debris to be important in both the burial and regeneration of phosphorous in 

continental margin environments. Future study of the sedimentology of fish debris in the 

Gordondale Member may aid in evaluating the depositional model presented here. 

7.2 Evidence for the presence of a western sill 

Riediger et al. (1990), Riediger (1991) and Riediger and Coniglio (1992) 

suggested the presence of a western sill to the Gordondale Member basin, based on 

isopach maps, organic geochemistry of source rock extracts and oxygen isotope trends 

within early diagenetic calcites. 

Direct evidence for the presence of a western sill was encountered in core of 02-

11-87-13W6. This core contains a thick sequence of carbonate strata that are 

significantly cleaner than typical Gordondale Member fine-grained distal strata 

(Appendix II). Although 02-11-87-13W6 has no gamma-ray log, correlation with 

adjacent wells shows that the zone of cleaner carbonate (western clean carbonate strata) 

has a relatively low gamma-ray log signature (Figure 7.2). Initially, the western edge of 

the study area for this project was defined by the Alberta - British Columbia border. 

Discovery of the clean carbonate facies at the western edge of Alberta resulted in an 

extension of the study area. The extent of the western clean carbonate facies was mapped 

further west using gamma-ray log correlations (Figures 7.3 and 7.4). Due to time 

constraints, no cores from this facies are described from British Columbia. 
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Figure 7.1. Depositional model for the Gordondale Member. 



7.2.1 Regional distribution of western clean carbonate strata (WCCS) 

Regional cross-sections (Figures 7.5 to 7.9) show a series of northwest-southeast 

trending linear carbonates, with cleaner gamma-ray signatures than the typical 

Gordondale Member, that occur between 119° W and 123 0 W longitude. Regionally, the 

Gordondale Member thins towards this area (Figure 7.10), indicating a paleotopographic 

high associated with the western cleaner carbonate strata. This supports the interpretation 

of the western cleaner carbonates as sill strata. The topographic elevation of the cleaner 

carbonates is also suggested by the highly radioactive strata overlying the cleaner sill 

strata, which thin above the sills (Figure 7.3). 

The distribution of the western clean carbonate strata is complex. The strata 

generally occur in northwest-southeast linear trends. However, their distribution is partly 

controlled by the Peace River Embayment (Figure 7.9). A thick, extensive clean 

carbonate region is located on the northern margin of the Ft. St. John Graben (Figures 7.9 

and 7.10). The western clean carbonate strata also extend southward along the trend of 

the West Alberta Ridge. Figure 7.11 is a short cross-section demonstrating the presence 

of these strata as far south as Township 64. 

The western clean carbonate log signatures occur at various stratigraphie levels 

within the Gordondale Member. Because no biostratigraphic information is available 

from the western clean carbonates, the ages of the various sills were estimated by 

extrapolating Gordondale Member subunits of known age from Alberta along regional 

correlations to northeastern British Columbia (Figure 7.3). These correlations suggest 

that the western clean carbonate strata are correlative with Unit 2 and Subunit 3A strata. 

Hence the western clean carbonate strata are likely lower to upper Toarcian. The 

westernmost linear carbonate trend appears to be at a slightly lower stratigraphie level 
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than the adjacent carbonate trend further east (cross-section M - M ' , Figure 7.5). This 

relationship may indicate an eastward shift of the sill location. However, further work is 

required to precisely determine the age of the western clean carbonate strata associated 

with the sills. 

In some regions, a lower carbonate unit is recognized which appears to be 

correlative with the Pliensbachian to early Toarcian Subunit IB (Unit marked by a 

question mark in cross-Section P-P' , Figure 7.8). More work is required to ensure that 

this carbonate is part of the Jurassic Gordondale Member and not related to underlying 

subcropping Triassic strata. Therefore, these strata are not incorporated into the tectonic 

model presented below. 

7.2.2 Description of western clean carbonate strata 

The western clean carbonate strata were only described in core of 02-11-87-

13W6. In hand sample and in thin section under low magnification, the western clean 

carbonate strata appear to consist of parallel laminated calcarenites that are lighter in 

colour than the surrounding typical Gordondale Member (Plate 13, Figure A) . In thin 

section, the strata are revealed to consist mostly of radiolarians with calcite cement and 

minor fine-grained matrix (Plate 15, Figure B). The laminae are caused by variable 

amounts of micritic matrix and cement. There are minor amounts of fish debris dispersed 

throughout the strata. The main difference between western clean carbonate strata and 

typical radiolarian-rich Gordondale Member strata is that the western clean carbonate 

strata have significantly less organic matter, as observed in thin section (Plate 14, Figure 

B vs. Figure C). The upper contact of the western clean carbonate strata, observed in 02-

11-87-13W6, is marked by a bioturbated erosional surface. 
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7.2.3 Depositional model for the western clean carbonate strata 

This difference in lithology between western clean carbonate strata and typical 

Gordondale Member strata is likely related to the paleogeography of the basin in which 

the Gordondale Member was deposited. Western clean carbonate strata were likely 

deposited upon a topographically high sill. Pelagic sediments deposited onto the 

topographically high sill were elevated above poorly-oxygenated bottom waters. Hence, 

organic matter was poorly preserved on top of the sill. The topographically high sill 

would also have received less detrital material from bottom currents and may have been 

winnowed. 

7.3 Paleogeography 

7.3.1 Hettangian to early Sinemurian (Subunit 1A) Paleogeography 

The Hettangian to Sinemurian Subnit I A is difficult to distinguish on logs and its 

eastern extent is poorly known. Further biostratigraphic data are needed in order to 

determine how far east it onlaps onto the sub-Jurassic unconformity. However, the low 

gamma-ray signature associated with this unit does seem to thin towards the east (Figures 

3.8 and 4.6), suggesting that it is not present in the eastern portion of the study area 

(Figure 7.12) 

Further west, in the central portion of the study area, the Hettangian to early 

Sinemurian strata are a few metres thick and unconformably overlie Triassic strata 

(Figure 3.8). 

In the western portion of the study area, near Williston Lake, the Jurassic I 

Triassic contact appears conformable (Hall and Pitaru, in press a). In this region, the 
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Figure 7.2. Correlation of logs adjacent to 2-11-87-13W6 in order to determine the gamma-ray signature of the western clean carbonate strata 
(WCCS). 
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Figure 7.3. Correlation of Alberta gamma-ray logs with subunits of known age to western clean carbonate strata (WCCS) of NE B.C. Cross-
section location is illustrated in Figure 7.4. 
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Figure 7.4. Location map for cross-sections L - L ' and K - K ' . The shaded areas are zones of 
western clean carbonate strata. 
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Figure 7.5. East-west oriented cross-section through western clean carbonate strata (WCCS) of NE British Columbia. Cross-section location is 
shown in Figure 7.9. 
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Figure 7.6. East-west oriented cross-section through western clean carbonate strata (WCCS) of NE British Columbia. Cross-section location is 
shown in Figure 7.9. 
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Figure 7.7. Northeast-southwest oriented cross-section through western clean carbonate strata (WCCS) of NE British Columbia. Cross-section 
location is shown in Figure 7.9. 
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Figure 7.8. East-west oriented cross-section through western clean carbonate strata (WCCS) of NE British Columbia. Cross-section location is 
shown in Figure 7.9. 
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Figure 7.9. Location map for cross-sections through the western clean carbonate strata (WCCS) of northeastern British Columbia. Cross-sections 
are illustrated in Figures 7.1 to 7.4 
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Figure 7.10. Gordondale Member isopach map (m). The Gordondale Member thins westwards 
towards the location of the western clean carbonate strata (WCCS) between 119° W and 123 0 W 
longitude. West of the sills, the Gordondale Member thickens westwards and its western extent is 
not known. 
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FigLirc 7.11. Gamma-ray log cross-section showing southern extent of western clean carbonate strata. Cross-section location is illustrated in 
Figure 7.4. 
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Hettangian to Sinemurian strata are at least 22 m at Black Bear Ridge (Location H , 

Figure 7.12) (Hall and Pitaru, in press b). 

The Snake Indian River carbonates (Figure 4.2; Locations A and B , Figure 7.12) 

may be the shallow water facies equivalent to the Hettangian to early Sinemurian fine

grained strata (Subunit 1A) (Figure 7.12). 

In the southern portion of the study area, Subunit I A likely pinches out west of 

the Bighorn Creek outcrops, where the oldest Jurassic strata are late Sinemurian (Hall, 

1987). 

7.3.2 Pliensbachian to early Toarcian (SubunitslB and 1C) paleogeography 

Figure 7.13 summarizes the Pliensbachian to early Toarcian paleogeography of 

western Canada. The most prominent feature is a carbonate ramp with a north-south 

trending margin. Subunit IC isopachs are shown for the northern portion of the margin. 

However, in the southern portion of the margin, it is difficult to distinguish Subunit IC 

from the overlying Unit 2, and an isopach map of Subnit IC was not created for this area. 

The western facies equivalent of the Pliensbachian portion of the carbonate ramp 

(Subunit IB) consists of fine-grained basinal strata, which thin westwards towards a 

narrow linear zone (partially delineated by the 5 m isopach on Figure 7.13). This narrow 

linear zone is on trend with the West Alberta Ridge (Figure 7.13), a long-lived positive 

structural feature, as mapped by O'Connell et al. (1990), and corresponds roughly to the 

area where the carbonate sill strata developed during the Toarcian. The western edge of 

the narrow zone of thin strata also corresponds to a facies change in the Pardonet 
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Figure 7.12. Hettangian to early Sinemurian paleogeography of western Canada. The eastern 
extent of the Hettangian strata is poorly known. The Snake Indian River Bridge Strata are likely 
the shallow water facies equivalent to the fine-grained Hettangian strata described in core. 
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Formation from more proximal carbonates to distal pelagic sediments as mapped by 

Davies (1997). 

This region of thin strata may have begun to emerge as a topographic high during 

the Pliensbachian to early Toarcian, but was likely not yet topographically high enough to 

develop the clean carbonates of the Toarcian sill strata. 

West of the narrow zone of thin strata, the Pliensbachian to early Toarcian strata 

thicken (Figure 7.13). For example, Hinds (2002) reports 19 m of Gordondale Member 

strata containing Pliensbachian to early Toarcian radiolarians at Pink Mountain (Location 

G). However, west of the zone of thin strata, the Pliensbachian to early Toarcian strata 

(Units 1 and 2) are difficult to distinguish from the underlying Triassic Pardonet 

Formation (Davies, 1997) (Figure 7.14). 

The presence of volcanoes to the west is inferred from the presence of volcanic 

ash layers in basal portions of Lower Jurassic outcrops. One of these ash layers from 

East Tributary has been dated as Pliensbachian (Hall et al., in press). 

7.3.3 Early to late Toarcian (Unit 2 and Subunit 3A) paleogeography 

The orientation of the carbonate margin changed during the early Toarcian. 

During the Pliensbachian it was a north-south trending margin that prograded westwards. 

As discussed in Chapter 4, there was significant northwards progradation of the Nordegg 

Member during Toarcian time. Additionally, the northern portion of the carbonate 

margin was drowned and overlain by thick (up to 25 m) fine-grained strata of Subunit 3 A 

instead of the shallower water carbonates that persisted further south. 

The western clean carbonate strata were deposited upon topographically high 

sills, which developed during this time. The western clean carbonate strata were initially 
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deposited in the western portion of the study area, with younger clean carbonate strata 

developing further east (Figures 7.5 and 7.15). These younger clean carbonate strata 

became broader on the northern margin of the Ft. St. John Graben (Figures 7.9 and 7.15). 

A break in the north - south trend of the younger clean carbonate facies belt is apparently 

controlled by the edge of the Ft. St. John Graben, as mapped by Davies (1997). This 

break is shown in Figures 7.9 and 7.15, and is also evident on cross-sections of sill strata 

(Figure 7.7). The Peace River Embayment became a topographic low during this time, 

and is expressed by increased thickness in the Toarcian Subunit 3A over this area (Figure 

7.15). 

The eastward movement of the locus of clean carbonate sedimentation through 

time suggests that the location of the western clean carbonate strata is at least partly 

controlled by a mechanism other than the location of the West Alberta Arch. The 

eastward movement of the western clean carbonate strata and associated sill could be 

related to transgression. However, the associated increase in breadth and prominence of 

the western clean carbonate strata is more suggestive of a decrease in relative sea-level. 

Overall, the Toarcian changes in paleogeography created a very restricted basin 

(Figure 7.15). The presence of shallower facies in the broad zone of the western clean 

carbonate strata to the west and north and the thick Nordegg carbonate to the south, as 

well as the northward progradation of the Nordegg Member strata during the Toarcian, 

created a basin with a central embayment or depocentre instead of the roughly north-

south trending margin present during the Pliensbachian to early Toarcian. 
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Figure 7.13. Pliensbachian to early Toarcian paleogeography of western Canada. The 
Pliensbachian is dominated by a north-south trending carbonate ramp that progrades westwards. 
The fine-grained Pliensbachian strata (Subunit IB) thin towards a western sill and thicken west of 
the sill. Subcrop edges are from Poulton et al. (1994). Location of West Alberta Ridge from 
O'Connell et al. (1990). Location of well illustrated in Figure 7.14 is marked by a star. 
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Figure 7.14. Well log of strata located west of the carbonate sills. Note the similarities between 
the log signatures of the Pardonet Formation and Gordondale Member. Well location is marked 
by a star in Figure 7.13. 
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7.3.4 Late Toarcian (Subunit 3B) paleogeography 

The Subunit 3A / 3B contact is a conglomerate with regional extent. It contains 

clasts with different degrees of phosphatization within a phosphatic peloid and fish debris 

sandstone. As discussed in Chapter 6, such phosphatic beds were likely created through 

erosional processes. The regional extent of the conglomerate at the Subunit 3AI 3B 

contact likely represents an episode of basin-wide erosion. 

Little is known about the stratigraphy of Subunit 3B, and regional correlations of 

this unit are equivocal. However, it should be noted that these strata appear to thicken 

over the Peace River Embayment (Figure 7.7). This pronounced thickening may indicate 

substantial late Toarcian subsidence of the Peace River Embayment. Further work is 

required to verify the Subunit 3B correlations. 

7.4 Lower Jurassic Tectonic setting of Western Canada 

The Lower Jurassic of Western Canada has been previously interpreted as a 

passive margin setting (Poulton et al., 1994). Evidence in support of this interpretation 

includes the presence of phosphorites, believed to be associated with upwelling on an 

open shelf margin (Poulton and Aitken, 1989), and the lack of westerly-derived coarse 

elastics. These lines of evidence are discussed followed by a revised model for the 

tectonic setting of the Lower Jurassic of western Canada. The revised model integrates 

data and observations from previous work with new data resulting from this study. 

7.4.1 Origin of phosphorites 

The presence of phosphorites in Gordondale Member equivalents has been used 

to infer open circulation with open ocean waters and the absence of accreting terranes 

(Poulton and Aitken, 1989). As discussed in Chapter 6, upwelling occurs in a variety of 
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Figure 7.15. Early to late Toarcian paleogeography and isopach map of western Canada. The 
Toarcian strata thin towards a broad region of western clean carbonate strata that is interpreted to 
have been deposited above a sill. Unit 3A isopach contours are shown, and the contour interval is 
5 m. Subcrop edges are from Poulton et al. (1994). The Toarcian strata thicken over the Peace 
River Embayment, which exerts strong control over the distribution of the western clean 
carbonate strata. Subcrop edges are from Poulton et al. (1994). 
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geographical settings other than west-facing open shelf margins, and the presence of 

phosphatic sediments does not unequivocally indicate upwelling. The phosphatic fish 

debris beds of the Gordondale Member and equivalents are likely associated with 

erosion, implying a higher energy setting than that previously suggested by Poulton et al. 

(1990). 

7.4.2 Lack of westerly derived coarse elastics 

Coarse clastic sediment cannot be expected from the initial stages of all foreland 

basins. As discussed below, foreland basins are greatly influenced by the availability of 

sediment. The rate of sediment supply is partly controlled by thrust sheet topography 

(Cant and Stockmal, 1989). Additionally, the type of strata exposed to erosion influences 

the grain size and mineralogy of foreland basin sediment (DeCelles et al., 1991). 

7.4.2.1 Thrust sheet topography 

A time lag effect exists between tectonic events and their effect upon foreland 

basin sediments, since flexural subsidence usually begins significantly before the arrival 

of the new orogenic sediment source (Cant and Stockmal, 1993). During the early stages 

of an orogen, the accretionary wedge lacks topographical expression and therefore 

supplies relatively little sediment. Deep-water facies often prevail under such conditions. 

Following development of the initial tectonic wedge, the time lag between tectonic uplift 

and its effect on sedimentation is reduced, because subsequent collisions result in high 

topography and high sedimentation rates. Hence, tectonic wedge advance is not 

necessarily expressed by a high sediment supply to the foredeep. Furthermore, 
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sedimentation correlative with tectonic advance may be either of deep or shallow water 

facies (Cant and Stockmal, 1989). 

7.4.2.2 Source terrane lithology 

Source terrane composition influences grain size relationships of foreland basin 

sediments. For example, DeCelles et al. (1991) studied a fault propagation fold within 

the Beartooth Range (Montana I Wyoming). The upper stratigraphie section of the 

Beartooth Range is dominated by Cretaceous mudstones whereas the lower stratigraphie 

section consists of resistant carbonates, siliciclastics and crystalline rocks. Initial thrust 

sheet uplift eroded the mudstones, and correlates to fine-grained foreland sediments 

followed by coarser-grained sediments eroded from the more resistant underlying rocks 

within the foreland basin. Obviously, a coarse clastic wedge cannot record thrust sheet 

advance i f appropriate source lithologies are not exposed. 

A similar scenario is proposed for the Lower Jurassic of the W C S B . The first 

strata to be exposed through uplift would necessarily be the youngest strata deposited 

predating uplift. These are predominantly distal facies of the Upper Triassic succession, 

such as phosphatic shales and carbonates of the Charlie Lake, Baldonnel and Pardonet 

Formations. The underlying Lower and Middle Triassic succession in the western 

Foothills is dominated by fine-grained siliciclastics of the Liard, Toad and Grayling 

Formations (Edwards et al., 1994). Erosion of such source lithologies would result in the 

deposition of phosphatic and calcareous shales, or phosphatic pebble conglomerates, 

similar to Gordondale Member strata, with delivery of only minimal amounts of coarser-

grained siliciclastic detritus to the sedimentary basin. 
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7.4.3 Re-evaluation of tectonic influences on the Gordondale Member 

7.4.3.1 Comparison of global and local sea-level changes 

One way of identifying the tectonic influences on sedimentation is to compare 

global and local changes in relative sea-level (e.g. Cant, 1989; Cant and Stockmal, 1989; 

Kauffman and Caldwell, 1992). Where these are discordant, the local changes must have 

been caused by a mechanism other than eustacy, with local tectonism as the most likely 

mechanism. 

Figure 7.16 compares Lower Jurassic global sea-level curves compiled by Haq et 

al. (1987) and Hallam (1988) to the stratigraphie correlation chart for the Lower Jurassic 

of western Canada. The Hettangian to Pliensbachian Gordondale Member stratigraphy 

progressively transgressed over the craton, and is in accord with the global sea-level 

curves. However, i f the green argillaceous shales with desiccation cracks common within 

the Pliensbachian strata are paleosols (Chapter 6), the required repeated lowering of sea-

level to subaerially exposed strata initially deposited below wave base would be difficult 

to explain through eustacy alone. 

The early Toarcian falciferum Zone is an important global transgressive event 

associated with anoxia and the global deposition of organic-rich shales (Hallam, 2001). 

Hallam (1997) has estimated that the falciferum Zone is associated with a sea-level rise of 

a few tens of metres. In the W C S B , early Toarcian strata represent a shift away from 

organic fine-grained strata to the extensive, coarser-grained calcarenite of Unit 2. 

Although more work is required to pinpoint its location, a recent attempt at identifying 

the stable carbon isotope excursion associated with the falciferum anoxic event (Hesselbo 

et al, 2000) suggests that it might be located at 1218.5 m in the core of 6-32-78-5W6 

(Figure 3.3; M . Padden, oral communication, 2003). This depth corresponds with the 
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base of an interval that is slightly coarser, and has a lower gamma-ray signature than 

underlying strata (Subunit IB near the base of Unit 2). 

The Gordondale Member basin had a north - south orientation in Hettangian to 

Pliensbachian time, but became a restricted basin with a central embayment or 

depocentre in the Toarcian. This Toarcian shift in basin orientation is difficult to explain 

through eustacy, and is likely the result of local tectonics. Furthermore, the development 

of the Toarcian western clean carbonate strata in British Columbia, which are interpreted 

to have been deposited above a sill, is counter to the global sea-level rise of the Toarcian. 

The late Toarcian basin-wide erosion, which created the conglomerate at the top 

of the Gordondale Member, does not fit with global sea-level trends (Figure 7.16). 

7.4.4 Summarized interpretation of tectonic setting 

The Hettangian to Sinemurian lower Gordondale Member strata thicken 

westwards. There is no evidence of tectonic influence on their deposition and westward 

thickening is consistent with a west-facing passive margin setting. Future work should 

focus on the complicated stratigraphy of the Gordondale Member in the Peace River 

region. 

The Pliensbachian to Toarcian Gordondale Member strata were deposited within a 

shallow, restricted, and low energy basin. The strata thin westward towards a northwest-

southeast trending sill, which became more prominent during the Toarcian. Clean 

carbonate strata interpreted to have been deposited on top of the sill moved progressively 

eastward through time. The Gordondale strata thicken abruptly west of the sill. A l l of 

these features, including evidence of local volcanic activity causing the deposition of 
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Figure 7.16. Comparison of global sea-level trends to Gordondale Member strata. Note the 
discordance between the early Toarcian rise in sea-level and the progradation of coarse 
Gordondale Member facies. 

volcanic ash layers during Pliensbachian time (Hall et al., in press), are consistent with 

deposition within a backbulge basin with the sill representing a migrating forebulge 

(Figure 7.17). 
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7.5 Future work 

Further work should attempt to establish the degree of influence that the West 

Alberta Ridge had on Jurassic sedimentation. In order to determine i f the backbulge 

setting for the Gordondale Member is feasible, future work should also focus on Lower 

Jurassic strata west of the sill. The Jurassic Laberge group of the Yukon and 

northwestern British Columbia likely contains the foredeep strata correlative to the 

Gordondale Member. The Laberge Group, which overlaps the Cache Creek and Stikine 

terranes, has fine-grained strata interbedded with coarse conglomerates and Pliensbachian 

tuffaceous volcanics (Clapham et al., 2001). Additionally, Laberge Group elastics are 

generally southwesterly derived (Johannson et al., 1997). 
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Figure 7.17. Tectonic model for the deposition of the Lower Jurassic strata of the WCSB. The sketch of a convergent margin is not drawn to the 
same scale as the foreland basin. 
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Chapter 8. Conclusions 

The former stratigraphie nomenclature for the Lower Jurassic of the Western 

Canada Sedimentary Basin has been revised. The use of Nordegg Member and "Nordegg 

Member" (in quotes) for drastically different lithologies was confusing. The introduction 

of the Gordondale Member eliminates this ambiguity and clarifies the regional 

stratigraphy, while providing terminology that can be applied to discussions of the fine

grained source rock facies. 

The Gordondale Member is Hettangian to late Toarcian in age. It consists of 

highly organic, radioactive, phosphatic and fine-grained strata that are lithologically 

distinct from adjacent Nordegg Member cherty limestones. The Gordondale Member 

includes Hettangian basal Fernie strata of northeastern British Columbia, and is 

correlative with the Red Deer Member, cherty limestone of the Nordegg Member and the 

lower Poker Chip Shale. 

The cherty carbonate Nordegg Member is Pliensbachian to Toarcian in age. It is 

lithologically distinct from, and younger than, the carbonate strata that outcrop along 

Snake Indian River, Jasper National Park. The latter are probably early Sinemurian in 

age. The Red Deer Member represents a transitional facies between the Gordondale 

Member and the Nordegg Member. 

Gordondale Member sediments are dominated by biogenic clasts such as 

radiolarians, fish debris and sponge spicules. These sediments were deposited in a silled 

basin. Periods of low relative sea-level were associated with a stratified water column, as 

well as poorly oxygenated bottom water conditions, and an absence of benthic fauna. 
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Periods of high relative sea-level were better oxygenated and allowed the deposition of 

thin laminae of benthic fauna, such as pectinoid bivalves. 

Fish debris, phosphatic peloids and shale clasts are concentrated within thin 

sandstones and conglomerates, which commonly overlie erosional surfaces. These 

phosphatic clasts were likely current-transported during periods of low relative sea-level. 

Barite is common within the organic-rich Gordondale Member, and may be linked to 

sulphate reduction. 

The Gordondale Member transgressed, from west to east, over the North 

American craton during the Hettangian to Pliensbachian (Subunits I A and IB). A west-

facing, north-south oriented carbonate ramp was prominent during the Pliensbachian 

(Subunit 1C). The northern portion of the ramp (Subunit 1C) was drowned during the 

Toarcian and overlain by fine-grained strata (Subunit 3A), and the southern portion of the 

ramp prograded northwards (Unit 2). A raised sill area, with linear western clean 

carbonate strata, developed in northeastern British Columbia during the Toarcian. Later 

during the Toarcian, the sill migrated eastwards and became broader. In addition, the 

Peace River Embayment became a topographic low during the early Toarcian. Overall, 

the Toarcian parts of the Gordondale Member were deposited in a restricted basin with a 

central depocentre or embayment. A basin-wide episode of erosion occurred during the 

late Toarcian as evidenced by a regionally extensive phosphatic conglomerate. 

The Toarcian changes in paleogeography, as well as a shift to coarser 

sedimentation, are discordant with proposed global sea-level changes. This discordance, 

as well as evidence of volcanic activity to the west, indicate a possible tectonic influence 

on Gordondale Member sedimentation. 
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Plate 1. Gordondale Member and Snake Indian River strata thin 
section photomicrographs. 

A . Quartz-rich sediment with calcite-filled radiolarians (R), Black Bear Ridge, N E 

British Columbia, 6.8 m. Sample provided by Dr. R. Hall, plane polarized light. 

B . Quartz-rich sediment with calcite-filled radiolarians. Arrow marks location of a 

quartz clast, Black Bear Ridge, N E British Columbia, 6.8 m. Sample provided by 

Dr. R. Hall, crossed polars. 

C Gastropod (G), partially replaced by quartz, within a micritic matrix with rounded 

quartz clasts. Sample M A D F208, from Snake Indian River Bridge East, 19 m, 

crossed polars. 

D. Micrite with minor quartz silt. Sample M A D F210, from Snake Indian River 

Bridge East, 13 m, crossed polars. 

E. Foliated shell fragment (S) within a quartz sand-rich micritic matrix. Sample 

M A D F206, from Snake Indian River Bridge East, 23 m, crossed polars. 

F. Echinoderm (E) fragment within a quartz sand-rich micritic matrix. Sample 

M A D F206, from Snake Indian River Bridge East, 23 m, crossed polars. 
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Plate 1 
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Plate 2. Snake Indian River strata and Nordegg Member thin section 
photomicrographs. 

A . Chalcedony-filled sponge spicules. Sample M A D F219, from the Nordegg 

Member at Clearwater River, 11.5 m, plane polarized light. 

B . Chalcedony-filled sponge spicules (S). Sample M A D F219, from the Nordegg 

Member at Clearwater River, 11.5 m, crossed polars. 

C. Ghost outlines of sponge spicules (arrow) within chalcedony, calcite rhombs and 

exterior zone of calcite matrix. Double headed arrow indicates direction of 

bedding. Sample M A D F230, from the Nordegg Member at Clearwater River, 20 

m, plane polarized light. 

D. Ghost outlines of sponge spicules within chalcedony, calcite rhombs and exterior 

zone of calcite matrix. Sample M A D F230, from the Nordegg Member at 

Clearwater River, 20 m, crossed polars. 

E. Well-preserved sponge spicules with central canals (white arrow). Sample M A D 

F228, from the Nordegg Member at Clearwater River, 12 m, plane polarized light. 

F. Well-preserved sponge spicules with central canals. Sample M A D F228, from 

the Nordegg Member at Clearwater River, 12 m, crossed polars. 

177 



Plate 2 



Plate 3. Thin section photomicrographs of sponge spicules and 
radiolarians from the Gordondale and Nordegg Members. 

A . Well-preserved bell-shaped radiolarian (arrow) and circular cross-sections of 

sponge spicules (box). Sample M A D F223, from Fiddle River, 4 m, plane 

polarized light. 

B . Well-preserved radiolarian (arrow) and circular cross-sections of sponge spicules 

(box). F232 Sample M A D F223, from Fiddle River, 4 m, plane polarized light. 

C Well-preserved chalcedony-filled sponge spicules. Branched spicule indicated by 

white arrow. Sample M A D C89, 11-35-81-11W6, 1302.8 m, crossed polars. 

D. Contact between calcite (Ca) and chalcedony (Ch) cements. Calcite lined fracture 

(F) extends into chalcedony cemented region. Direction of bedding is indicated 

by double headed white arrow. Sample M A D 0103, 4-8-58-20W5, 2463.8 m, 

crossed polars, scale bar is 0.1 mm. 

E. Sponge spicules with central canals (arrow) and partially replaced by calcite (high 

order interference colours). Sample M A D F220, from the Red Deer Member at 

Scalp Creek 12.5 m, crossed polars. 

F. Sponge spicules with central canals (A) and partially replaced by calcite. Many 

spicules have dumbbell-shaped cross-sections (B). Note that calcite-replaced 

spicules are poorly preserved (B). Sample M A D F220, from the Red Deer 

Member at Scalp Creek 12.5 m, plane polarized light. 
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Plate 4. Thin section photomicrographs of calcispheres, SEM 
photograph of a radiolarian, core photograph and thin section 
photomicrographs of paleosol-like features. 

A . Calcispheres (arrow) of possible dasycladacean algal origin. Sample M A D F227, 

Clearwater River, 37 m, phosphatic sandstone capping Nordegg Member, 

carbonate stain, plane polarized light. 

B . Calcispheres (arrow) of possible dasycladacean algal origin. Sample M A D F227, 

Clearwater River, 37 m, phosphatic sandstone capping Nordegg Member, plane 

polarized light. 

C S E M photo of lattice structure of radiolarian skeleton. 

D. Polygonal shrinkage cracks filled with calcite (white) and bitumen (shiny black), 

11-35-81-11W6, 1299.6 m. 

E. Branching root. Note lining of clays and dark reddish brown material (oxides?) 

along root edges. Also note tapering of root branch. The root is filled by light 

brown material. Sample M A D 307, 6-9-66-24W5 m, plane polarized light. Scale 

bar is 1 mm. 

F. Root fill of twinned, low birefringence material (black arrow) and speckled, fine

grained isotropic material (white arrow). The speckled material is the same that 

appears light brown under plane polarized light in Figure E. The matrix consists 

of irregular calcite crystals with relict minerals highlighted by dark brown 

material. Sample M A D 307, 6-9-66-24W5 m, crossed polars. Scale bar is 0.5 

mm. 
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Plate 5. Thin section photomicrographs and SEM photograph of 
paleosol-like features of the Gordondale Member. 

A . Elongate and irregular calcite mottles I crystals associated with green siltstone 

bed. Sample M A D 0107, 3-30-67-24W5, 2026.65 m, plane polarized light. Scale 

bar is 0.5 mm. 

B. Boring (black arrow). Note concentration of dark reddish brown material at the 

contact between the lower green silt and the upper radiolarian-rich lithology 

(white arrow). Sample M A D 0107, 2026.65 m, plane polarized light. Scale bar is 

0.5 mm. 

C Degraded clay cutan (light brown). Sample M A D 0115, 1-35-62-20W5, 2030.95 

m, plane polarized light. Scale bar is 0.1 mm. 

D. Degraded clay cutan (blue). Sample M A D 0115, 1-35-62-20W5, 2030.95 m, 

crossed polars with mica plate. Scale bar is 0.1 mm. 

E. Clay mineral matrix with a cross-striated birefringence fabric as well as abundant 

plagioclase (arrow) and biotite. Sample M A D 0104, 12-4-73-2W6, 1512.34, 

crossed polars. Scale bar is 0.5 mm. 

F. S E M photograph of platey clay fabric. Sample M A D 308, 11-14-59-22W5, 

2770.55 m. 
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Plate 6. SEM imaging of argillaceous green shale MAD 302. 

A . Elongate striated feature. Sample M A D 302, 6-32-78-5W6, 1221.04 m. 

B. Elongate striated feature. Sample M A D 302, 6-32-78-5W6, 1221.04 m. 

C Branched and striated feature. Sample M A D 302, 6-32-78-5W6, 1221.04 m. 

D. Tubular structure. Sample M A D 302, 6-32-78-5W6, 1221.04 m. 

E. Close up view of tubular structure in Figure D. Structure is hollow. Sample 

M A D 302, 6-32-78-5W6, 1221.04 m. 

F. S E M - E D X spectrum revealing the tubular structure to be mainly composed of 

carbon. Sample M A D 302, 6-32-78-5W6, 1221.04 m. 
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Plate 7. Gordondale Member core photograph, thin section and SEM 
photomicrographs and EDX spectrum. 

A . Minor radiolarians (white specks) and fish debris (arrow) within an organic-rich 

micritic matrix. Sample M A D 0109, 3-30-67-24W5, 2026.21 m, plane polarized 

light. 

B . Bioturbated surface overlain by a calcarenite with abundant phosphatic fish 

debris, peloids and oxidized pyrite(?) (arrow), 6-32-37-19W5, 1589.5 m, base of 

Subunit I C 

C S E M photography of oxidized pyrite, 6-32-37-19W5, 1589.5 m, base of Subunit 

I C 

D. S E M - E D X analysis of oxidized rim (white arrow in Figure b), showing presence 

of Fe and S, as well as abundant O, 6-32-37-19W5, 1589.5 m, Base of Subunit 

I C 

E. Phosphatic peloids (large red arrow) and fish debris (small red arrow). Sample 

M A D 319, 7-31-79-10W6, 1548.8 m. 

F. Phosphatic peloids (red arrow) and shale clast (S), overlying an erosional surface 

(E), which has been partially replaced by calcite. Sample M A D 319, 7-31 -79-

10W6, 1548.8 m. 
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Plate 8. Gordondale Member thin section photomicrographs. 

A . Quartz grain (Q) with phosphatic rim. Sample M A D C81, 6-15-67-16W5, 1706.5 

m, plane polarized light. 

B . Quartz grain (Q) with phosphatic rim. Sample M A D C81, 6-15-67-16W5, 1706.5 

m, crossed polars. 

C Fish debris bed with calcite cement and sparse matrix. Surrounding lithologies 

are radiolarian-rich. Sample M A D 0113, 12-4-73-2W6, 1513.8 m, plane 

polarized light. 

D. Fish debris bed with abundant quartz (box) and plagioclase (oval) clasts. Sample 

M A D 0114, 1-35-62-20W5, 2032.7 m, crossed polars, scale bar is 0.5 mm. 

E. Fish debris bed with coarse calcite cement. Sample M A D 0114, 1-35-62-20W5, 

2032.7 m, crossed polars. 

F. Fish debris bed with coarse calcite cement. Sample M A D 0114, 1-35-62-20W5, 

2032.7 m, plane polarized light. 
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Plate 9. Thin section photomicrographs of phosphatic peloids and fish 
debris. 

A . Phosphatic bed with fish debris, rounded clasts of phosphatic shale (arrow) and 

quartz silt (white). Sample M A D C90, 8-34-67-16W5, 1582.46 m, plane 

polarized light. 

B . Phosphatic bed with fish debris (large arrow), rounded clasts of phosphatic shale 

and quartz silt (small arrow). Sample M A D C90, 8-34-67-16W5, 1582.46 m, 

plane polarized light. 

C Fish debris with collophane-filled borings (arrow), and partially replaced by 

calcite. Sample M A D F227, Fiddle River, 3 m, plane polarized light. 

D. Bored fish debris partially replaced by calcite. Note the anisotropic character of 

the un-bored fish debris (arrow) and the isotropic collophane within the borings 

(box). Sample M A D F227, Fiddle River, 3 m, Member, crossed polars. 

E. Partial alteration of bored fish debris to a phosphatic peloid (arrow). Sample 

M A D F227, Clearwater River, 37 m, phosphatic sandstone capping Nordegg 

Member, plane polarized light. 

F. Partial alteration, by boring, of fish debris to a phosphatic peloid. Sample M A D 

F227, Clearwater River, 37 m, phosphatic sandstone capping Nordegg Member, 

crossed polars. 
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Plate 10. Thin section photomicrographs and SEM photographs of 
bored phosphatic peloids. 

A . Bored fish debris / peloid (arrow). Sample M A D F227, Clearwater River, 37 m, 

phosphatic sandstone capping Nordegg Member, plane polarized light. 

B . Bored fish debris / peloid (arrow). Sample M A D F227, Clearwater River, 37 m, 

phosphatic sandstone capping Nordegg Member, carbonate stain, plane polarized 

light. 

C Bored phosphatic peloid (arrow). Sample M A D F227, Clearwater River, 37 m, 

phosphatic sandstone capping Nordegg Member, carbonate stain, plane polarized 

light. 

D. Bored phosphatic peloid (arrow). Sample M A D F227, Clearwater River, 37 m, 

phosphatic sandstone capping Nordegg Member, carbonate stain, plane polarized 

light. 

E. S E M photograph of bored phosphatic peloid. Sample M A D F227, Clearwater 

River, 37 m, phosphatic sandstone capping Nordegg Member. 

F. S E M photograph of bored phosphatic peloid, close up of area outlined by a white 

box in Figure E. The boring marked by the letter A is likely of fungal origin. 

Sample M A D F227, Clearwater River, 37 m, phosphatic sandstone capping 

Nordegg Member. 
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Plate 11. Thin section and S E M photomicrographs of phosphatic 
peloids, a shale clast, and core photograph of a barite rosette. 

A . S E M photograph of bored phosphatic peloid. Sample M A D F227, Clearwater 

River, 37 m, phosphatic sandstone capping Nordegg Member. 

B. S E M photograph of bored phosphatic peloid, close up of area outlined by a white 

box in Figure A . Sample M A D F227, Clearwater River, 37 m, phosphatic 

sandstone capping Nordegg Member. 

C Phosphatic peloid with a reticulated internal structure (arrow). Sample M A D 

F220 Scalp Creek 12.5 m, Red Deer Member, plane polarized light. 

D. Phosphatic peloid with a reticulated internal structure (arrow). Sample M A D 

F227, Clearwater River, 37 m, phosphatic sandstone capping Nordegg Member, 

plane polarized light. 

E. Shale clast containing a radiolarian (white arrow) and sponge spicules (black 

arrow). Sample from a Lower Jurassic bed of phosphatic sand and pebbles from 

White Man Creek, northeastern British Columbia. Sample provided by Dr. R. 

Hall. 

F. Barite rosettes (arrow) in an argillaceous green shale, 7-36-59-22W5. 
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Plate 12. Core photographs and thin section photomicrographs of 
barite and pseudomorphs after barite. 

A . Bird-foot shaped calcite pseudomorphs after barite crystals (arrow), 11-35-81-

11W6, 1288.7 m. 

B. Linear horizon of calcite pseudomorphs after tabular barite crystals (arrow), 2-18-

60-21W5 2562.8 m. 

C Tabularbarite crystals. Sample M A D C85, 2-11-87-13W6, 1283.7 m, 2661.1 m, 

plane polarized light. 

D. Cross-sectional view of calcite pseudomorphs after disk-shaped aggregates of 

radiating barite crystals, 2-18-60-21W5, 2563.3 m. 

E. Porous tabular barite crystals partially replaced by calcite. Double headed arrow 

is parallel to bedding. Sample M A D C78, 2-18-60-21W5, 2560.5 m, crossed 

polars. 

F. Barite rosette partially replaced by calcite. Sample M A D C87, 2-11-87-13W6 

1274.5 m, crossed polars. 
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Plate 13. Thin section photomicrographs and SEM photographs of 
Gordondale Member barite and gypsum crystal habits. 

A . Radiolarians filled with barite. Sample M A D C89, 11-35-81-11W6 1302.8 m, 

crossed polars. 

B. Radiolarians filled with barite. Barite crystals have begun to grow past the 

boundaries of the radiolarians. Sample M A D C89, 11-35-81-11W6 1302.8 m, 

crossed polars. 

C S E M photograph of (?)gypsum rosettes. Sample M A D 308, 11-14-59-22W5, 

2770.55 m. 

D. S E M - E D X spectrum of rosette in Figure C. The rosette is rich in Ca, S, C and O. 

They are likely composed of gypsum partially replaced to calcite. The radiating 

lath habit is not consistent with calcite or anhydrite. Sample M A D 308, 11-14-59-

22W5, 2770.55 m. 
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Plate 14. Thin section photomicrographs of the Gordondale Member. 

A . Low magnification view of western sill strata. At this magnification, the strata 

appear to consist of parallel-bedded calcarenite. Sample M A D C84, 2-11-87-

13W6, 1291.75 m, plane polarized light. 

B . Higher magnification view of the western sill strata. These strata consist mostly 

of radiolarians and calcite cement. Sample M A D C84, 2-1-87-13W6, 1291.75 m, 

plane polarized light. 

C Typical organic-rich Gordondale Member sample with radiolarians in an organic 

rich matrix. Note the abundance of brown organic matter in this sample, 

compared to Figure B. Sample M A D C89, 11-35-81-11W6 1302.8 m, plane 

polarized light. 
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Appendix I: Outcrop sections 

Located on CD. 



Appendix II: Core descriptions 

Located on CD. 



Appendix III: Isopach data 

Located on CD. 



Appendix IV: X-ray diffraction data 

Located on CD. 



Appendix V: Rock-Eval pyrograms 

Located on CD. 


	2003_Asgar-Deen_noAppendix - 0001
	2003_Asgar-Deen_noAppendix - 0002
	2003_Asgar-Deen_noAppendix - 0003
	2003_Asgar-Deen_noAppendix - 0004
	2003_Asgar-Deen_noAppendix - 0005
	2003_Asgar-Deen_noAppendix - 0006
	2003_Asgar-Deen_noAppendix - 0007
	2003_Asgar-Deen_noAppendix - 0008
	2003_Asgar-Deen_noAppendix - 0009
	2003_Asgar-Deen_noAppendix - 0010
	2003_Asgar-Deen_noAppendix - 0011
	2003_Asgar-Deen_noAppendix - 0012
	2003_Asgar-Deen_noAppendix - 0013
	2003_Asgar-Deen_noAppendix - 0014
	2003_Asgar-Deen_noAppendix - 0015
	2003_Asgar-Deen_noAppendix - 0016
	2003_Asgar-Deen_noAppendix - 0017
	2003_Asgar-Deen_noAppendix - 0018
	2003_Asgar-Deen_noAppendix - 0019
	2003_Asgar-Deen_noAppendix - 0020
	2003_Asgar-Deen_noAppendix - 0021
	2003_Asgar-Deen_noAppendix - 0022
	2003_Asgar-Deen_noAppendix - 0023
	2003_Asgar-Deen_noAppendix - 0024
	2003_Asgar-Deen_noAppendix - 0025
	2003_Asgar-Deen_noAppendix - 0026
	2003_Asgar-Deen_noAppendix - 0027
	2003_Asgar-Deen_noAppendix - 0028
	2003_Asgar-Deen_noAppendix - 0029
	2003_Asgar-Deen_noAppendix - 0030
	2003_Asgar-Deen_noAppendix - 0031
	2003_Asgar-Deen_noAppendix - 0032
	2003_Asgar-Deen_noAppendix - 0033
	2003_Asgar-Deen_noAppendix - 0034
	2003_Asgar-Deen_noAppendix - 0035
	2003_Asgar-Deen_noAppendix - 0036
	2003_Asgar-Deen_noAppendix - 0037
	2003_Asgar-Deen_noAppendix - 0038
	2003_Asgar-Deen_noAppendix - 0039
	2003_Asgar-Deen_noAppendix - 0040
	2003_Asgar-Deen_noAppendix - 0041
	2003_Asgar-Deen_noAppendix - 0042
	2003_Asgar-Deen_noAppendix - 0043
	2003_Asgar-Deen_noAppendix - 0044
	2003_Asgar-Deen_noAppendix - 0045
	2003_Asgar-Deen_noAppendix - 0046
	2003_Asgar-Deen_noAppendix - 0047
	2003_Asgar-Deen_noAppendix - 0048
	2003_Asgar-Deen_noAppendix - 0049
	2003_Asgar-Deen_noAppendix - 0050
	2003_Asgar-Deen_noAppendix - 0051
	2003_Asgar-Deen_noAppendix - 0052
	2003_Asgar-Deen_noAppendix - 0053
	2003_Asgar-Deen_noAppendix - 0054
	2003_Asgar-Deen_noAppendix - 0055
	2003_Asgar-Deen_noAppendix - 0056
	2003_Asgar-Deen_noAppendix - 0057
	2003_Asgar-Deen_noAppendix - 0058
	2003_Asgar-Deen_noAppendix - 0059
	2003_Asgar-Deen_noAppendix - 0060
	2003_Asgar-Deen_noAppendix - 0061
	2003_Asgar-Deen_noAppendix - 0062
	2003_Asgar-Deen_noAppendix - 0063
	2003_Asgar-Deen_noAppendix - 0064
	2003_Asgar-Deen_noAppendix - 0065
	2003_Asgar-Deen_noAppendix - 0066
	2003_Asgar-Deen_noAppendix - 0067
	2003_Asgar-Deen_noAppendix - 0068
	2003_Asgar-Deen_noAppendix - 0069
	2003_Asgar-Deen_noAppendix - 0070
	2003_Asgar-Deen_noAppendix - 0071
	2003_Asgar-Deen_noAppendix - 0072
	2003_Asgar-Deen_noAppendix - 0073
	2003_Asgar-Deen_noAppendix - 0074
	2003_Asgar-Deen_noAppendix - 0075
	2003_Asgar-Deen_noAppendix - 0076
	2003_Asgar-Deen_noAppendix - 0077
	2003_Asgar-Deen_noAppendix - 0078
	2003_Asgar-Deen_noAppendix - 0079
	2003_Asgar-Deen_noAppendix - 0080
	2003_Asgar-Deen_noAppendix - 0081
	2003_Asgar-Deen_noAppendix - 0082
	2003_Asgar-Deen_noAppendix - 0083
	2003_Asgar-Deen_noAppendix - 0084
	2003_Asgar-Deen_noAppendix - 0085
	2003_Asgar-Deen_noAppendix - 0086
	2003_Asgar-Deen_noAppendix - 0087
	2003_Asgar-Deen_noAppendix - 0088
	2003_Asgar-Deen_noAppendix - 0089
	2003_Asgar-Deen_noAppendix - 0090
	2003_Asgar-Deen_noAppendix - 0091
	2003_Asgar-Deen_noAppendix - 0092
	2003_Asgar-Deen_noAppendix - 0093
	2003_Asgar-Deen_noAppendix - 0094
	2003_Asgar-Deen_noAppendix - 0095
	2003_Asgar-Deen_noAppendix - 0096
	2003_Asgar-Deen_noAppendix - 0097
	2003_Asgar-Deen_noAppendix - 0098
	2003_Asgar-Deen_noAppendix - 0099
	2003_Asgar-Deen_noAppendix - 0100
	2003_Asgar-Deen_noAppendix - 0101
	2003_Asgar-Deen_noAppendix - 0102
	2003_Asgar-Deen_noAppendix - 0103
	2003_Asgar-Deen_noAppendix - 0104
	2003_Asgar-Deen_noAppendix - 0105
	2003_Asgar-Deen_noAppendix - 0106
	2003_Asgar-Deen_noAppendix - 0107
	2003_Asgar-Deen_noAppendix - 0108
	2003_Asgar-Deen_noAppendix - 0109
	2003_Asgar-Deen_noAppendix - 0110
	2003_Asgar-Deen_noAppendix - 0111
	2003_Asgar-Deen_noAppendix - 0112
	2003_Asgar-Deen_noAppendix - 0113
	2003_Asgar-Deen_noAppendix - 0114
	2003_Asgar-Deen_noAppendix - 0115
	2003_Asgar-Deen_noAppendix - 0116
	2003_Asgar-Deen_noAppendix - 0117
	2003_Asgar-Deen_noAppendix - 0118
	2003_Asgar-Deen_noAppendix - 0119
	2003_Asgar-Deen_noAppendix - 0120
	2003_Asgar-Deen_noAppendix - 0121
	2003_Asgar-Deen_noAppendix - 0122
	2003_Asgar-Deen_noAppendix - 0123
	2003_Asgar-Deen_noAppendix - 0124
	2003_Asgar-Deen_noAppendix - 0125
	2003_Asgar-Deen_noAppendix - 0126
	2003_Asgar-Deen_noAppendix - 0127
	2003_Asgar-Deen_noAppendix - 0128
	2003_Asgar-Deen_noAppendix - 0129
	2003_Asgar-Deen_noAppendix - 0130
	2003_Asgar-Deen_noAppendix - 0131
	2003_Asgar-Deen_noAppendix - 0132
	2003_Asgar-Deen_noAppendix - 0133
	2003_Asgar-Deen_noAppendix - 0134
	2003_Asgar-Deen_noAppendix - 0135
	2003_Asgar-Deen_noAppendix - 0136
	2003_Asgar-Deen_noAppendix - 0137
	2003_Asgar-Deen_noAppendix - 0138
	2003_Asgar-Deen_noAppendix - 0139
	2003_Asgar-Deen_noAppendix - 0140
	2003_Asgar-Deen_noAppendix - 0141
	2003_Asgar-Deen_noAppendix - 0142
	2003_Asgar-Deen_noAppendix - 0143
	2003_Asgar-Deen_noAppendix - 0144
	2003_Asgar-Deen_noAppendix - 0145
	2003_Asgar-Deen_noAppendix - 0146
	2003_Asgar-Deen_noAppendix - 0147
	2003_Asgar-Deen_noAppendix - 0148
	2003_Asgar-Deen_noAppendix - 0149
	2003_Asgar-Deen_noAppendix - 0150
	2003_Asgar-Deen_noAppendix - 0151
	2003_Asgar-Deen_noAppendix - 0152
	2003_Asgar-Deen_noAppendix - 0153
	2003_Asgar-Deen_noAppendix - 0154
	2003_Asgar-Deen_noAppendix - 0155
	2003_Asgar-Deen_noAppendix - 0156
	2003_Asgar-Deen_noAppendix - 0157
	2003_Asgar-Deen_noAppendix - 0158
	2003_Asgar-Deen_noAppendix - 0159
	2003_Asgar-Deen_noAppendix - 0160
	2003_Asgar-Deen_noAppendix - 0161
	2003_Asgar-Deen_noAppendix - 0162
	2003_Asgar-Deen_noAppendix - 0163
	2003_Asgar-Deen_noAppendix - 0164
	2003_Asgar-Deen_noAppendix - 0165
	2003_Asgar-Deen_noAppendix - 0166
	2003_Asgar-Deen_noAppendix - 0167
	2003_Asgar-Deen_noAppendix - 0168
	2003_Asgar-Deen_noAppendix - 0169
	2003_Asgar-Deen_noAppendix - 0170
	2003_Asgar-Deen_noAppendix - 0171
	2003_Asgar-Deen_noAppendix - 0172
	2003_Asgar-Deen_noAppendix - 0173
	2003_Asgar-Deen_noAppendix - 0174
	2003_Asgar-Deen_noAppendix - 0175
	2003_Asgar-Deen_noAppendix - 0176
	2003_Asgar-Deen_noAppendix - 0177
	2003_Asgar-Deen_noAppendix - 0178
	2003_Asgar-Deen_noAppendix - 0179
	2003_Asgar-Deen_noAppendix - 0180
	2003_Asgar-Deen_noAppendix - 0181
	2003_Asgar-Deen_noAppendix - 0182
	2003_Asgar-Deen_noAppendix - 0183
	2003_Asgar-Deen_noAppendix - 0184
	2003_Asgar-Deen_noAppendix - 0185
	2003_Asgar-Deen_noAppendix - 0186
	2003_Asgar-Deen_noAppendix - 0187
	2003_Asgar-Deen_noAppendix - 0188
	2003_Asgar-Deen_noAppendix - 0189
	2003_Asgar-Deen_noAppendix - 0190
	2003_Asgar-Deen_noAppendix - 0191
	2003_Asgar-Deen_noAppendix - 0192
	2003_Asgar-Deen_noAppendix - 0193
	2003_Asgar-Deen_noAppendix - 0194
	2003_Asgar-Deen_noAppendix - 0195
	2003_Asgar-Deen_noAppendix - 0196
	2003_Asgar-Deen_noAppendix - 0197
	2003_Asgar-Deen_noAppendix - 0198
	2003_Asgar-Deen_noAppendix - 0199
	2003_Asgar-Deen_noAppendix - 0200
	2003_Asgar-Deen_noAppendix - 0201
	2003_Asgar-Deen_noAppendix - 0202
	2003_Asgar-Deen_noAppendix - 0203
	2003_Asgar-Deen_noAppendix - 0204
	2003_Asgar-Deen_noAppendix - 0205
	2003_Asgar-Deen_noAppendix - 0206
	2003_Asgar-Deen_noAppendix - 0207
	2003_Asgar-Deen_noAppendix - 0208
	2003_Asgar-Deen_noAppendix - 0209
	2003_Asgar-Deen_noAppendix - 0210
	2003_Asgar-Deen_noAppendix - 0211
	2003_Asgar-Deen_noAppendix - 0212
	2003_Asgar-Deen_noAppendix - 0213
	2003_Asgar-Deen_noAppendix - 0214
	2003_Asgar-Deen_noAppendix - 0215
	2003_Asgar-Deen_noAppendix - 0216
	2003_Asgar-Deen_noAppendix - 0217
	2003_Asgar-Deen_noAppendix - 0218
	2003_Asgar-Deen_noAppendix - 0219
	2003_Asgar-Deen_noAppendix - 0220
	2003_Asgar-Deen_noAppendix - 0221

