
SEDIMENTOLOGY AND ORGANIC PETROLOGY OF THE CARBONATE

RAMP AND REEF FORESLOPE SUCCESSIONS IN THE MIDDLE DEVONIAN

KEG RIVER FORMATION, RAINBOW AND ZAMA STJB-BASINS,

NORTHWESTERN ALBBRTA, CANADA

BY

NAOMI S. WIEBE

A Thesis
Submitted to the Faculty of Graduate Studies

in Partial Fulfillment of the Requirements
of the Degree of

MASTER OF SCIENCE

Department of Geological Sciences
University of Manitoba

Winnipeg, Manitoba

@ Naomi S. Wiebe, December,2003



THE TINTVERSITY OF' MANITOBA

F'ACULTY OF GRADUATE STT]DMS
***t(*

COPYRIGHT PERMISSION

SEDIMENTOLOGY AND ORGANIC PETROLOGY OF THF', CARBONATE
RAMP AND REEF F'ORESLOPE SUCCESSIONS IN THE MIDDLE DEVONIAN

KEG RrVER FORMATION, RAINBOW AND ZAMA SUB-BASINS
NORTHWESTERN ALBERTA, CANADA

BY

NAOMI S. WIEBE

A ThesislPracticum submitted to the Faculty of Graduate Studies of The UnÍversity of

Manitoba in partial fulfillment of the requirement of the degree

of

MASTER OF SCIENCE

Naomi S. Wiebe @ 2003

Permission has been granted to the Library of the University of Manitoba to lend or sell copies of
this thesÍs/practicum, to the National Library of Canada to microfïln this thesis and to lend or sell
copies of the film, and to University Microfìlms Inc. to publish an abstract of this thesis/practicum.

This reproduction or copy of this thesis has been made available by authority of the copyright
owner solely for the purpose of private sfudy and research, and may only be reproduced and copied

as permitted by copyright laws or with express written authorization from the copyright owner.



ABSTRACT

Isolated reefs of the Middle Devonian Keg River Fomation in the Rainbow and Zama

sub-basins are important oil and gas reservoirs in northwestern Alberta. Oils in these

reservoirs were sourced, in part, by organic-rich laminites in the formation. An

integrated approach combines stratigraphy, sedimentology, organic petrology, and

organic geochemistry in the study of organic-rich laminites in the Rainbow and Zama

sub-basins. This method facilitates interpretation of the depositional history, regional

stratigraphic comelation, paleoenvironment, and paleoecology of these organic-rich

laminites. The primary control on organic matter (OM) accumulation and preservation in

these laminites is evaluated in the context of the "productivity vs. preservation"

controversy, which provides insight into the relationship between elevated nutrient levels,

high phytoplanktonic productivity, and Devonian reef growth.

Three units of organic-rich laminites occur in the Keg River Formation of the Rainbow

Sub-basin: (1) the lower Rainbow laminite (LRL) in the middle of the Lower Keg River

Member carbonate ramp (at the base of cycle R2); (2) the middle Rainbow laminite

(MRL) at the base of Upper Keg River Member reefs (at the base of cycle R3); and (3)

the upper Rainbow laminite (URL) near the base of of the Upper Keg River Member (in

cycle R3) in off-reef and foreslope positions. Two organic-rich laminites occur in the

Keg River Formation of the Zama Sub-basin: (1) the lower Zama laminite (LZL) at the

base of Upper Keg River Member reefs (at the base of cycle Z2); and (2) the upper Zama

laminite (UZL) near the base of the Upper Keg River Member (in cycle Z2) in off-reef



and foreslope positions. Interpreted stratigraphic correlation between the Rainbow and

Zama sub-basins demonstrates that shallowing upward cycles R1 and R2 in the Rainbow

Sub-basin correlate to cycle Zl in the Zama sub-basin and that cycles R3 and ZZ are also

correlative. This suggests a coffelation between the MRL and the LZL as well as

between the URL and the UZL.

Representative samples of organic-rich laminites were analyzed using white and ultra-

violet incident light microscopy. These techniques facilitated identification of macerals

and determination of organic facies (OF) based on the distribution and characteristics of

these macerals. In both the Rainbow andZama sub-basins the LRL, MRL, andLZL are

all interpreted as primarily OF B, characterized by small, thin-walled alginites and

acanthomorphic acritarchs. This evidence is indicative of accumulation and preservation

of organic matter (OM) due to depth related anoxia. The URL and UZL in off-reef

positions are interpreted as primarily OF B with secondary OF A signatures,

charactenzed by dominant large, thick-walled alginites. These OF are indicative of OM

accumulation and preservation due depth related anoxia and episodic, elevated

phytoplanktonic productivity (algal blooms). In contrast, the IIRL and UZL in reef

foreslope positions are interpreted as primarily OF A, charactenzed by dominant large,

thick-walled alginites which indicate accumulation and preservation of OM due to algal

blooms. This interpretation suggests that foreslope environments were not sufficiently

deep for depth-related anoxia to be the primary control. The URL andUZL in foreslope

positions were deposited coevally with reef growth in the Upper Keg River Member
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which may suggest that Middle Devonian reefs could tolerate or at least recover from

episodic eutrophication which triggered algal blooms.
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CHAPTER 1: INTRODUCTION

l.l Prologue

Devonian strata in the Western Canada Sedimentary Basin (WCSB) are of significant

economic impofiance because of the abundance of carbonate reservoir tocks in the

succession. Over 55Vo of recoverable oil reserves and approximately 2'7Vo of recoverable

gas reserves in Western Canada are contained within Devonian carbonate rocks (Podruski

et al., 1987; Reinson et aI., 1993). Although the WCSB is in the mature stages of

development, there are still reserves to be found; over a decade ago it was estimated that

23Vo of Devonian conventional oil and 567o of Devonian gas were yet to be discovered

(Podrnski et a\.,1981; Reinson et al., 1993). Both the realized. and unrealized potentiaì

of Devonian strata in the WCSB have stimulated extensive research interest.

The Middle Devonian Keg River Formation in the Rainbow and Zama sub-basins in

nofihwestern Alberta contains important reservoirs and source rocks (Campbell, lgg}).

Previous studies of the Keg River Formation have focused primarily on the oil-producing

reef facies of the Upper Keg River Member (e.g., Flriskevich, 1966; Langton and Chin,

1968). The carbonate ramp succession of the Lower Keg River Member, as well as off-

reef and reef foreslope strata of the Upper Keg River Member, has been largely

neglected. However, organic-rich facies in the Lower Keg River Member are source

rocks for the Upper Keg River Member reefs (Fowler et at., 200I). In addition,

conelations between the Rainbow and Zama sub-basins remain tenuous, despite apparent
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genetic link between these sub-basins, the abundance of hydrocarbons within both sub-

basins, and the potential value of ascertaining inter-basinal relationships.

The integration of sedimentology and organic petrology offers valuable insights for

deciphering paleoenvironmental conditions in the Rainbow and Zama sub-basins.

Carbonate sedimentology, utilizing detailed core descriptions and petrophysical well

Iogs, aids identification of genetic sequences in the Keg River Formation based on the

description of different lithofacies and the recognition of small-scale shallowing-upward

cycles. Organic petrology is used to charactenze organic facies that provide key

infolmation for paleoenvironmental interpretation and offers insight into the more global

problem of primary controls on organic matter accumulation, and the relationship of

organic matter (OM) accumulation to reef growth and demise.

Many questions remain unanswered about the Lower Keg River Member and organic-

rich facies within the Rainbow and Zama sub-basins. This comprehensive study

addresses some of the gaps in our understanding of this succession by focusing on the

Lower Keg River Member and the reef foreslope strata of the Upper Keg River Member.

It includes a detailed description and interpretation of the sedimentology and organic

petrology in the Rainbow and Zama sub-basins, stratigraphic corelations between these

two sub-basins, and identification of the primary controls on accumulation and

preservation of oM in organic-rich laminites of the Keg River Formation.



1.2 Previous Studies

A number of comprehensìve overviews of the Devonian System in the V/CSB have been

published including those by Williams (1984), Bumowes and Krause (1987), Moore

(1988), Wendte (I992a), and Meijer Drces (1994). Isolated, hydrocarbon-bearing reefs

of the Rainbow Sub-basin have been studied since the early 1960's (e.g., Flriskevich,

1966; Langton and Chin, 1968; Barss et al., 1970, Schmidt et al., 1985; Campbell, I98l).

Very few studies of similar reefs in the Zama Sub-basin have been published (e.g.,

McCamis and Griffith,196l; Walsh, 1986). There are few recently published papers that

directly address sedimentology and/or source rocks within the Keg River Fomation in

the Rainbow and Zama sub-basins (e.g., Fowler et al., 2001). The most recently

published papers are engineering studies concerned primarily with horizontal drilling

practices and enhanced recovery techniques. Chernyk (1994), Nikakhtar et al., (1996),

Mclntyre et aI., (1996), Fong et al., (1996), and Wong and Fong (1997) focused on

reservoir engineering within the Rainbow Sub-basin. Davison et aI., (1999) described

tertiary recovery within the Zama Sub-basin. Statistical studies used fractal geometry to

estimate exploration success within the Rainbow Sub-basin (Cheng et a\.,2000) and

integrated data sets including exploration history, geological play characteristics, and

seismic prospecting activity to construct favorability maps of the Rainbow Sub-basin

(Chen et aL.,2000).

1,.3 Geologic Setting

The Keg River Formation forms the lower portion of the Upper Elk Point Subgroup in

northetn Alberta, the location of this study (Figs. 1.1 and 1.2). Carbonate, evaporite, and
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minor siliciclastic rocks of this subgroup were deposited in the widespread Elk Point

Embayment that stretched from northeastern British Columbia and the District of

Mackenzie southeastward into the Williston Basin of southern Saskatchewan, Manitoba,

North Dakota, and Montana (Fig. 1.1) (Me¡er Drees, L994).

The Western Alberta Arch in south\ilestern Albena formed a barrier between the Elk

Point Embayment and a smaller, time-equivalent embayment in southwestern British

Columbia, called the Golden Embayment (Meijer Drees, 1994).

During the Eifelian, open-marine waters invaded the Elk Point Embayment depositing

evaporitic and carbonate sediments of the Chinchaga Formation in the Rainbow and

Zama region (Meijer DLees, 1994). At this time, the Rainbow and Zama region was

expressed as a broad topographic low separated from the rest of the Elk Point

Embayment by regional highlands. The Peace River Highland formed an emergent

boundary to the south of the Rainbow and Zama area, and the Tathlina Highland formed

an emergent boundary to the north. During the later, regressive phase of this open-

marine incursion, the fossiliferous, shallow-marine ramp succession of the Lower Keg

River Member was deposited in the Rainbow and Zama region (Campbell, 1992;Meijer

Drees, 1994). The lower part of the Winnipegosis, upper Lonely Bay, Dunedin, and

Nahanni formations represent the lateral equivalents of the Lower Keg River Member

(Fig. 1.3) (Meijer Drees, 1994). The regressive phase is also represented in southeastern

Brjtish Columbia by the Harrogate and Mount Forster formations (Fig. 1.3).



Figure 1.3 Correlation chart for the Lower and Middle Devonian strata of the Elk Point Group (from Meijer Drees, Igg4).
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Deposition of the Keg Rivel Formation and its lateral equivalents continued during a

subsequent late Middle Devonian transgressive phase caused by increased subsidence or

a rise in relative sea level (Meijer Drees, 1994). This transgressive phase resulted in

basin differentiation and facilitated vefiical reef growth in the Upper Keg River Member

in the Rainbow and Zama sub-basins in northern Alberta, as well as in stratigraphically

equivalent units elsewhere in the WCSB (Meijer Drees, 1994). Langton and Chin (1968)

recognized small pinnacle reefs (-1.6 km diameter at the circular base, up to a maximum

of -250 m thick) and large pinnacle reefs (-2.4 km diameter at the base which is circular

to elongate in plan view, up to a maximum of -250 m thick), as well as atoll reefs, within

the Rainbow Sub-basin. Large atolls have oval bases approximarely 6.4 km long and 4

km wide, and are charactenzed by lagoonal facies enclosed by an organic-reef rim.

Small atolls (also calledcrescent-atolls) are approximately3.2 km long and 1.6 km wide

at the base with the long axis oriented in a north-northwest direction. A crescent-shaped

organic reef rim developed preferentially on the northeast side of each atoll and lagoon

facies developed behind this rim. Reef foreslope and off-reef facies of isolated reefs

remain relatively consistent throughout the Rainbow and Zama sub-basins despite the

variations in reef morphology (McCamis and Griffith, 1967; Langon and Chin, 1968). In

both sub-basins, the reef foreslope is a depositional margin charactenzed by an accreting

slope of reef talus that extends from the reef core and merges gradually with the basin

floor (cf. Enos and Moore, 1983). Dipmeter evidence from the Rainbow Sub-basin

indicates a reef foreslope angle of 20-25" with considerably lower slope angle in distal

foreslope positions (Langton and Chin, 1968). This concave foreslope morphology

plobably developed as sediment bypass occured along the steeper slopes of the proximal
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foreslope and mass wasting products settled in the distal foreslope (cf. Coniglio and Dix,

1992). off-reef deposits in the Rainbow Sub-basin consist of a basal crinoid-rich unit

overlain by sparsely fossiliferous shale and limestone which exhibit decreasing grain size,

organic matter, and intraclasts progressively higher in the section (Langton and Chin,

1968). These changes indicate decreasing energy upwards due to relative sea level rise.

McCamis and Griffith (1967) also observed fine, reef-derived material in inter-reef

positions in the Zama Sub-basin.

As vertical reef accretion progressed in the Rainbow andZama sub-basins, other parts of

the Elk Point Embayment experienced deposition of widespread bank carbonates during

the late Middle Devonian transgression (Meijer Drees, 1994). At this time, the Presqu'ile

Barrier was formed by the amalgamation of vertically accreting reefs at the entrance of

the Elk Point Embayment and the Hay River Bank accreted vertically to form a barrier

between the Rainbow Sub-basin to the south and theZama Sub-basin to the north

Conditions in the Elk Point Embayment became restricted due to the effects of the

Presqu'ile Barrier which limited influx of sea water into the embayment (Campbell,

1992; Meijer Drees, 1994). Shallow water carbonate growth was terminated by a relative

sea leveì drop attributed to either to a regional sea level fall or to evaporitic drawdown

(Campbell, 1992). This sea level drop led to exposure of reefs and carbonate banks in the

Rainbow andZama sub-basins and development of hypersaline conditions. Precipitation

of anhydrite and halite of the Muskeg Formation filled the sub-basins and were deposited

throughout the Elk Point Embayment in northern Albefia. Laterally equivalent Prairie
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Evaporite salts were deposited in southern Alberta, southern Saskatchewan, and parts of

southwestem Manitoba in supratidal flats, coastal lagoons, and ephemeral lakes

remaining behind the Presqu'ile Barrier in the restricted Elk Point Embayment (Meijer

Drees, L994).

1.4 Bconomic History of the Rainbow and Zama Sub-basins

Exploration within the Rainbow Sub-basin began in 1954 (Cheng et a\.,2000) and by

March 1965, Banff Oil Ltd. and Aquitaine Company of Canada Ltd. had discovered oil in

a Middle Devonian reef within the sub-basin (Hriskevich, 1966). Following the

discovery well (Banff Aquitaine Rainbow West l-32-109-9 W6M), exploration in the

area intensified resulting in the discovery of 56 Middle Devonian reefs by 1961, 38 of

which held commercial quantities of hydrocarbons (Langton and Chin, 1968). Petroleum

exploration continues in the Rainbow Sub-basin and as of 1993, a total of 375 wells had

been drilledresulting in 66 oil discoveries, l1 gas discoveries,Tg oll and gas discoveries,

and 219 unsuccessful wildcats (Cheng et a1.,2000). The Rainbow Field and the Rainbow

South Field have been established in the Rainbow Sub-basin. In the Rainbow Field, the

in-place volume of oil is -2I9.7 106m3 (-1,318.2 MMBbls) and the in-place volume of

gas is -32,118 106m3 (-I,124.1 Bcf) (Meijer Drees, Igg4). In rhe Rainbow Sourh Field,

the estimated in-place volume of oil is -45.1 106m3 (-214.2 MMBbls) and the esrimated

in-place volume of gas is -9,316 106m3 (-326.I BcÐ.

The petroleum potential of the Zama Sub-basin was realized in 1966 when a wildcat well,

British American-Hudson's Bay Zama North 16-19-116-4 w6M, encountered
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hydrocarbons within a Middle Devonian reef (McCamis and Griffith, 1968). Following

this discovery well, hundreds of wells have been drilled in the Zama sub-basin. The

Zama Field has estimated in-place oil reserves of -85.1 106m3 (-510.6 MMBbls) and in-

place gas reserves of -8,205 106m3 (-281.3 Bcf) (Meijer Drees, lgg4).

1.5 The Study

1.5.1 Objectives of Study

The carbonate ramp and forereef successions of the Keg River Formation in the Rainbow

and Zama sub-basins were studied using an integrated approach that combined

stratigraphy, sedimentology, organic petrology, and organic geochemistry in order to:

1) develop a stratigraphic framework and depositional model for the Lower Keg

River Member and reef foreslope facies of the Upper Keg River Member in these

sub-basins;

2) establish stratigraphic correlations of the Lower Keg River Member between the

two sub-basins;

3) determine the primary controls on OM accumulation and preservation within

organic-rich, laminated units in the Keg River Formation; and

4) evaluate the effects of OM accumulation on the growth of Devonian

stromatoporoid reefs.

Reef facies of the Upper Keg River Member were not examined.
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1.5.2 Study Location

The study area extends from Township 106 to 117 and from Range 2i W5M to Range 9

W6M and is situated approximately 600 km norlhwest of Edmonton, Alberta. The area

encompasses the Rainbow Sub-basin (Township 106 to 111 and Ranges 2to l0 W6M),

theZama Sub-basin (Township 114 to 119 and Ranges 3 to 8 W6M), and the western

part of the Meander Sub-basin (Fig. 1.2).

1.6 Methodology

l.6.L Selection of Wells

Ten wells within the study area were selected for examination and description based on

the following criteria: a) penetration of the Chinchaga Formation, Lower Keg River

Member, and Upper Keg River Member in foreslope or off-reef positions, b) presence of

corc and/or cuttings for the intervals of interest, and c) cored intervals containing organic-

rich, laminated units. Six of the selected wells are within the Rainbow Sub-basin, three

wells are in the Zama Sub-basin, and one well is in the Meander Sub-basin (Appendix

A).

Only one well from the Meander Sub-basin was chosen because this sub-basin was a

secondary part of the study. Stratigraphic comelation between the Meander Sub-basin

and the Rainbow andZama sub-basins was attempted (Encl. I and 2), and preliminary

sedimentology and organic petrology were completed, but a lack of data precluded

further work.
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1.6.2 Cross Section Construction

Petrophysical logs (gamma ray, sonic, and bulk density) for all wells from which core or

cuttings had been examined were incorporated into a stratigraphic cross section in order

to illustrate stratal geometry and stratigraphic correlations within the study area (Encl. 1

and 2). Correlations of lithostratigraphic units between wells were based on integration

of petrophysical log signatures (mainly gamma ray, sonic, and density), and observations

from detailed core and cuttings examination (Appendix B, Encl. I and 2). The top of the

Chinchaga Fotmation was used as the datum because of the nearly flat-lying depositional

nature of this contact (cf. McCamis and Griffith, 1967; Langton and Chin, 1968; Barss er

ctl.,l970; Schmidt et a\.,1985; Walsh, 1986).

L.6.3 Core Examination and Description

Over 50 m of core from 9 drill cores were examined in detail, photographed, and sampled

for sedimentological, organic petrological, and geochemical analysis (Appendix B). This

work was undefiaken from June to August, 2000 at the Core Research Center of the

Alberta Energy and Utilities Board (A.E.U.B.) in Calgary, Alberta. Core descriptions

recorded lithology, skeletal and non-skeletal allochemical constituents, structures,

porosity types, and color variations (Appendix B). Core depth was corrected to log depth

by matching lithological changes observed in drill cores to corresponding log signatures.

For example, the obvious lithological change from the Chinchaga Formation anhydrite to

the overlying Lower Keg River Member carbonate was readily recognizable in both core

and bulk density logs. A total of 160 m of cuttings samples from 3 wells was also

examined at the Core Research Center in July 2000.
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Several lithologic classification schemes were used in this study. Dunham's (1962)

classification of limestones as modified by Embry and Klovan (1971), was used as a

classification scheme for all carbonate rocks observed (Fig. 1.aA). Dolostones had

sufficient fabric preservation to allow classification using this scheme. Dunham's

modified classification lends itself well to core studies in which detailed description of

depositional textures are used for paleoenvironmental interpretations. The classification

of Choquette and Pray (1970) was utilized in the description of porosity (Fig. 1.48) and

the classification of Maiklem et al. (1969) fol anhydrite was used to describe the

Chinchaga and Muskeg Formations.

Core was examined wet using a hand lens and binocular microscope. Limestone and

partially dolomitized limestone core were etched using dilute (10%o) hydrochloric acid to

better observe small-scale features such as biotic constituents, porosity, sedimentary

structures and other characteristics which can be concealed by dust, saw marks, and

damage to the core. Dolostone core was sanded with coarse then fine grit sandpaper in

order to facilitate observation of primary textures obscured by dolomitization. Alizarin

Red-S solution was utilized on selected core segments in order to determine the amount

of dolomite present (Appendix C.1).

Cuttings samples were examined wet and dry using a binocular microscope in order to

determine lithology, and skeletal and non-skeletal allochemical constituents. These

samples provided information about depositional environments not represented in core

(ì.e., distal foreslope and off-reef positions).
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1.6.4 Carbonate Petrography

A number of representative samples was taken from each lithofacies described. A total

of lll standard (5 cm x 7.5 cm) thin-section were prepared and subsequently stained

using a 50:50 mixture of Alizadn Red-S and potassium ferricyanide in order to detemine

the degree/distribution of dolomitization and to identify fenoan carbonate (Appendix

C.1). All thin-sections were examined and described for allochems, matrix, cement, and

fine-scale sedimentary structures to complement core descriptions (Appendix D). Thin-

sections were examined using a conventional Nikon OPTIPHOT-POL petrographic

microscope. Photomicrographs were taken using a MICROFLEX UFX-IIA

photomicrographic attachment. Percentage estimates were based on visual assessment in

conjunction with comparison charts for estimating percentages of constituents by volume

in thin sections (Terry et al., 1955). The crystal size classification of Folk (1957) was

used to describe authigenic constituents (Table 1.1) and the Udden-Wentworth size class

scale was used for grain size (Wentworth,1922). The dolomite texture classifications of

Gregg and Sibley (1984) and Sibley and Gregg (1987) were utilized for description of all

dolomite observed (Fig. 1.5).

Table 1.1 Size scale for authigenic constituents of carbonate rocks (modified from Folk,
resl).

CLASSIFICATION SIZE

Extremely coarsely crystalline >4 mm

Very coarsely crystalline 1-4mm

Coarsely crystaJline 0.25 - 1 mm

Medium crystalline 0.062 - 0.25 mm

Finely crystalline 0.016 - 0.062 mm

Very finely crystalline 0.004 - 0.016 mm

Aphanocrystalline <0.004 mm
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Diffused plane-polarized light microscopy (Appendix C.2) was used to facilitate

observation of relict grains and textures in partially and completely dolomitized

carbonates. Such grains and textures can be rendered "invisible" to conventional

petrographic methods. In fact, dolostones viewed under plane-polarized light and crossed

nicols can be recrystallized to the point that they display only a crystalline texture and

provide little additional information on depositional origin.

1.6.5 Organic Petrology and Rock-Eval Pyrolysis

A total of 81 samples was selected from the nine drill cores examined for the purpose of

organic petrology (Appendix F). An effort was made to sample the most organic-rich

intervals present in each core. These samples were selected based on a number of criteria

including: a) relatively dark color ranging from dark brown to grey or black, b) laminated

appearance, c) fissile nature indicating the presence of argillaceous material, and d)

presence of oil-staining in the sample interval. After collection, this sample set was

"high-graded" based on total organic carbon (TOC) and other geochemical parameters

detemined by Rock-Eval 6 (the most recently developed Rock Eval apparatus) pyrolysis

done on 74 organic-rich samples in the Organic Geochemistry Laboratory at the

Geological Survey of Canadain Calgary (Appendix G) (referto Behar et a|.,2001 for a

full discussion of Rock Eval 6 technology). During Rock-Eval pyrolysis, powdered

samples are gradually heated in the absence of oxygen to yield organic compounds

(Peters, 1986). This method provided rapid determination of kerogen type, kerogen

evolution, and hydrocarbon source potential of samples (Tissot, 1984) (Appendices E.2

and 8.3). Geochemical data collected by Rock-Eval pyrolysis were also used to create
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hydrogen index vs. oxygen index plots (HI vs. OI plots) which facilitate determination of

kerogen types and themal maturity as well as hydrogen index vs. maximum temperature

plots (HI vs. T'no* plots) indicating kerogen quality.

Sixteen samples were eliminated from the data set due to sampling density and/or low

TOC values. The remaining 65 samples (55 from the Rainbow Sub-basin, 7 from the

Zama Sub-basin, and 3 from the Meander Sub-basin) were analyzed using organic

petrology. Lack of appropriate core in the Zama and Meander sub-basins combìned with

time constraints on this study prevented more evenly distributed sampling.

1.6.6 Organic Petrology

Samples selected for organic petrology (incident light microscopy) were prepared in the

fom of polished pellet mounts, 2.5 cm diameter (Appendix E.1). Care was taken to

orient the larger sample fragments (up to 1 cm3) in order to display views both

perpendicular to bedding and parallel to bedding within each pellet mount.

Representative particulate sample matter was packed around these oriented sample blocks

to maximize the sample sutface area available for microscopic analysis within each pellet

mount.

All samples selected for organic petrology were analyzed in the Organic Petrology

Laboratory at the Geological Survey of Canada in Calgary following the procedure in

Stasiuk (1999) (Appendix F). Optical data were collected using a Zeiss Axioplan tI

Universal incident and transmitted light microscope equipped with an ultra-violet (UV)
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(FßO 100W mercury) light source and white (halogen 12v, 100w) light source. A Zeiss

high-precision scanning stage was utilized for semi-automated petrographic analysis.

Zeiss blue-violet 400-440 nm (460 nm beam splitter; 470 nm barrier filter) and green

510-560 nm (580 nm beam splitter; 590 nm banjer filter) excitation filters were used for

qualitative and observational aspects of fluorescence microscopy. Samples were leveled

on a standard petrographic glass slide, and then scanned using a variety of objectives

(X25 water,X40 water, X60 water, and X100 air). Observed macerals were classified

based on morphology and fluorescence. Digital images were captured using two

different systems: (1) a Diagnostic Instruments ccd system (3 CHIPHRPOGO-CMT)

combined with Kontron image analysis software (KS400 version 2.7) and (2) a SPOT

high resolution digital camera and software.
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CHAPTER 2: STRATIGRAPHY

2.1 Blk Point Group

The Elk Point Group of Early to Middle Devonian age was given group status by Belyea

(1952) and subsequently formal and informal units of the Elk Point Group (Fig. 1.3) were

introduced by a number of authors including Baillie (1953), Law (1955), Sherwin (1962),

Belyea and Norris (1962), Gray and Kassube (1963), Hriskevich (1966), and McCamis

and Griffith (1967). The base of the Elk Point Group is defined by the pre-Devonian

erosional unconformity and the top is defined at the top of the Watt Mountain Formation,

a shale unit that overlies an unconformity, or by the stratigraphically equivalent

unconformity where the'Watt Mountain Formation is absent (Me¡er Drees, 1994). The

Elk Point Group is divided into two subgroups. The Lower Elk Point Subgroup

compdses, in ascending order, the Basal Red Beds, Ernestina Lake, Cold Lake, and

Chinchaga fotmations. The Upper Elk Point Subgroup comprises, in ascending order, the

Keg River, Muskeg, Sulphur Point and Watt Mountain formations. A Devonian first-

order depositional cycle, the Upper Elk Point Megacycle, as defined by Wendte (1992b),

consists of the succession from the base of the Cold Lake Formation to the top of the

Sulphur Point Formation (Campbell, 1992) (Fig. 2.1). For the purposes of this study,

discussion of stratigraphy will be limited to the Chinchaga, Keg River, and Muskeg

formations.

Devonian depositional cycles are identified by transitional to sharp contacts that occur

between packages of deep-water facies that overlie shallow-water facies or more
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basinward facies that overlie more bankward facies (Wendte, 1992b). Such facies

transitions can be attributed to a number of allocyclic (externally controlled) factors,

including eustatic sea-level rise and subsidence, and autocyclic (internally controlled)

factors, such as decrease in sedimentation rates, all of which can initiate new cycles of

sedimentation (Galloway, 1989). Individual depositional cycles, as well as stacking

patterns of these cycles, influence the distribution and effectiveness of potential source,

reservoir, and seal facies (Wendte, I992b).

2.2 Chinchaga Formation (Upper Chinchaga Formation)

The Chinchaga Formation, as proposed by Law (1955), is the uppemost stratigraphic unit

in the Lower Elk Point Subgroup. This anhydrite and dolostone unit is 76 m thick at rhe

Imperial Zama Lake I5-22-lI5-10 W6M well and thins to 0 m where it onlaps the

margins of the Peace River and Tathlina arches. This formation overlies Precambrian

basement and early Devonian basal, detrital red beds in the vicinity of these arches. The

base of the Chinchaga Formation is abrupt and is defined as the upper limit of red

coloration visible at the top of the underlying red bed (Law, 1955). The top of the

Chinchaga Formation is gradational and is defined as the highest occurrence of more than

trace anhydrite below the Keg River Formation carbonate rocks. This formation extends

from the Fort Nelson area of northeastern British Columbia across northern Albefta and

norlh into the southern District of Mackenzie. The type section of this formation is in the

California Standard 2-22-117-5 W6M well between 1610 and l'732 m (5475 and 5680 ft)

depth.
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The Chinchaga Formation at the type locality is predominantly light grey to brown

anhydrite with minor brown to brownish grey, aphanocrystalline dolostone (Glass, 1990).

These units ate underlain in some wells by a variety of lithologies including qùartz

sandstone with argillaceous and anhydritic cements, anhydrite and anhydrite-rich

dolostone, and a dolomitic shale unit. In the vicinity of basement uplifts such as the

Tathlina and Peace River arches, increasing propoftions of quartz sand and shale occur in

the Chinchaga Formation. This formation lacks fossils and represents deposition in a

restricted, evaporitic setting.

2.3Keg River Formation

The Keg River Formation, first proposed by Law (1955), is the basal formation in the

Upper Elk Point Subgroup. This widespread carbonate unit disconformably overlies the

Chinchaga Formation in both the Rainbow and Zama sub-basins. The Keg River

Formation ranges from 10 m thick where it onlaps the Peace River Arch to 300 m thick in

the Rainbow Sub-basin (Glass, 1990). The Keg River Formation extends eastward to the

Saskatchewan border and is correlative with the Winnipegosis Formation in

Saskatchewan and Manitoba (Glass, 1990). To the north of the Peace River Arch, the

Keg River Formation extends east to the 4th Meridian where it onlaps the Precambrian

Shield and extends west to the Shekilie Barrier near the British Columbia/Northwest

Territories border. The type section is in the California Steen River 2-22-117-5 W6M

well at depths of 1588 to 1669 m (5210 to 5415 ft) (Law, 1955). The section is composed

of brown, slightly argillaceous, skeletal limestone with ostracods, brachiopods, and
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crinoids which is overlain by brown and brownish grey, slightly argillaceous,

microcrystalline to aphanocrystalline dolostone.

The Lower Keg River Member and the comelative Lower Winnipegosis Member are

composed of open-marine ramp carbonate rocks which are overlain by bank and/or

isolated reef carbonate strata of the Upper Keg River and the conelative Upper

Winnipegosis members (Campbell, 1992).

2.3.1 Rainbow Sub-basin

Flriskevich (1966) subdivided the Keg River Formation in the Rainbow Sub-basin into

the Lowel Keg River Member, the Upper Keg River Member, and the Rainbow Member

(Fig. 2.2). The type section of the Lower Keg River Member, as defined by Hriskevich

(L966), is the Banff Aquitaine Rainbow West l-32-109-8 W6M well between 2018 and

2064 m (6622 and 6172 ft) depth. The Lower Keg River Member ranges from 20 to 30 m

thick but is not always recognizable (I{r'iskevich, 1966). This member is subdivided into

a lower carbonate unit and an upper argillaceous unit. The carbonate unit is composed of

slightly argillaceous, fine-crystalline dolostone with abundant crinoid ossicles and local

argillaceous calcisiltite laminae. The argillaceous unit is predominantly argillaceous

calcisiltite containing scattered crinoid ossicles and brachiopod fragments, with minor

interbedded calcareous shale.

The type section of the Upper Keg River Member of Flriskevich (1966) is the Imperial

aI. Black Creek L0-27-109-9 W6M well from 2018 to 2064 m (6622 to 6712 ft) depth.
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Three subdivisions of this member within the Rainbow Sub-basin were proposed by

Hriskevich (1966): a lower carbonate unit, a middle argillaceous unit, and an upper

carbonate unit. In the type section, the lower unit is 11 m thick and composed of fine to

very fine crystalline dolostone with abundant crinoid ossicles and minor coral fragments.

The middle unit is 2l m thick and consists of interbedded calcareous shales and

bituminous limestones with abundant tentaculids. The upper unit is 14 m thick and is

made up of calcilutite with rare fossils such as amphiporids.

The Rainbow Member of the Keg River Formation ranges from 60 to 260 m thick and is

a name used only within the Rainbow Sub-basin (Il'iskevich, 1966). This member has its

type section in the 2-32-109-8 W6M well between 1788 and 2018 m (5866 and,6622ft)

depth. The Rainbow Member is a mostly dolomitized reef unit and ranges from

boundstones to packstones and grainstones which have been extremely altered by

cementation, leaching, late-stage dolomitization, fracturing, anhydrite replacement, and

deposition of bitumen in pore spaces (Glass, 1990). Hriskevich (1966) recognized three

stages of reef growth within the Rainbow Member. The lower stage is typically

composed of mottled light and dark grey to brown, fine to coarse-crystalline dolostone

with well developed intercrystalline and vuggy porosity. The intermediate stage is

calcisiltite to calcirudife,39 m thick, with abundant stromatoporoids, corals, bryozoans,

algae, crinoids, gastropods, pelecypods, brachiopods, and ostracods. Dolomitization

created secondary porosity including leached organic vugs (biomoldic porosity), organic

porosity developed in stromatoporoids (intraskeletal porosity), and intergranular porosity.

The uppermost stage, 16 m thick, is completely dolomitized andranges from light to dark
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brown, laminated dolopackstones to dolograinstones with vague remnants of

stromatoporoids.

2.3.2Zama Sub-basin

McCamis and Griffith (1967) subdivided the Keg River Formation in the ZamaSub-basin

into the Lower Keg River Member and the Upper Keg River Reef Member (Fig.2.2).

The Lower Keg River Member is the same as that of Hriskevich (1966). The Upper Keg

River Reef Member ranges from 50 to 105 m thick and its type section is in the Zama

North 16-19-116-4 W6M well between 1500 and 1560 m (4922 and 5117 ft) depth. It is

composed of reef limestones and dolostones that are stratiglaphically equivalent and very

similar sedimentologically to the Iower two stages of reef growth in the Rainbow Member

of F{riskevich (1966). It is important to note that McCamis and Griffith (196l) did not

identify, in the Zama Sub-basin, a stratigraphic equivalent to the Upper Keg River

Member of Hriskevich (1966).

2.3.3 Stratigraphic Nomenclature Used in This Study

Campbell (1992) simplified the stratigraphic nomenclature for the Rainbow and Zama

sub-basins by developing terminology appropriate for utilization in both these sub-basins

(Fig. 2.2). Campbell (1992) adopted the definition of the Lower Keg River Member as

presented by previous authors (Hriskevich, 1966; McCamis and Griffith 1967).

However, Campbell (1992) defined an Upper Keg River Member in both the Rainbow

and Zama sub-basins that encompasses the Upper Keg River Member and Rainbow

Member of Hriskevich (1966) as well as to the Upper Keg River Reef Member of
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McCamis and Griffith (1961). Due to its simplicity and utility, the strarigraphic

nomenclature of Campbell (1992) will be used as a basis for the this study (Fig. Z.2).

When defined in this manner, the Upper Keg River Member in the Rainbow Sub-basin

reaches a maximum thickness of 230 m at the crest of the thickest reefs (Campbell, IggZ)

and has no expression (i.e., zero thickness) in true off-reef locations (pers. comm., J.

Wendte, 2001). Maximum reef development in the Zama Sub-basin reached only 104 m

thick (13-07-116-4 W6M), significantly less than the buildups in the Rainbow Sub-basin

(McCamis and Griffith, 196l). Zamareefs may have expedenced stunted growth relative

to Rainbow reefs if elevated subsidence rates occurring in the Rainbow Sub-basin

provided more accommodation space in this basin than in the ZamaSub-basin (Campbell,

1992).

Reef demise (culmination of Upper Keg River Member deposition) is marked by

deposition of the overlying Upper Anhydrite Member of the Muskeg Formation, which

was deposited in response to increasing restriction and salinity (Campbell, Igg2). Reefs

in the Rainbow Sub-basin reflect an extended period of reef growth when compared to

reefs in theZama Sub-basin (Campbell, 1992). Rainbow reefs grew in aseries of stages

that can be correlated to the reef stage in Zama, as well as to the overlying ZamaMember,

and to part of the Upper Anhydrite Member. Therefore, because theZamaSub-basin was

shallower than the Rainbow Sub-basin, reefs in theZamaSub-basin met their demise due

to restriction and elevated salinity earlier than those in the Rainbow Sub-basin.
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2.4 Muskeg Formation

The Muskeg Formation was described by Law (1955) and later subdivided into a number

of units by Belyea and Noris (1962), Hriskevich (L966), McCamis and Griffith (1961)

and Klingspor (1969). These units include the Black Creek and Upper Anhydrite

members in the Rainbow Sub-basin and the Lower Anhydrite, Zama, and Upper

Anhydrite members in the Zama Sub-basin (Fig. 2.2). The Muskeg Formation is a

widespread evaporitic unit extending across much of the northern half of the Elk Point

Embayment. This unit displays variable lithologic character ranging from carbonate-rich,

evaporite-poor rocks in the northwest to carbonate-poor, evaporite-rich rocks in the

southeast. The Muskeg Formation is composed of brownish grey to yellowish grey

cryptocrystalline to microcrystalline dolostone, and cryptocrystalline to microfragmental

limestone, interbedded with white, grey and brown anhydrite and halite (Law, 1955). The

type section is in the California Standard Steen River well2-22-L17-5 W6M at depths

between l37l and 1589 m (4513-5210 ft). This is the thickest unit of the Elk Point

Group in northern Alberta ranging from 210 m thick in Imperial Keg River well 1-17-

102-2 W6M to 0 m thick near the Peace River Arch. The base of the Muskeg Formation

is defined where a gradual change occurs from carbonate rocks of the underlying Keg

River Formation to interbedded anhydrite and dolostone. The Watt Mountain Formation

disconformably overlies the Muskeg Formation. The basal Watt Mountain Formation is

typically terrigenous clastic rocks or limestone breccia (Law, 1955).

In the Rainbow and Zama sub-basins, the Muskeg Formation is divided into three units

(Fi5.2.2.) (Campbell, 1992). The lower evaporite succession consists of the Black Creek
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Salt in the Rainbow Sub-basin and the Lower Anhydrite Member in the Zama Sub-basin.

The intermediate carbonate interval includes the Zama Member in the Zama Sub-basin

and a poorly developed equivalent in the Rainbow Sub-basin. The upper evaporite

succession consists of the Upper Anhydrite Member in both the Rainbow and Zama sub-

basins.
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CHAPTER 3: SEDIMBNTOLOGY

3.1 Introduction

Detailed core descriptions (Appendix B), thin section examination (Appendix D), and

petrophysical log examination have provided the basis for defining nine lithofacies in the

carbonate ramp and reef foreslope to off-reef successions in the Keg River Formation in

the Rainbow and Zama sub-basins (Table 3.1). Five of these lithofacies comprise the

ramp deposits of the Lower Keg River Member: A) bituminous laminite, B) inegular-

bedded lime mudstone, C) nodular crinoid-brachiopod wackestone, D) massive crinoid-

brachiopod wackestone, and E) biotLrrbated crinoid-brachiopod floatstone (Fig. 3.1).

Three lithofacies represent reef foreslope deposits of the Upper Keg River Member: F)

bituminous peloidal laminite, G) massive peloidal-skeletal dolopackstone to

dolograinstone, and H) stromatoporoid-coral dolofloatstone to dolorudstone (Fig. 3.2).

Lithofacies I, non-fossiliferous dolomudstone, occurs at both the base of the Lower Keg

River Member and the top of the Upper Keg River Member.

3.2 Lithofacies A: Bituminous Laminite

3.2.1 Description

This lithofacies ranges from 30 cm to 4.5 m thick and consists of very dark brown to

black, argillaceous lime mudstone to styliolinid-tentaculitid wackestone interlaminated

with black, bituminous laminae (Fig. 3.3). Carbonate laminae and beds are 0.1-Z cm

thick and near-horizontal. This lithofacies is predominantly undolomitized, although

Iocally the extent of dolomitization ranges from 70-90Vo. One pervasively dolomitized
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Figure 3.2 Schematic diagram for the Upper Keg River Member illustrating the
interpreted depositional settings of lithofacies F to H, major constituents, structures, and
the foreslope lithofacies association. No scale is implied. Note: lithofacies I is not
illustrated in this diagram because it occurs at the base and top of the Keg River
Formation associated with the Chinchaga Formation and the Muskeg Formation
respectively.
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Figure 3.3 Lithofacies A: bituminous laminite. A) Core photo of laminated, bituminous,
styliolinid wackestone. Bituminous beds appear black due to OM concentrations or light
brown due to abundant terrigenous clay. Carbonate laminae and thin beds are medium
grey but not visible in this photo. 4-16-108-8 w6M, 2001.5 m (6566.5 ft). B) Core
photo of laminated, bituminous styliolinid dolowackestone. Dolomitized carbonate
laminae to thin beds appear light grey and bituminous laminae to thin beds appear black
to medium brown. 6-32-109-8 w6M, 2018.5 m (6622.4 fÐ. C) Thin-secrion
photomicrograph of laminated, bituminous tentaculitid wackestone showing flattened
tentaculitids (T) oriented parallel to bedding, and organic-rich lamina. Field of view is
2.5 mm wide. 4-19-116-4 W6M, 1575.5 m (5169 ft).
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example of the lithofacies was observedin 6-32-109-8 W6M al"2018.5 m deprh where the

carbonate laminae are homogeneous, light grey dolomudstone to dolowackestone (Fig.

3.38). Bituminous laminae are near-honzontal and <40 ¡rm thick, although locally these

laminae are grouped into 0.3-1 cm thick layers and stylolitized. Total organic carbon

(TOC) content ranges from 0.1-13.87o with a median TOC content of lTo. This

lithofacies has trace intercrystalline, intraparticle, fracture, and vuggy porosity.

Faunal constituents comprise I-55Vo of lithofacies A and consist of predominantly

styliolinids (a smooth-sided conical form of cricoconarid), as well as minor fragmented

crinoids, complete and fragmented brachiopods, tentaculitids (a ribbed conical form of

cricoconarid), bivalves, and ostracods, generally <2 mm in size. Allochems are oriented

parallel to laminations and are concentrated in the carbonate laminae (Fig. 3.3C).

Nonplanar, aphanocrystalline dolomite is most abundant in bituminous laminae, but also

occurs as lenses in carbonate laminae and filling intraparticle porosity. Radial-fibrous

calcite cement commonly rims the internal and external surfaces of cricoconarid

(styliolinid and tentaculitid) and brachiopod tests. Radial-prismatic calcite cement is

ubiquitous on styliolinid tests, lining the external and internal sudaces.

Very finely crystalline, anhedral to euhedral pyrite is common (5-107o) in lithofacies A,

occurring as framboids concentrated in bituminous laminae, as indistinct pyritic patches

within the carbonate laminae, as pyritized allochems, and within intraparticle porosity of
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anhydrite, quafiz,allochems such

and bitumen are

as cricoconarids, brachiopods,

also present filling intraparticle

and ostracods. Trace

porosity in allochems.

The bituminous laminite lithofacies can be identified on petrophysical logs by

characteristic high gamma ray values and high interval transit times. The amplitude of

the log response depends on the volume of clay and OM present in the bituminous

laminae of this lithofacies.

3.2.2lnterpretation

The bituminous laminite lithofacies is interpreted to have been deposited in a low-energy,

deep-subtidal environment below storm wave-base, charactenzed by pervasive dysoxic to

anoxic conditions. Evidence for a low energy, deep-subtidal setting is the abundance of

micrite, terigenous mud, and OM. Micrite may have formed by inorganic precipitation,

breakdown of calcareous green algae, and from disintegration of skeletal debris (cf.

Stoakes, 1980; James and Kendall, 1992). Clay-sized terrigenous sediment is interpreted

as hemipelagic sediment that entered the intracratonic basin by fluvial or aeolian

transport, or by coastal erosion that may have been derived from the Peace River Arch

(cf. Coniglio and Dix, 1992). Such fine-grained sediment can be transported great

distances from shore by deep-water cuments. Fine-grained OM was derived primarily

from marine phytoplankton (refer to Chapter 6: Organic Petrology). Other evidence for

deep-subtidal deposition is the paucity of shallow marine fauna and the predominance of

cricoconarids, which are considered to have been planktonic. They are usually found

parallel to bedding in deep-marine limestones suggesting post-mortem settling out from
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surface waters into inhospitable bottom waters (cf. Stoakes, 1980; Steam and Carroll,

198e).

Lithofacies A lacks typical indications of storm wave action, such as hummocky and

swaley cross-stratification, grading, gutter casts, interference ripple caps, shell coquinas,

fining-upwards sequences, and erosional surfaces, indicating that the deposition of

lithofacies A occumed below storm wave-base (cf. Jones and Desrochers, 1992). Minor

accumulations of small allochems (crinoids, brachiopods, bivalves, and ostracods) in

laminae-parallel concentrations are suggestive of suspension settling from sediment-

seawater plumes originating upslope (cf. Coniglio and Dix, 1992). These plumes may

have been triggered by tidal flux, storms, ocean cunents, or mass wasting. Laminae-

parallel shell concentrations may also reflect natural variability in sediment supply and

benthic organism mortality rates, or possibly reworking of sediments by deep-water

currents.

Pervasive dysoxia or anoxia in the lithofacies A depositional setting is evidenced by the

abundance and preservation of mm-scale laminations. Benthic scavenging and

bioturbation in an oxygenated marine environment would have destroyed these features

(Leggett, 1985). Lithofacies A is also characterized by low faunal diversity (ostracods

and rare brachiopods) and a predominance of cricoconarids further supporting restdcted

conditions due to dysoxic or anoxic bottom waters (Wilson, 1969; cf . Stoakes, 1980).

The plesence of laminae-parallel concentrations of cricoconarids may be related to mass
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moftalities of pelagic organisms resulting from expansion of the dysoxic/anoxic layer into

the habitats of these fauna (cf. Chow et aI., I995a).

3.3 Lithofacies B: Irregular-Bedded Lime Mudstone

3.3.1 Description

Lithofacies B, 0.6-4.5 m thick, is composed of dark brown lime mudstone to styliolinid

wackestone (herein referred to as carbonate beds) interbedded with medium to light

brown, argillaceous lime mudstone to argillaceous styliolinid wackestone (herein referred

to as argillaceous beds) (Fig.3.4A). Each bed type is -I-4 cm thick and comprises

approximately 507o of the lithofacies. Bed contacts are very irregular and commonly

distinct, but are locally gradational. The extremely iregular, laterally discontinuous

nature of the argillaceous beds imparts a nodular to mottled appearance to the lithofacies.

Carbonate beds appear massive to faintly laminated, whereas the argillaceous beds

exhibit more pronounced laminations defined by concentrations of disseminated particles

of OM and allochem concentrations aligned parallel to bedding. This lithofacies has trace

intercrystalline and fracture porosity.

Allochems comprise l-307o of this lithofacies and are limited to very small skeletal grains

(<2 mm size). Styliolinids are the most abundant allochems and only trace ostracods,

gastropods, crinoids, and brachiopods are present. Allochems are aligned parallel to the

laminations (Fig. 3. B), and this alignment is more pronounced within the argillaceous

beds than within the carbonate beds.
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Figure 3.4 Lithofacies B: irregular-bedded
lime mudstone. A) Core photo of irregular-
bedded, argillaceous lime mudstone to
styliolinid wackestone. Argillaceous beds
appear light brown in color and lime
mudstone beds appear dark brown to dark
grey. 4-9-109-8 W6M, 2007.7 m (6587 ft).
B) Thin-section photomicrograph of
styliolinid wackestone. S=styliolinids. 4-9-
109-8 W6M, 2016 m (6614 ft). C) Thin-
section photomicrograph of lime mudstone
with euhedral pyrite (P). 4-9-109-8 W6M,
2002.5 m (6570 ft).
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Lithofacies B is predominantly undolomitized, however, minor (<57o) nonplanar, very

fine crystalline dolomite occurs locally. This lithofacies also contains the other

diagenetic fabrics observed in lithofacies A. In addition to all the pyrite forms recognized

in lithofacies A, pyrite in lithofacies B (l-I07o) also occurs as fine crystalline, subhedral

equant crystals, and fine to medium crystalline, anhedral laths which are randomly

oriented (Fig. 3.aC). Pyrite crystals are concentrated along laminae in the argillaceous

beds, as well as disseminated throughout the carbonate beds.

3.3.2 Interpretation

Lithofacies B is interpreted to have been deposited in a low-energy, deep-subtidal

environment below storm wave-base, similar to the depositional environment interpreted

for lithofacies A (refer to Section 3.2.2 for the supporting evidence). In contrast to

lithofacies A, however, lithofacies B may have been deposited in oxygen-reduced bottom

waters rather than completely anoxic bottom waters. The irregular-bedded texture of

lithofacies B is interpreted as the result of limited bioturbation by sparse infauna and/or

by early diagenesis of the sediments (cf. Stoakes, 1980). Stoakes (1980) described an

interbedded micritic limestone and calcareous shale lithofacies from the keton Formation

(Upper Devonian) of central Alberta that is comparable to lithofacies B. He suggested

that sediments probably accumulated at low rates from settling of material suspended in

the water column. The low sedimentation rates allowed early diagenetic reorganization

of calcite into layers, lenses, and nodules. Differential compaction of the argillaceous and

carbonate beds probably accentuated the early cementation texture to create irregular-

bedding (Wilson, 1969).



44

3.4 Lithofacies C: Nodular Crinoid-Brachiopod Wackestone

3.4.1 Description

Lithofacies C ranges from I to 8 m thick and consists of dark grey to medium brown,

nodular skeletal wackestone to floatstone (Fig 3.54). Nodules are typically l-2 cm long

but range from 0.5 to 4 cm long and they have rounded elliptical to irregular form. They

locally coalesce to form irregular beds similar to those observed in lithofacies B. The

nodules are somewhat lighter colored than the matrix and gradational contacts arc

common. The matrix tends to be more argillaceous, organic-rich, and locally less

skeletal-rich. Dark colored, wavy laminae in the matrix (up to 5 mm thick) wrap around

skeletal grains and nodules and feather out into the matrix where no nodules are present

(Fig. 3.5C). These laminae are algillaceous; organic-dch, and commonly stylol itized,.

Stylolites commonly occur as bundles of many thin stylolites which diverge laterally

(horsetail microstylolites).

Skeletal allochems, typically up to 5 mm in size, comprise from l0 to 75Vo of the

lithofacies and are more diverse than in lithofacies B. They include small crinoids,

styliolinids, small brachiopods, ostracods, gastropods, rare tentaculitids, thamnoporids,

Coenites, and microbial structures including Girvanella and Renalcls (refer to Table 3.1

for more detail). Ovoid to irregular intraclasts (commonly <3 mm long and 2 mmwide,

but ranging up to 10 mm long) comprise up to 10Vo of this lithofacies. These intraclasts

are compositionally similar to the nodules, however, they contain more skeletal grains

and have sharp, commonly pyntized contacts with the matrix. Peloids are also present.
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Figure 3.5 Lithofacies C: nodular crinoid-brachiopod wackestone. A) Core photo of
nodular crinoid-brachiopod wackestone exhibiting organic-rich laminae wrapping around
abundant nodules. 4-19-116-4 W6M, 1516.l m (5171 ft). B) Core photo of parrially
dolomitized nodular crinoid-brachiopod wackestone exhibiting very iregular dolomitized
mottles (D) in a limestone matrix (L). 6-32-107-9 W6M,2099.6 m (6888.5 fÐ. C) Thin-
section photomicrograph of nodular crinoid-brachiopod wackestone nodules (N) and
horsetail microstylolites (M), as well as a brachiopod fragment (B). 4-g-09-B w6M,
2011.7 m (6600 ft).
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Partial dolomitization (up to 307o) of this lithofacies is rare but locally creates a texture

consisting of light grey dolowackestone mottles (-1-5 cm wide) with very irregular shape

and distribution (Fig. 3.58). Dolomite is nonplanar and very finely crystalline.

Dolomitized mottles have gradational contacts with the undolomitized skeletal

wackestone to floatstone matrix and dolomilization does not appear to be fabric selective.

Vugs and fractures are present but porosity remains low (<5Vo) due to several stages of

cementaction which include (from oldest to youngest): (1) coarsely crystalline, anhedral

calcite cement which lines vugs and fractures; (2) extremely coarsely crystalline, anhedral

fenoan calcite cement; (3) extremely coarsely crystalline, anhedral saddle dolomite; (4)

coarsely crystalline euhedral anhydrite; and (5) coarsely crystalline pyrite which is found

in the center of completely filled vugs. Trace intercrystalline porosity is also present.

Pyrite (up to I07o) occurs as finely crystalline pyrite disseminated throughout the

lithofacies, framboids, and silt-sized spheres associated with fractures and vugs. Trace

chalcedoni c qùartzreplaces some allochems and occurs within the matrix as botryoidal

MASSES.

3.4.2lnterpretation

Lithofacies C is interpreted to have been deposited in a low-energy, deep-subtidal

environment below stotm wave-base, based on similar evidence as identified for the

interpretation of lithofacies A (refer to Section 3.2.2). However, lithofacies C appears to

have accumulated in a setting with more oxygenated conditions than those of lithofacies

A or B. Evidence for oxygenated bottom waters is the presence of more diverse and
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abundant open-marine fauna than that observed in either lithofacies A or B. Abundant

crinoids and brachiopods, which are an open-marine assemblage (cf. Campbell, 1992;

James and Bourque, 1992; Jones and Desrochers, 1992), dominate lithofacies C, whereas

they are only minor constituents of lithofacies A and B, which are dominated by

cricoconarids. The presence of corals (thamnoporids and Coenites), and microbial

features are also suggestive of more open-marine conditions (e.g., James and Bourque,

1992), although corals could have been transported in from the shallow-subtidal during

gravity flows induced by storm activity or other processes (cf. Coniglio and Dix, 1992).

The bioturbated appearance of this lithofacies also suggests that bottom waters and

sediments must have been oxygenated in order to support active bioturbating organisms.

However, the persistent presence of small amounts of OM within this lithofacies suggests

that oxygenation was not sufficient for thorough bioturbation, scavenging, and oxidation

of OM.

Numerous âuthors have described nodular limestones of various ages from many regions

worldwide and a variety of interpretations for the origin of nodules have been suggested

(e.g., Mccrossan, 1958; Hallam, 1964; Hopkins, 1972; Tucker and Kendall, 1973; Noble

and Howells, 1974; Kennedy and Garrison, L975; Wanless, 1979; Mullins et al., 1980).

Although more detailed petrography is required, nodules in lithofacies C are tentatively

interpreted as the result of selective cementation prior to compaction. Organic-rich and

argillaceous laminae (insoluble residues) were probably concentrated around these

nodules as microstylolites during differential compaction (cf. Wilson, 1969; Scoffin,

1981). The matrix was cemented subsequently (cf. Noble and Howel\s, 1974). Selective
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cementation is considered to have been influenced by subtle variations in permeability

and porosity caused by bioturbation. The irregular-shaped dolomitic areas in lithofacies

C are similarly interpreted to have been controlled by subtle porosity and permeability

variations, possibly influenced by bioturbation.

3.5 Lithofacies D: Massive Crinoid-Brachiopod Wackestone

3.5.1 Description

Lithofacies D consists of dark grey to black, crinoid-brachiopod wackestone to floatstone,

1-29 m thick (Fig. 3.6). The argillaceous and organic-rich matdx includes micrite and

dolomicrite. This lithofacies is predominantly massive, although vague laminations occur

locally, defined by concentrations of organic and argillaceous material and by skeletal

fragments and peloids (skeletal-peloidal packstone to grainstone, up ro 10 cm thick) (Fig.

3.68). This lithofacies may be partially dolomitized (10-407o) ro pervasively

dolomitized.

Allochems, ranging from 207o to 85Vo, are more abundant in lithofacies D than the

previously described lithofacies. The most abundant allochems, which are up to 5 mm

size, include crinoids, undifferentiated brachiopods and bivalves, brachiopods, ostracods,

and styliolinids. Rare gastropods, tentaculiti ds, Girvanella, thin tabular stromatoporoids,

and a variety of corals including thamnoporid.s, Coenites, Alveolites, and undifferentiated

tabular tabulate corals are also present. Peloids are abundant locally and intraclasts

compositionally similar to the matrix are rare.
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Figure 3.6 Core photos of lithofacies D: massive crinoid-brachiopod wackestone. A)
Massive to vaguely laminated crinoid wackestone. White specks are crinoid ossicles. 4-
9-109-8 V/6M, 2030 m (6660 fÐ. B) Crinoid floatstone with skeletal-peloidal packstone
matrix. Abundant white to buff colored crinoid ossicles, a thin tabular ("wafer")
stromatoporoid (W) and an anhydrite-filled fracture (F) are visible in this phoro.
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Dolomite occurs preferentially with microstylolites and organic-rich laminae as

nonplanar, medium to coarsely crystalline mosaics and as planar-euhedral, medium to

coarsely crystalline dolomite scattered throughout the matrix. Isopachous radial-fibrous

calcite cement occurs in peloidal grainstone. Anhedral megaqùartz (up to 3 mm x I mm)

locally replaces skeletal allochems, and pyrite occurs in the same form as observed in

lithofacies A, B, and C. Minor fracture porosity and intercrystalline porosity in

Iimestones are enhanced by dolomitization (up to 5Vo porosity). Locally, trace sphalerite

occurs in pores.

3.5.2 Interpretation

The interpreted depositional environment for lithofacies D is a low to moderate energy,

deep-subtidal environment near storm wave-base. Similar evidence as documented for

lithofacies A, B, and C supports the interpretation of low energy, deep water conditions

(refer to Section 3.2.2). However, the presence of horizontal beds of skeletal-peloidal

packstone to grainstone in lithofacies D indicates higher-energy processes, suggesting that

this lithofacies may have been deposited in an environment that was intermittently

affected by storm events. Storm deposits (tempestites) have been well documented by

various studies that have described features that are dependent on factors such as water

depth, proximity to the sediment source, and the frequency and intensity of storm events

(e.g., Aigner, 1985; sami and Desrochers, 1992; Jones and Desrochers, lggz). The

grainstone beds in lithofacies D lack the more unequivocal features of tempestites (as

listed in Section 3.2.2) although grainstones comprised of bioclasts, ooids, and/or peloids

ranging to interbedded grainstone-mudstone, such as those observed in this lithofacies,
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commonly indicate tempestites (Jones and Desrochers, 1992). Alternatively, these beds

could have been deposited below the storm wave-base by suspension settling from

sediment/seawater plumes originating upslope (cf. Coniglio and Dix, L99Z; refer to

Section 3.2.2), or they could represent sediment reworking by deep-water currents.

The diverse fauna of lithofacies D is comparable to that observed in lithofacies C and

therefore is also interpreted as indicative of oxygenated, open-marine conditions and/or

sediments transported downslope from the shallow-subtidal zone (refer to Section 3.4.2).

Lithofacies D lacks evidence of pervasive bioturbation, although the presence of locally

abundant peloids may reflect the activity of burrowing and grazing organisms (cf. Jones

and Desrochers, 1992). Intermittent dysoxic conditions may have prevented more

extensive bioturbation and facilitated preservation of OM.

3.6 Lithofacies E: Bioturbated crinoid-Brachiopod Froatstone

3.6.1 Description

Lithofacies E, ranging from 0.5 to 7 m thick, is highly variable and composed of medium

brown to grey, crinoid-brachiopod floatstone to rudstone showing pervasive bioturbation.

Pervasive bioturbation impafts a mottled light (dolomite) and dark (limestone)

appearance to lithofacies E attributed to preferential dolomitization of bunows (Figure

3.7), and well- defined vertical burrows are present locally (Fig. 3.8C). Sharp-based

beds, up to 50 cm thick, of crinoid rudstones, brachiopod rudstones, and oncoid

floatstones occur locally (Fig. 3.84). The matrix is skeletal wackestone which includes
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Figure 3.7 Core photographs of lithofacies E: bioturbated crinoid-brachiopod floatstone.
A) Pervasively bioturbated crjnoid-brachiopod floatstone. C=crinoids, B=brachiopods. 4-
16-108-8 W6M 1985.9 m (6515.5 ft). B) Pervasively bioturbated crinoid-brachiopod
dolofloatstone to dolorudstone. C=crinoids, B=brachiopods. 6-32-109-8 W6M, 2020.g
m (6629.75 ft).
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Figure 3.8 Core photographs of Lithofacies E: bioturbated crinoid-brachiopod floatsrone.
A) Crinoid floatstone to rudstone showing large articulated ossicles. 4-19-116-4 W6M,
1564.8 m (5134 fÐ. B) Brachiopod-crinoid-stromatoporoid floatstone exhibiting
biomoldic porosity created by leaching of a nodular stromatoporoid. 4-16-108-8 W6M,
1987.9 m (6522 fÐ. C) Pervasively bioturbated crinoid-brachiopod wackestone
displaying well-defined vertical burrows (B) and scour surface (S). 6-36-107-g W6M,
2116.1 m (6944.5 ft).
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terrigenous clays and OM. Locally, the matrix is peloidal (up to 57o). All samples

exhibit partial to complete dolomitization, making accurate identification of matrix and

allochemical constituents problematic. However, the use of diffused plane-polarized light

microscopy facilitated allochem identification in a number of samples (Fig. 3.g,

Appendix C.2).

Lithofacies E contains abundant (35-757o) and diverse allochems, with crinoids and

brachiopods being the most abundant. Crinoid ossicles are commonly large (up to I cm

diameter), and may remain articulated (Fig. 3.84). Brachiopod tests (up to 2 cm long) are

articulated or disarticulated, have a random orientation, and show little evidence of shell

fragmentation and/or bioerosion (Fig. 3.78). Typically, matrix wackestones contain

smaller crinoid ossicles and brachiopod fragments (<2 mm size). Other important

skeletal constituents include styliolinids and ostracods. Bivalves, gastropods,

stromatoporoid fragments (Fig. 3.98), peloids, and intraclasts are minor constituents.

oncoids and ovoid grapestones (up to 1.5 mm x l mm), composed of peloid and

microbial structures including Girvanella, occur only locally.

Finely crystalline, inclusion-rich dolomite is associated with argiìlaceous matrix and

medium crystalline, inclusion-free dolomite is associated with poorly argillaceous matrix.

Coarsely crystalline, planar-euhedral dolomite and minor, extremely coarsely crystalline

saddle dolomite fill fractures and vugs in partially dolomitized lithologies such as in

burrows. Porosity is minor and consists of vuggy, biomoldic (Fig. 3.gB) and



55

Figure 3.9 Thin section photomicrographs of lithofacies E: bioturbated crinoid-
brachiopod floatstone. 4-9-109-8 W6M, 1999.8 m (6561 ft). A) Plane-polarized light
microscopy, showing some skeletal allochems (white and light brown in photo). B)
Diffused plane-polarized light microscopy of (A) revealing additional skeleral allochems
that are obscured by dolomitization.
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intercrystalline. Prismatic calcite cements are present inside brachiopod and bivalve tests.

Rare, laterally discontinuous microstylolites contain argillaceous sediment and OM and

dt'ape around carbonate grains. Minor pyrite (up to 57o) occurs as euhedral, very fine

crystals associated with silicified fossils, and disseminated through the matrix in the same

forms as those observed in lithofacies A, B, C, and D. Chalcedonic quarrz also occurs in

the same forms as observed in other lithofacies. Euhedral microquartz replaces

allochems and locally even partially replaces microbial coatings on oncoids. Trace

anhydrite laths are associated with vuggy pores and pyrite.

3.6.2lnterpretation

Lithofacies E is interpreted to have been deposited in a moderate energy, subtidal

environment between storm and fairweather wave-base. The prevalence of peloids and

the occurrence of sharp-based beds of crinoid and brachiopod rudstones are evidence for

moderate energy conditions episodically influenced by storm events (cf. Jones and

Desrochers, 1992). The articulated crinoid ossicles (Fig. 3.84) and brachiopod tests in the

tempestites suggest that rapid deposition and burial of storm-transported sediments

prevented significant postmoflem degradation of these allochems by physical or

biological processes (Jones and Desrochers, 1992).

The abundance and diversity of fauna in lithofacies E are comparable to that of lithofacies

D and therefore is interpreted similarly to be indicative of open-marine conditions (refer

to Section 3.5.2). The presence of locally abundant oncolites (oncoid floatstones) may

provide evidence for somewhat shallower conditions than lithofacies D (i.e., an
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intermediate depth subtidal environment) where cyanobacterial coatings could form

readily around skeletal grains, well within the photic zone (James and Bourque, 1992).

Conversely, the association of coarse oncolites (which probably formed in turbulent, well

oxygenated waters) with delicate styliolinids may suggest that the oncolites formed in

shallow, higher energy environments and were transported down depositional slope prior

to deposition (cf. Stanford, 1989). Oxygenated conditions in the water column and within

sea floor sediments are fufther evidenced by the pervasive bioturbation in lithofacies E.

3.7 Lithofacies F: Bituminous Peloidal Laminite

3.7.1 Description

This buff to very light grey lithofacies, 0.5 - 4.5 m thick, ranges from peloidal-skeletal

dolopackstone to dolograinstone and contains abundant black, organic-rich Iaminae (Figs.

3.104 and B). These laminae comprise 5-35Vo of the lithofacies, are horizontal to

inegular, and are typically stylolitized (Fig. 3.10C). They are commonly concentrated

into microstylolite swarrns, up to 5 mm thick, which drape around carbonate layers

forming irregular laminae and/or a nodular texture (Fig. 3.10D). This lithofacies contains

little micrite and terigenous clastic sediment. Dolomitization obscures primary textures

and makes allochem identification tenuous. However, one sample studied was only

panially (25Vo) dolomitized facilitating allochem determinations. Diffused plane-

polarìzed light microscopy was used to discern primary fabrics in dolomitized samples

(Appendix C.2).

Allochems are diverse and abundant (40-60Vo) with the most common skeletal allochems
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Figure 3.10 Lithofacies F: bituminous-peloidal laminite. A) Core photograph of
laminated peloidal-skeletal dolopackstone to dolograinstone displaying sparse organic-
rich laminae. Interctystalline and biomoldic porosity are well developed. 6-32-t09-B'W6M, 1964 m (6444 fÐ. B) Core photograph of laminated peloidal-skeletal
dolopackstone to dolograinstone exhibiting a relatively high concentration of organic-rich
laminae. 12-33-109-8 W6M, 1914.8 m (6479 ft). C) Thin-section photomicrograph of
very thin microstylolite swarms in dolostone composed of coarsely crystalline saddle
dolomite and medium crystalline, nonplanar dolomite. D) Core photograph showing
organic-rich microstylolites draping around the peloidal-skeletal packstone to grainstone
to form very irregular laminae and a nodular texture. t2-33-I09-8 W6M 1994.9 m
(6s4s ft).
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being tentaculitids, styliolinids, undifferentiated brachiopods and bivalves, and crinoids.

Other minor constituents include gastropods, ostracods, stromatoporoid fragments, and

Coenites. Abundant peloids and ovoid grapestones composed of lumps of peloids are

distincti ve constituents.

Primary textures are replaced with a coarse dolomite mosaic and the matrix ranges from

nonplanar, coarsely crystalline saddle dolomite to planar-subhedral, medium crystalline

dolomite (Fig. 3.10C). Inclusion-rich allochem ghosts in nonplanar dolomite observed

using diffused plane-polarized light represent nonmimic replacement of bioclastic

material. Void-filling coarsely crystalline saddle dolomite and planar-euhedral coarsely

crystalline dolomite are also common. Biomoldic porosity (-57o average) was created by

the dissolution of most commonly crinoids, styliolinids, and brachiopods. Minor

intercrystalline porosity (l-S%o) is present and trace fracture porosity occurs locally.

Trace euhedral anhydrite laths are associated with vuggy and biomoldic porosity, and

trace pyrite occurs as very finely crystalline grains in framboids. Bitumen is abundant

within microstylolites, intercrystalline and intraparticle porosity.

3.T.2lnterpretation

The bituminous peloidal laminite lithofacies is interpreted to have been deposited in a

moderate energy, intermediate to deep-subtidal environment. Evidence suggests that

lithofacies F was deposited above storm wave-base and was influenced by frequent

storm-induced sediment gravity flows and pervasive cunent reworking. Episodic dysoxic

to anoxic conditions are interpreted to have developed during deposition of lithofacies F.
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The lack of micrite and terrigenous mud in lithofacies F provides evidence for deposition

in moderate energy conditions frequently affected by periodic storm activity and./or

indirect storm effects (i.e., sediment gravity flows). Fine-grained sediments would have

been prevented from settling out of suspension and/or would have been removed

subsequently by storm and current reworking (cf. James and Kendall, 1992). The

presence of abundant peloids, assuming that they are derived from the faecal pellets of

organisms such as gastropods, worms, and shrimp-like organisms (e.g., Scoffin, 1987;

Jones and Desrochers, 1992) suggests that bottom waters and sediments were oxygenated

enough to suppoft the activities of these organisms. However, storrn waves, gravity

flows, and cunents also could have transported peloidal sands from upslope and

redeposited these sediments in deeper water (e.g., Jones and Desrochers, 1992; 'Wendte,

1992c).

The abundant, diverse fauna of this lithofacies indicates oxygenated, open-marine

conditions. However, the predominance of styliolinids (up to 307o) suggests deposition

of planktonic organisms in a relatively deep-subtidal setting where the balance of

sediment was transported into this setting from upslope positions by sediment gravity

flows. Alternatively, the abundance of styliolinids may be attributed to mass kills and

fallout of pelagic organisms during periodic anoxic conditions (cf. Chow et al.,l995a).

Preservation of organic-rich laminae in lithofacies F required episodes of dysoxia to

anoxia. It is interpreted that oxygen-reduced conditions developed in rcsponse to high
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primary productivity rather than in response to depth-related anoxia. This will be

discussed in further detail in Chapter 6: Organic Petrology.

3.8 Lithofacies G: Massive Peloidal-skeletal Dolopackstone to Dolograinstone

3.8.1 Description

Lithofacies G is buff colored, massive, and ranges from peloidal-skeletal dolopackstone

to dolograinstone,0.5 to 14.5 m thick (Fig.3.11). It lacks organic-rich laminae (Fig.

3.114), but otherwise appears compositionally similar to lithofacies F. Argillaceous

material and OM aÍe rare and tend to be concentrated into very thin microstylolites which

lend a slightly mottled appearance to the lithofacies (Fig. 3.118).

Allochem identification was based on partially (I0-257o) dolomitized samples and

diffused plane-polarized light microscopy was employed on pervasively dolomitized

samples (Appendix C.2). Allochems comprise up to 85Vo of this lithofacies with the most

abundant allochems being cdnoids, peloids, and undifferentiated brachiopods and

bivalves. Other significant carbonate grains include ostracods and styliolinids. Molds of

whole and fragmented nodular stromatoporoids are locally abundant (Fig. 3.11A).

Dolomite in lithofacies G occurs in the same modes as observed in lithofacies F (refer to

Section 3.1.1). Porosity ranges from l-207o and includes intercrystalline porosity which

is ubiquitous and occurs as "pinpoint" pores between dolomite crystals; and minor

intraparticle, biomoldic, vuggy, and fracture porosity (Figs. 3.1 1A and C). Quartz content

ranges from 0-30Vo and consists of finely crystalline, anhedral microquafiz associated
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Figure 3.11 Lithofacies G: massive
peloidal-skeletal dolopackstone to
dolograinstone. A) Core photograph of
well developed intercrystalline and
biomoldic poroslty (leached
stromatoporoid fragments) in massive
peloidal-skeletal dolograinstone. L2-33-
109-8 W6M, 2007.3 m (6585.5 ft). B)
Core photograph of massive peloidal-
skeletal dolopackstone to dolograinstone
with slightly mottled coloration and lack
of significant moldic porosity.
Intercrystalline porosity is well
developed. 4-9-109-8 W6M, 1980.9 m
(64ee fÐ. C) Thin-section
photomicrograph of B showing
nonplanar, coarsely crystalline saddle
dolomite formed during nonmimic
replacement of allochems and other
pnmary textures. Intercrystalline
porosity (blue in phoro) is well
developed. 4-9-109-8 W6M, 1980.9 m
(6499 ft).
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with silicified allochems, porosity, and pyrite framboids, as well as zoned, subhedral to

anhedral megaquartz and chalcedonic qûafil. Coarsely crystalline, subhedral anhydrite

and bitumen line or completely occlude intercrystalline, vuggy, and biomoldic porosity.

3.8.2 Interpretation

The depositional environment of lithofacies G is interpreted as a moderate energy,

intermediate-subtidal environment. It was situated between stolm and fairweather wave-

base in fully oxygenated conditions.

As in lithofacies F, moderate energy conditions for lithofacies G are indicated by a lack of

fine sediment and the presence of abundant peloids suggests that storm waves, sediment

gravity flows, and/or currents transported peloidal sediments down depositional slope

(refer to Section 3.7 .2). In contrast to lithofacies F, lithofacies G lacks OM which lends

suppotl to an interpretation of deposition above storm wave-base where storm-related

high-energy events occurred frequently enough to prevent the accumulation and./or

removal of fine-grained OM (cf. James and Kendall, 1992; Jones and Desrochers, 1992).

Fully oxygenated conditions promoting the activities of bioturbating and scavenging

organisms also would have destroyed any accumulated OM. The diverse, abundant fauna

of this lithofacies supports the interpretation of oxygenated, open-marine conditions.
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3.9 Lithofacies H: Stromatoporoid-Coral Dolofloatstone to Dolorudstone

3.9.1 Description

Lithofacies H is buff to medium brown in color, 10 cm - 26 m thick, and ranges from

stromatoporoid-coral floatstone to rudstone with peloidal-skeletal packstone to grainstone

matrix. This lithofacies is predominantly pervasively dolomitizedbut is locally limestone

or only parlially dolomitized (10-20Vo). Diffused plane-polarized light microscopy was

utilized to detect primary fabrics in dolomitized samples (Appendix C.2). The matrix of

lithofacies H is compositionally similar to lithofacies G (refer to Section 3.8.1).

Lithofacies H has the most abundant (30-807o) and diverse fauna of all the lithofacies

examined in this study. The most abundant allochems are stromatoporoid fragments (>2

cm size) that have ragged edges, irregular shape, and display either wafer (<1 cm thick),

thin tabular (1-5 cm thick), thick tabular (>5 cm thick), small hemispherical (up to 5 cm

thick), or small bulbous (l cm diamerer) morphology (Figs. 3.12A, B, and c).

Dolomitization obscures the internal structure of stromatoporoid fragments but they are

discernible because they have been replaced by coarsely crystalline dolomite and are more

porous than the matrix. Other abundant allochems include crinoids, peloids, and various

corals including Alveolites, Coenites, solitary rugose, tabulate (Fig. 3.IzD) and

thamnoporid corals. Alveolites (up to 7 cm size) and thamnoporid fragments (-1.5 cm

long) are ubiquitous. Many stromatoporoids and corals appear to have been transported,

although a number of wafer, tabular and hemispherical stromatoporoids with enveloping

form were observed in original growth position. Ostracods, gastropods, undifferentiated

brachiopods and bivalves, styliolinids, intraclasts and oncoids are minor constituents.
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Figure 3.12 Core photos of lithofacies H: stromatoporoid-coral dolofloatstone to
dolorudstone. A) stromatoporoid-coral dolofloatstone with abundant stromatoporoid
fragments (S) in a peloidal-skeletal dolopackstone to dolograinstone matrix. Biomoldic
porosity (B) is prcsent in leached stromatoporoid fragments. 12-33-109-8 W6M, 1985.8
m (6515 ft). B) Hemispherical (H) and small bulbous (B) stromatoporoid fragments in
stromatoporoid-coral dolorudstone. 12-33-109-8 W6M, 1982.8 m (6505.15 fr). C) Well-
developed biomoldic porosity (B) (leached stromatoporoid fragments) lined by saddle
dolomite in stromatoporoid-coral dolofloatstone. 5-36-117-6 W6M,1675.2 m (5496 ft).
D) Large solitary tabulate coral in stromatoporoid-coral dolorudstone. The white mineral
at the edge of the coral is anhydrite and intraparticle porosity is visible within the coral.
4-79-116-4 W6M,1536 m (5039.5 ft).
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Finely crystalline pseudospar calcite matrix and fibrous prismatic calcite cements have

been observed in limestone samples. Finely to medium crystalline, nonplanar, inclusion-

rich dolomite appears to have preferentially replaced matrix material that contained

argillaceous sediment or OM. Coarse and very coarse-crystalline dolomite is inclusion-

free and has replaced allochems. Accessory components include chalcedoni c quàtlz,

quarlz replacing allochems, very fine-crystalline pyrite, and void-filling very coarse-

crystalline, euhedral anhydrite. Thin microstylolites containing argillaceous material and

OM are widespread.

Porosity is -I07o on average but ranges up to 25Vo locally. Intercrystalline porosity is

dominant, although fracture, intraparticle (in coral skeletons), vuggy, and biomoldic

porosity are also present. Porosity is lined with bitumen, very coarse-crystalline

anhydrite, saddle and coarse-crystalline planar-euhedral dolomite, and coarse-crystalline

euhedral quartz.

3.9.2 Interpretation

Lithofacies H is interpreted to have been deposited in an open-marine, moderate energy,

intermediate-subtidal environment that was fully oxygenated and located between storm

and fairweather wave-base.

As in lithofacies F and G, the lack of micrite and terrigenous clay, and the presence of

abundant peloids indicate deposition under moderate energy conditions above storm

wave-base (r'efer to Section 3.7.2 and 3.8.2). Lithofacies H lacks abundant OM and
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contains abundant and diverse fauna suggesting oxygenated bottom-waters (refer to

Section 3.8.2). The abundance of reworked, fragmented coral and stromatoporoid fossils,

probably transporled to their current position from an upslope environment, indicate a

depositional setting that was shallower than that of lithofacies F and G. The presence of

in situ wafer, tabular, and small hemispherical stromatoporoids indicate periods of low

sedimentation and low wave-energy (cf. James and Bourque, 1992; Wendte, l99}c).

3.10 Lithofacies I: Non-Fossiliferous Dolomudstone

3.10.1 Description

The non-fossiliferous dolomudstone lithofacies is relatively thin (1 to 1.5 m thick), and is

associated only with anhydrite units of the Muskeg and Chinchaga formations. It ranges

from buff to light grey in color and massive (Fig. 3.134) to brecciated in structure (Fig.

3.13C). Locally, this lithofacies has highly inegular structures tentatively identified as

haloturbation which is defined as disruption of sediments as a result of the precipitation

of salts within surface sediment layers (White et a\.,2000) (Fig. 3.138).

Lithofacies I is composed of pseudospar, dolomicrite, finely crystalline planar-euhedral

dolomite, and medium crystalline planar-subhedral dolomite. Intraclasts and skeletal

grains occur only locally (up to 307o) and include minor crinoids, undifferentiated

brachiopods and bivalves, and trace ostracods and styliolinids. Coarse to very coarse-

crystalline, subhedral anhydrite is relatively abundant (up to l57o) in patches and trace

pyÏite, bitumen, terrigenous clays, and OM are also present. Intercrystalline, vuggy, and
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Figure 3.13 Core photos of lithofacies I: non-fossiliferous dolomudstone. A) Massive
dolomudstone showing abundant anhydrite laths (A) and dolomite-filled fractures (F). 4-
9-109-8 W6M, 2042.2 m (6700.11 ft). B) Haloturbated dolomudstone. Buff-colored
areas are pseudospar and nonplanar dolomite. Darker grey areas are coarse to very
coarse-crystalline, subhedral anhydrite. 4-19-116-4 w6M, 1526.r m (5007 fr). c)
Brecciated dolomudstone exhibiting patches of extremely coarsely crystalline anhydrite
(A). 5-36-117-6 W6M, 1120.8 m (5645.5 ft).
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fracture porosity comprise <IVo tofal porosity. Some porosity is cemented by coarse-

crystalline, planar-subhedral dolomite and extremely coarse-crystalline saddle dolomite.

3.l0.2Interpretation

The non-fossiliferous dolomudstone lithofacies is interpreted to have been deposited in a

low energy, high salinity, restricted environment. This interpretation is supported by the

fine sediment size, absence of fauna and bioturbation, and the presence of anhydrite and

haloturbation.

The association of lithofacies I with the Chinchaga and Muskeg formations suggests

deposition took place during a transition from evaporitic to open marine conditions and

vice versa. Dolomicrite in lithofacies I is considered to be analogous to dolomicrites that

form in crusts or within sediments of modern carbonate intertidal and supratidal

environments (cf. Motlow, 1990). Dolomitic crusts in tidal flats in the Caribbean and

sabkha sediments in the Persian Gulf are usually interpreted to be the result of the

replacement of aragonitic mud during very early diagenesis (Morrow, 1990). However,

overlying or laterally adjacent evaporites can also provide hypersaline solutions that bear

Mgt* by seepage-refluxion to adjacent carbonates ('Wilson, lg75). These solutions are

capable of dolomitizing adjacent or underlying carbonates. Therefore, the reflux model is

evoked to explain the association of lithofacies I with adjacent evaporites of the

Chinchaga and Muskeg formations. Anhydrite may represent recrystallization of gypsum,

replacement of allochems, or void-filling anhydrite.
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Eight of the nine lithofacies in the Keg River Formation, as previously described, can be

grouped genetically into three lithofacies associations: 1) outer ramp - lithofacies A, B,

and C; 2) mid-ramp - lithofacies D and E; and 3) reef foreslope - lithofacies F, G, and H

(Table 3.2). The remaining lithofacies (lithofacies I: non-fossiliferous dolomudstone) is

related to temporally restricted events of increased salinity associated with the onset and

termination of Keg River carbonate sedimentation, and therefore, will not be discussed

furlher in this section. The outer and mid-ramp lithofacies associations comprise the

Lower Keg River Member and the reef foreslope lithofacies association comprises part of

the Upper Keg River Member.

Table 3.2 Organization of lithofacies into representative lithofacies associations.

LITHOFACIES NAME LITHOFACIES ASSOCIATION STRATIGRAPHTC
UNlT

H
Stromatoporoid-coral

dolofloatstone to dolorudstone

Reef Foreslope Upper Keg River
Member

G
Massive peloidal-skeletal

dolopackstone to
doloqrainstone

F Bituminous peloidal laminite

E
Bioturbated crinoid-brachiopod

floatstone
Mid ramp

Lower Keg River
Member

D
Massive crinoid-brachiopod

wackestone

c Nodular crinoid-brachiopod
wackestone

Outer RampB lrregular-bedded lime
mudstone

A Bituminous laminite
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3.11.1 Outer Ramp Lithofacies Association

Lithofacies A (bituminous laminite), lithofacies B (irregular-bedded lime mudstone), and

lithofacies C (nodular crinoid-brachiopod wackestone) are interpreted to comprise the

outer ramp lithofacies association (Fig.3.1). A carbonate ramp, is defined as a large

carbonate body that extends away from positive areas and down gentle regional

paleoslopes (Wilson, I975). Facies patterns in such an environment generally form wide,

regular belts because there are no sharp breaks in slope. The outer ramp, as defined by

Burchette and Wright (1992), extends from the basin plain up to storm wave-base and is

dominated by carbonate and temigenous mud deposited from suspension. Evidence of

storm or wave reworking is sparse in outer ramp environments where only the most

powerful storms affect the sea floor (Wilson, 1975; Burchette and Wright,1992). In the

deepest zones of the outer ramp, organic-rich facies can develop due to oxygen-reduced

basinal waters which result from restricted bottom conditions triggered by density

stratification in the basin. Deposits from the upper part of the outer ramp can exhibit a

variety of storm-related features including uncommon, graded distal tempestites

(Burchette and Wright,1992). However, these features were not observed in lithofacies

A, B, or C.

The three lithofacies that comprise the outer ramp lithofacies association are laterally

gradational. Lithofacies A is interpreted to represent the deeper part of the outer ramp

facies and lithofacies C represents the shallower part of the outer ramp facies, having

been deposited just below normal storm wave-base (Fig. 3.1). Lithofacies B is

transitional between lithofacies A and C. Interpretation of the relative positions of these
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lithofacies is based on increasing faunal abundance and diversity, increasing bioturbation,

and decreasing OM content from lithofacies A to B to C.

3.11.2 Mid-Ramp Lithofacies Association

Lithofacies D (massive crinoid-brachiopod wackestone), and lithofacies E (bioturbated

crinoid-brachiopod floatstone) constitute the mid-ramp lithofacies association (Fig. 3.1).

The mid-ramp, as defined by Burchette and Wright (lggz), is the zone between

fairweather wave-base and storm wave-base. Facies deposited in the mid-ramp exhibit

evidence of frequent reworking by bioturbation, storm waves, and swells (Burchette and

Wright' 1992)- However, suspension settling of carbonate and terrigenous mud

con tri butes si gni ficant sediment durin g fai rweather peri ods.

The depositional environment of the mid-ramp lithofacies association is interpreted as

open marine, characteized by a diverse fauna including abundant crinoids, brachiopods,

and bivalves, as well as minor gastropods, cricoconarids, and coral and stromatoporoid

fragments. Allochems are more diverse and abundant than in the outer ramp lithofacies

association, and skeletal constituents are typically larger in size (> 2 mm). Bedding and

laminations are absent in this lithofacies association indicating increased oxygenation,

bioturbation and scavenging activity that are typical of shallower open-madne

environments. Evidence of storm activity, including graded beds, interbedded mudstones

and grainstones composed of peloids and/or bioclasts, scoured bases, and preservation of

articulated tests (Jones and Desrochers , 7gg2), was also observed in this tithofacies

association.
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Lithofacies D and E are laterally gradational. Lithofacies D is interpreted to represent the

deeper mid-ramp, whereas lithofacies E is interpreted to have accumulated in the

shallower mid-ramp (Fig. 3.1). The relative position of these two lithofacies is indicated

by an increase in faunal abundance and diversity, evidence of storm activity, and

bioturbation from lithofacies D to E.

3.11.3 Reef Foreslope Lithofacies Association

Lithofacies F (bituminous peloidal laminite), lithofacies G (massive peloidal-skeletal

dolopackstone to dolograinstone), and lithofacies H (stromatoporoid-coral dolofloatstone

to dolorudstone) comprise the reef foreslope lithofacies association (Fig. 3.2). Reef

foreslope refers to an accumulation of in situ and reef-derived, bedded carbonate sand and

gravel that encircles a reef, dipping and thinning away from the reef core facies (James

and Bourque, 1992). The reef foreslope lithofacies association is interpreted as having

accumulated in a moderate-energy environment between storm and fairweather wave-

base which was frequently affected by storm events. Sediment gravity flows triggered by

stofin waves reworking upper foreslope peloidal-skeletal sand and gravel are postulated

to have provided the balance of sediment comprising this lithofacies association (cf.

Campbell, 1992). Sedimentary structures suggest that bioturbation and scavenging were

active in these sediments indicating well oxygenated, open marine waters.

Lithofacies F, G, and H are all laterally gradational (Fig. 3.2). Lithofacies F and G are

interpreted as having been deposited in the gently dipping, distal positions of the Upper

Keg River foreslope, whereas lithofacies H is interpreted as having been deposited in
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shallower, more proximal positions of the foreslope. Proximity to reef core facies is

suggested by the higher abundance of debris from reef building organisms such as

stromatoporoids and corals in lithofacies H than in lithofacies F and G.
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CHAPTER 4: CYCLICITY & DEPOSITIONAL HISTORY

4.1 Introduction

The Keg River Fotmation in the Rainbow and Zama sub-basins exhibits vertical and

lateral lithofacies variations related to second and third-order Devonian depositional

cycles as defined by Wendte (1992b). Depositional histories of the Rainbow and.Zama

sub-basins are considered in the context ofthese cycles.

4.2 Depositional Cycles

Depositional cycles recognized within Devonian strata of the WCSB are transgressive-

regressive sequences that can be grouped into three relative levels of organization which

are readily defined (Wendte, 1992b). First-order cycles involve the most significant

facies shifts and can be correlated across the V/CSB. These cycles generally coincide

with group level stratigraphy and they include, in ascending order, the Upper Elk Point

Megacycle, Beaverhill Lake Megacycle, Woodbend Megacycle, Winterburn Megacycle,

and the Wabamun Megacycle (Fig. 2.1). Second-order cycles consist of shoaling-upward

successions and may involve significant lateral facies shifts related to allocyclic processes

such as eustatic sea-level rise and./or subsidence. Individually or when grouped, these

cycles approximate formation level stratigraphy. Third-order cycles are also composed of

shoaling-upward successions and are generally thin (meters to 10s of meters). They

reprcsent stages of carbonate ramp deposition or reef growth which reflect minor

variations in depositional environment including allocyclic processes (eustasy,

subsidence) and autocyclic processes (sediment supply). Third-order cycles are mole
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commonly expressed in environments with low sedimentation rates such as distal

carbonate ramp, distal reef foreslope and lagoonal settings than in environments with

higher sediment supply such as reef cores and proximal reef foreslopes.

4.3 Keg River Cycles

The Keg River Formation comprises the lowermost second-order cycle of the Upper Elk

Point Megacycle (Fig. 2.1) (Wendte, I992b). In this study, two shoaling-upward third-

order cycles (Rl and R2) are recognized in the Lower Keg River Member in the Rainbow

Sub-basin and one such cycle (ZI) In the Lower Keg River Member in the Zama Sub-

basin. The reef succession of the Upper Keg River Member is also composed of a

number of third-order depositional cycles representing stages of reef growth and demise

(Wendte, 1992b). However, this study focuses primarily on reef foreslope and off-reef

deposits and only the lowermost portion of the basal third-order cycle in the Upper Keg

River Member in the Rainbow Sub-basin (R3), and in the Zama Sub-basin (22) are

described.

4.4 Third-Order Cycles in the Rainbow Sub-basin

4.4.1 Cycle Rl

This basal third-order cycle, R1, contains lithofacies (A to E) of the outer ramp to mid-

ramp lithofacies associations as well as lithofacies I (Fig. 4.1 and, Encl. 2). Cycle R1

ranges from -24 to 35 m thick. In the Rainbow area the gradational contact from the

Chinchaga Formation to the overlying Lower Keg River Member was observed in core

from the 6-32-101-9 w6M well at 2117.7 m (6947 .8') and the 4-9-109-8 w6M well at



00t12-33-109-8W6/00
Rainbow Sub-Basin

Upper Keg
River Member

N/iddle Rainbow

Lowef Roìnbow

Lower Keg
River Member

CHINCHAGA
FORIUATON

Legend

@ titnotocies H: stromofoporoid-corol dolofl oolstone lo dolorudstone
ElLiffrorocies G: mossive peloidot skeletol dolopockslone fo dologroinslone
@Lifrofocies F: bi'luminous petoidol lominile
ffi Lithofocies C: nodulor crinoid-brochiopod wockestone
@ Litfrotoc ies B: irregulor-bedded lime m udstone
I Litnofocles A: bitr.lminous tominite

Figure 4.1 Summary of cyclicity in the Rainbow Sub-basin utilizing well 12-33-109-8
W6M to illustrate third-order cycle distribution (R1, R2, and R3), thickness, and
petrophysical log response (GR = gamma ray).

CYCLE R1
(24-35 m thick)



18

2043 m (6702.1'). In both these cores, -1. - 1.5 m of non-fossiliferous dolomudstone

(lithofacies I) marks the transition from anhydrite to open marine carbonate rocks. The

lithofacies that comprise the outer ramp lithofacies association (A: bituminous laminite,

B: irregular-bedded lime mudstone, ând C: nodular crinoid-brachiopod wackestone) and

the mid-ramp lithofacies association (D: massive crinoid-brachiopod wackestone, and E:

bioturbated crinojd-brachiopod floatstone) overlie lithofacies I and alternate in an

apparently non-systematic manner. No single core exhibits all the lithofacjes recognized

in cycle R1.

The presence of alternating lithofacies A to E indicates that cycle Ri was deposited in an

outer to mid-ramp environment with laterally shifting, gradational facies. Although the

ver-tical succession of lithofacies appears almost random, certain relationships can be

drawn between the various lithofacies (Encl. 2). In the 6-32-107-9 W6M well (21 17.j -

2089.I m,694'7.8 - 6853.9' depth), the lower part of cycle Rl is largely composed of

lithofacies A, C, and D, whereas the uppel part of the cycle is composed of lithofacies C

and E. Lithofacies E represents shallower positions on the ramp than lithofacies A and D

suggesting a subtle, overall shoaling-upward succession. However, evidence for an

overall shoaling-upward is not as apparent in cycle Rl of the 4-9-109-8 W6M (2043 -

2015.9 m,6102.1 - 6613.8' depth) or 4-30-110-9 w6M (tgïz.4 - 1951.1 m,6503.9-

6420.9'depth) wells.



4.4.2 CycleR.2

The basal -3 - 6 m of cycle R2 is typically comprised of interbedded lithofacies of the

outer ramp lithofacies association (A: bituminous laminite, B: irregular-bedded lime

mudstone, and C: nodular crinoid-brachiopod wackestone) and less commonly lithofacies

of the mid-ramp lithofacies association (D: massive crinoid-brachiopod wackestone, and

E: bioturbated crinoid-brachiopod floatstone). This unit is referred to as the lower

Rainbow laminite (LRL) in this study. It is recognized on perrophysical logs by a

prominent gamma-ray deflection (Fig. a.1 and Encl. 2). Cycle R2 is -8 - 14 m thick in

total. The character of cycle R2 is best seen in the 4-30-110-9 W6M well (1957.1 -
L948.5 m,6420.9 - 6392.6' depth) in which alternating lithofacies A and B grade up into

lithofacies C (Encl. 2). Cycle R2 appears to be a better developed shallowing-upward

succession that is expressed across the Rainbow area than cycle R1. The presence of

altemating lithofacies A to E indicates that cycle R1 was deposited in an outer to mid-

ramp environment with laterally shifting, gradational facies.

4.4.3 Cycle R3 (Basal Portion)

The base of cycle R3 is marked by deposition of the middle Rainbow laminite (MRL),

which is composed largely of lithofacies A (bituminous laminite), -2 m thick, at the top

of the Lower Keg River Member (Fig. a.l and Encl. 2). This shoals upward inro reef

foreslope facies of the Upper Keg River Member including, massive peloidal-skeletal

dolopackstone to dolograinstone (lithofacies G), and stromatoporoid-coral dolofloatstone

to dolorudstone (lithofacies H). A relatively thin (-3 m) oncoidal unit, inrerprcted as

equivalent to lithofacies E, was observed in one well (4-30-110-9 W6M; 1945.5 - Ig4j .5
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m, 6389.4 - 6383' depth) immediately overlying rhe MRL (Encl. 2). This unit is

anomalous in cycle R3, and is interpreted to represent the basin to buildup transition

(refer to Section 3.6.2). Bituminous peloidal laminite (lithofacies F) occurs l5 m to 25 m

above the base of cycle R3 and is interbedded with lithofacies G and H. These beds

comprÌse the upper Rainbow laminite (tlRL), which ranges from at least 10 m thick (in

the 4-9-109-8 W6M well) to at least 30 m thick (in the 6-32-109-8 W6M well) (Fig. 4.1).

However, in the Rainbow Sub-basin, none of the core intervals that were studied

completely span the Upper Keg River Member. It is possible that the IIRL is present

throughout the Upper Keg River Member foreslope succession up to the contact with the

overlying Muskeg Formation although this was not observed in this study. Based on

petrophysical log signatures indicating high gamma ray values and high interval transit

times, the interpreted top of the URL has been indicated on logs (Encl. I and 2) and

recorded in Appendix A: Formation Tops.

Cycle R3 lithofacies reflect the reef foreslope expression of adjacent, shoaling-upward

reefs of the Upper Keg River Member in the Rainbow Sub-basin. The MRL is

interpreted to have been deposited in response to the onset of the relative sea level rise

that facilitated initiation of the Upper Keg River Member reefs. Following this relative

sea level rise, reefs grew vertically, contributing reef debris (i.e., lithofacies F, G, and H)

to the reef foreslope. Although not observed directly in this study, it is hypothesized that

the thickness of cycle R3 is dependent on its position relative to newly forming reef and

inter-reef environments. This cycle would be expected to be thickest at the center of fully
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developed Upper Keg River Member reefs (up to a maximum of 230 m thick) and have

no expression (i.e., zero thickness) in off-reef positions (pers. comm. J. Wendte,2001).

4.5 Third Order Cycles in the Zama Sub-basin

4.5.1CycleZl

In the observed cores from the Zama area cycle Zl is composed of nodular brachiopod-

crinoid wackestone to floatstone (lithofacies C), and massive brachiopod-crinoid

wackestone to floatstone (lithofacies D), which are parts of the outer ramp and mid-ramp

lithofacies associations respectively (Fig. 4.2 andBncl.2). Cycle Zl Is -35 ro 40 m thick.

As in cycle R1, -1.5 m of lithofacies I (non-fossiliferous dolomudstone) occurs at the

base of cycle ZI and marks the transition from Chinchaga Formation anhydrite rocks to

Keg River Fotmation carbonate rocks. Lithofacies I grades up into alternating metre-

scale units of lithofacies D and lithofacies C (Encl. 2). No overall shoaling-upwards of

facies is apparent.

4.5.2 CycleZ2 (Basal Portion)

The base of cycle ZZ is marked by the occurrence of -1.5 - 2.5 m of Lower Keg River

Member deposits including lithofacies A (bituminous laminite) which is locally

interbedded with lithofacies C (nodular brachiopod-crinoid wackestone) that collectively

comprise the lower Zama laminite (LZL) (Fig. a.2 andEncl.2). These lithofacies pass

upward into reef foreslope lithofacies of the Upper Keg River Member, including,

massive peloidal-skeletal dolopackstone to dolograinstone (lithofacies G) and

stromatoporoid-coral dolofloatstone to dolorudstone (lithofacies H). Lithofacies F
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(bituminous peloidal laminite) occurs -25 m above the base of cycle 22 tn the 4-19-116-4

W6M well where it was observed interbedded with lithofacies G. Interbedded lithofacies

F, G, and H comprise the upper Zama laminite (UZL) which ranges from an estimated

minimum of 0 m in true off-reef positions to at least 10 m thick (in the 4-19-116-4 W6M

well) (Fig. 4.2). However, in the Zama Sub-basin, only one of the core intervals that was

studied completely spans the Upper Keg River Member (in the 4-L9-116-4 W6M well).

It is conceivable that the URL is present throughout the Upper Keg River Member

foreslope succession up to the contact with the overlying Muskeg Formation, although

this was not observed in this study. The top of the IJZLhas been estimated based on high

gamma ray values and high interval transit times on petrophysical logs (Encl. I and 2).

The estimated top of the UZI-has been recorded in Appendix A.

The LZI- is interpreted to have been deposited during the onset of the relative sea level

rise that resulted in reef development in the Upper Keg River Member in the Zama Sub-

basin. Reef foreslope deposits that comprise cycleZZ were derived from sediment shed

off adjacent, shoaling-upward reefs onto the reef flank. As in cycle R3 in the Rainbow

Sub-basin, the full thickness of cycle Z2 was not observed directly in this study.

However, the thickness of cycle Z2 is also considered to be dependent on its position

relative to newly forming reef and inter-reef environments with zero thickness in off-reef

positions ranging up to -104 m thick where maximum rcef development occurred (e.g.,

13-7-116-4 W6M well) (McCamis and Grjffith, 196j).
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4.6 correlation Between the Rainbow and zama sub-basins

Two possible schemes for the correlation of the Keg River Formation in the Rainbow and

Zama sub-basins were considered in this study. ln the first correlation, cycle R1 in the

Rainbow Sub-basin correlates to cycle ZI intheZamaSub-basin and the LRL correlates

to tlre LZL (Fig. 4.3A). Cycles R2 and R3 in the Rainbow Sub-basin co¡¡espond to cycle

22 in the Zama Sub-basin. This correlation suggests that the MRL could be correlative

with the UZL and that the IIRL has no correlative unit in the Zama Sub-basin. This

interpretation would suggest that two cycles of ramp development in the Rainbow area

(R1 and R2) correlate to only one such cycle in theZamaarea(Zl) and thatreef gror.vth

in the Upper Keg River Member initated earlier in the Zama Sub-basin than in the

Rainbow Sub-basin.

Regional studies indicate that the Rainbow and Zama areas are part of the extensive Elk

Point Embaytnent, (e.g., Meijer Drees, 1994) and that initiation of Upper Keg River

Member reefs in both areas occur¡ed at approximately the same time, controlled by

significant geological events (Campbell, 1992). Walsh (1986) described a regional

subsidence that occurred at the close of Lower Keg River deposition that affected the

entire Elk Point Emba¡rment, creating sub-basins such as Rainbow, Meander, La Crete,

Shekilie, andZama.

A more plausible correlation between the Rainbow and Zama sub-basins corurects cycles

Rl and R2 in the Rainbow area to only one such cycle in the Zama area (Zl) (Fig. a.3B).
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Figure 4.3 Possible corelations between the Rainbow and. Zama sub-basins, red
represents depositional cycles, blue represents stratigraphy, and green represents organic
rich laminites (LRl;lower Rainbow laminite, MRhmiddle Rainbow laminite,
URl=upper Rainbow laminite, LZL=lower Zama laminite, and IJZLupper Zama
laminite). A) This correlation assumes that reef initiation occured earlier in the Zama
Sub-basin than in the Rainbow Sub-basin. B) The favored correlation suggests coeval
reef initiation in both sub-basins. See text for details.
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The LRL has no correlative laminite in the Zama area. This succession is followed by

cycles R3 and 22, which suggests coeval initiation of Upper Keg River Member reefs in

both the Rainbow andZama sub-basins. Based on this correlation, the MRL correlates to

theLZL and the IIRL is correlative with the UZL.

4.7 Depositional History

Deposition of the Lower Keg River Member began during a relative sea-level rise that

transformed the Rainbow and Zama areas from an evaporitic setting, represented by the

Chinchaga Fornation, to an widespread carbonate ramp represented by cycle Rl in the

Rainbow area and cycleZl in the Zama area.

This marine transgression corresponds to the initial incursion of open-marine waters into

the Elk Point Embayment (Campbell, 1992). Cycle R2 developed in response ro a

relative sea-level rise attributed to relatively local subsidence in the Rainbow area. A

correlative cycle is not present in the Zama Sub-basin suggesting that the subsidence

responsible for initiating R2 was less pronounced or did not occur in the Zama area.

Cycle R2 has not been recognized previously by other workers.

Following deposition of the Lower Keg River Member ramp, another relative sea-level

rise attributed to subsidence resulted in growth of shelfal carbonates on a platform

fringing the Peace River Arch and on banks connected to this platform that were

positioned over basement highs (e.g., Hay River Fault Zone) (Campbell, IggZ). Lower

lying areas were drowned at this time to form discrete sub-basins such as the Rainbow,
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Zama, and Shekilie sub-basins. In these sub-basins, isolated reefs of the Upper Keg River

Member developed on paleotopographic highs where greater light intensity and higher

energy conditions were favorable for coral and stromatoporoid growth (Campbell, 1992).

In the Rainbow Sub-basin, crinoidal shoals formed at the top of the Lower Keg River

Member ramp and are the proposed initiation sites for reefs (Campbell, 1992). Basement

structures such as faults, folds, and topography caused by dissolution of underlying Lower

Elk Point salts may have influenced the distribution of crinoidal shoals and, in turn, reef

distribution (Langton and Chin, 1968). In the Zama Sub-basin, McCamis and Griffith

(1967) observed a dolomitized crinoid bank forming the basal 12 m of Upper Keg River

Member reefs and suggested this bank formed initiation sites for the reefs. Walsh (1986)

postulated that reefs in the Rainbow andZama sub-basins developed along platform highs

related to basement structure.

In off-reef and foreslope positions, the deepening event responsible for sub-basin

differentiation corresponds to the base of cycle R3 in the Rainbow Sub-basin and the base

of cycle 22 in the Zama Sub-basin where the deep-water facies of the MRL and the LZL,

respectively, were deposited in response to drowning of the Lower Keg River Member

ramp. These facies pass upwards into allochthonous foreslope debris neal Upper Keg

River Member reefs (Campbell, 1992). Subsequently, a relative sea-level drop, due to

either evaporitic drawdown or regional sea-level lowering, halted carbonate growth in the

Rainbow and Zama sub-basins as reefs were exposed and hypersaline conditions were

established (Campbell, 1992).
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CHAPTER 5: ORGANIC MATTER ACCUMULATION & PRESERVATION

5.1 Introduction

The hydrocarbon source potential of organic-rich marine deposits has sparked interest in

characterization of the paleoecology and paleoenvironment of organic-rich facies (e.g.,

Chow et al., 1995a). A number of factors influence OM accumulation and preservation

including: 1) bottom-water oxygenation that is independent of phytoplankton

productivity, 2) primary phytoplankton productivity in surface waters, 3) bulk

sedimentation rates, 4) supply of terrestrial OM, and 5) sediment texture and mineralogy

(summarized in Tyson, 19871' Pederson and calvert, 1990; wetzel, l99l)). The major

debate revolves around whether enhanced preservation due to anoxia or high primary

phytoplankton productivity is the primary control on accumulation and preservation of

OM (e.g., Demaison and Moore, 1980; Pederson and Calvert, 1990; Calvert et a\.,1996).

Other factors are considered secondary to preservation and productivity.

Detetmination of the primary control on accumulation of OM in specific petroleum

systems, using organic petrology, has far-reaching implications for the petroleum

industry. Once the primary control is determined for a number of source rocks, models

for source rock distribution firmly rooted in direct observation can be constructed and

previously developed models can be evaluated.



5.2 Anoxia (Preservation)

Bottom-water anoxia has been considered by many studies to be the primary control for

accumulation and preservation of OM (e.g., Demaison and Moore, 1980; Jenkyns, 1980;

Tyson, 1987' Canfield, 1989; Demaison, r99r; Tyson and Pearson, rggr; van cappellen

and Canfield, 1993). Anoxia has historically been the model that most geologists and

others have used to explain source rock occurence. This study adopts the definition of

anoxia presented by Demaison and Moore (1980) that defines water containing less than

0.5 mL of oxygen per liter of water as anoxic. At this low oxygen concentration, benthic

metazoan biomass and, therefore, bioturbation is appreciably reduced. Demaison and

Moore (1980) suggested that this oxygenation level marks the boundary between poor

and good preservation of OM, with rcspect to both quality and quantity. However, many

researchers do not agree with this statement as will be discussed subsequently.

5.2.1 Development of Anoxic Layers

Anoxia can develop in response to a number of factors, including water-column

stratification, high oM flux, and water depth (Demaison and Moore, 1980). Anoxia

ultimately reflects a higher demand for oxygen than can be met by the current supply in

the water column. Oxygen demand is directly related to the amount of OM in the water

column that needs to be oxidized (degraded). Approximately 80Vo of OM degradation

occurs in the euphotic zone where fiee oxygen is supplied from the atmosphere and from

photosynthesis in surface waters (Demaison and Moore, 1980). The remaining20To that

sinks below the euphotic zone must also be degraded, creating additional oxygen demand.
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The oxygen supply available to degrade OM below the euphoti c zone depends largely on

ocean circulation. Density differences, high-latitude cooling, surface winds, and the

Codolis force drive ocean circulation, which facilitates the downward movement of

aerated sutface waters and the upward movement of oxygen-rich, colder, denser bottom-

waters (Parrish, 1982). Density stratification in the water column (pycnocline) develops

when cooler water underlies warrner water (thermocline), or when saline water underlies

fresher water (halocline) restricting vertical mixing. This can lead to development of

anoxic layers, or an oxygen minimum zone (OMZ) in the water column (Fig. 5.lA).

Vertical mixing can also be restricted when a physical banier exists between the open

ocean and an isolated body of water (Pederson and Calvert, 1990). Such a barrier

prevents the replenishment of oxygen in the body of water below the barrier depth due to

the presence of a strong pycnocline.

Increased flux of OM from terrestrial sources and/or elevated primary productivity can

overwhelm the oxygen supply in the water column, resulting in the creation of an anoxic

Iayer that favors OM accumulation and preservation (Chow et al., 1995a). However,

Demaison and Moore (1980) observed no systematic correlation between elevated

productivity and OM content in modem marine sediments and concluded that factors

other than productivity must control oM accumulation and preservation.

'Water-column oxygenation can also change dramatically with increasing depth

(Demaison and Moore, 1980). This is because oxygen is only produced in the upper

water column by photosynthesis within the photic zone and the atmosphere only
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Figure 5.1 Schematic diagrams illustrating preservation and productivity as primary
controls on OM accumulation. A) Preservation: A stratified water column inhibits or
eliminates benthic scavenging and bioturbation favoring the accumulation and
preservation of organic-rich facies on the seafloor. B) Productivity: High
phytoplanktonic productivity in surface waters produces an increased flux of OM settling
to the seafloor. Elevated rates of aerobic bacterial decay and phytoplanktonic respiration
create an oxygen minimum zone. Where this oxygen minimum zone impinges on the
continental margin, anoxic bottom-waters result which favor the accumulation and
preservation of OM (modified from Chow et a1.,1995b; Stasiuk et a1.,1995).
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oxygenates surface waters. However, deeper waters can be oxygenated periodically by

agitation. Lack of circulation can lead to the development of anoxic waters, sometimes

due to water depth, but also related to topography of deep areas creating regions with

sluggish circulation such as amongst reefs within intracratonic basins. Oxygen

consumption is greatest at the sediment water interface where settled OM is degraded by

aerobic bacteria (e.g., Rhoads, 1974). These conditions lead to a deficit of dissolved

oxygen at depth resulting in bottom-water dysoxia or anoxia.

5.2.2 Ãnoxia: Accumulation and Preservation of OM

In an oxygenated water column, OM is subjected to biochemical degradation before,

during, and after reaching the sediment-water interface. During settling, OM is a source

of energy and nutrients for living organisms including zooplankton, larger inveftebrates,

and fish (Arthur and Sageman,1994). At the sediment-water interface suspension feeders

and benthic organisms consume a proportion of the OM that reaches the sediment

surface. Following shallow burial, deposit feeders such as polychaetes, holothurians, and

bivalves further consume and degrade OM (Demaison and Moore, 1980). OM

degradation is further enhanced by mobile deposit feeders, which aerate and irrigate

sediments through burrowing activity. Therefore, the total benthic metazoan biomass is a

controlling factor on accumulation and preservation of OM.

Oxygen levels directly affect the benthic metazoan biomass. Studies show that the

benthic mefazoan biomass is active down to oxygen concentrations of 1 mL of oxygen

per litre of water (Rhoads, 1974). From 0.7 to 0.3 mLlI- oxygen concentration, the
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benthic metazoan biomass decreases, directly affecting the rate of OM degradation

(Rosenberg, 1977). Below 0.3 mI-/L deposit feeders are rare, sluggish, and soft-bodied if

present at all. Below 0.1 mL/L, no suspension feeders can survive and only anaerobic

bacteria remain to carry out OM degradation. Benthic metazoan biomass decreases with

decreasing oxygenation levels, therefore, favoring preservation of OM in oxygen-poor

environments.

Although benthic metazoans are largely responsible for OM degradation, bacteda also

degrade OM in the water column and at the sediment surface (Demaison and Moore,

1980). Aerobic bacteria uTllize oxygen to breakdown OM by the reaction:

(1) CH2O * 02---+ COz + HzO

Once free oxygen is used up, anaerobic bacteria replace aerobic bacteria. Anaerobic

bacteria use nitrate to degrade OM by the reaction:

(2) CHzO + 4NO¡ --- 6COz + 6H2O + 2N2

Once all free nitrate has been consumed, anaerobic bacteria resort to sulfate reduction

reactions to degrade OM:

(3) CH2O + SOa -' COz + H2O + H2S

Finally, when the supply of sulfate is exhausted, anaerobic bacteria must use carboxyl

gl'oups and organic acids derived from the OM itself to breakdown OM further via

fermentation reactions.

The significance of this series of reactions is that efficiency is reduced with each

progressive step rendering anaerobic degradation much less efficient than aerobic
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decomposition. Anaerobic degradation, the process predominant in anoxic water

columns, produces more lipid-rich, hydrogen-rich OM than aerobic degradation.

Bacterial biomass, a large contributor to total OM content, is also disproportionately high

in anoxic environments. Inefficient anaerobic degradation favors preservation of OM in

oxygen-poor environments.

5.3 Phytoplankton Productivity

Based on recent oceanographic studies, elevated primary productivity in surface waters

has been proposed as an alternative to bottom-water anoxia as a primary control on OM

accumulation (Fig. 5.18) (e.g., Müller and Suess, l9l9; Suess, 1980; parrish, 19g2;

Calvert, 1987; Pederson and Calvert, 1990; Calvert and Pederson, 1992: Tibovlllard et

al., 1994). A number of studies have shown that bottom-water oxygen concentration has

Iittle effect on the quantity or quality of OM that accumulates and is preserved (e.g.,

Harvey et a1.,1986; calvert et a\.,1991; calvert et al., 1992; cowie and Hedges, L992;

Lee,1992; Pederson et al., 1992).

5.3.1 Development of Algal Blooms

Modern algal blooms develop in response to changes in environmental parameters

including nutrient levels, temperature, salinity, light, turbidity, and water-column

stratification (summarized in Fritsch, 1959; Calvert, 1987; South and Whittick, 1987;

www.dlwc.nsw.gov.au/care/water/bga./causes.html, accessed January 14, 2002). Algal

blooms are favored by elevated levels of dissolved nutrients, such as phosphorous and

nitrogen, in a body of water (eutrophication). Nutrients may be derived from terrestrial
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erosion and runoff from laterally adjacent landmasses. Upwelling, which brings nutrients

into the photic zone from deeper, more nutrient-rich environments is another mechanism

for elevating nutrient levels. Two major types of upwelling currents are recognized: a)

coastal upwelling and b) open-ocean divergence.

Coastal upwelling occurs when prevailing winds cause transpoft of sudace waters away

from the coast and replacement of these wâters from below (Parrish, 1982). In the

Northern Hemisphere, coastal upwelling requires steady winds parallel to the coast with

the coast positioned such that net water transport offshore occurs due to the Coriolis

effect. Upwelling, and consequently algal blooms, are ubiquitous off the west coasts of

continents (Parrish, 1982). Trade winds, which blow from east to west and towards the

equator in both hemispheres, are responsible for this distribution because they drive

surface water away from west-facing coastlines causing upwelling (Pederson and Calvert,

1990). Shallow upwelling near the equator, as surface water is warmed and moves away

from the equator, is corelated with moderate primary productivity throughout the year

(Pederson and Calvert, 1990).

Open-ocean divergence upwelling occurs under low-pressure systems, where air rises

relative to surrounding air and adjacent, high-pressure air flows in to replace the rising air

(Parrish, 1982). Water is driven away from the center of the low-pressure system and is

replaced by upwelling waters from below.
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Modern algal blooms develop during warmer seasons (spring and summer) when water

temperatures are elevated and more sunlight is available for the phytoplankton (www.

dlwc.nsw.gov.au/carclwaterlbga/causes.html, accessed January 14, 2002). Temperature

sensitivity explains why algal blooms can persist in tropical regions throughout the year

but do not occur in temperate regions during the winter months.

Brackish or hypersaline waters can also encourage the development of algal blooms.

Different species of algae have different salinity requirements; therefore, changes in

salinity can trigger blooms of specific algae species (www.

dlwc.nsw.gov.aulcarelwaterlbgalcauses.html, accessed January 14,2002). For example,

modern blooms of Aureococcus anophagffirens, a picoplanktonic algae responsible for

"brown tides" along the midwestem Atlantic coast of the U.S.A, are triggered by elevated

salinities resulting from reduced estuarine flushing rates (Bricelj and Lonsdale, 1991).

Intermittent, high-intensity light favors the development of modern algal blooms although

long periods of high intensity light can be detrimental to phytoplankton (www.

dlwc.nsw.gov.au/care/waterlbgalcauses.html, accessed January 14, 2002). Modern

cyanobacteria can thrive even undel low light conditions, such as in turbulent waters,

where other algae are unable to flourish (Bricelj and Lonsdale, 1997). This is because

cyanobacteria can control their position in the water column (and therefore their exposure

to light) by deflating and inflating a gas vesicle. In general, light conditions are more

favorable to algal blooms in tropical regions throughout the year or during spring and
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summer in temperate regions. Turbidity is generally detrimental to most phytoplankton

because turbid waters contain suspended particles of sediment and OM that limit light

penetration necessary for phytoplanktonic productivity

(www.dlwc.nsw.gov.aulcarelwater/bga/causes.html; accessed January 14, 2002).

Therefore, algal blooms are favored in slow moving waters, affected only by light surface

winds, and limited sediment load from terrestrial sources.

Watel column stratification, such as thermal stratification, can also promote algal blooms

(www.dlwc.ns\¡/.gov.au/carelwater/bga/causes.html; accessed January 14, 2002). Stable

surface watels in stratified water columns are warm and clear, have excellent light

penetration, and extend to greater depths than surface waters in mixed water columns.

Stratification also often leads to decreased oxygenation of bottom-water layers. Bottom-

water dysoxia or anoxia may lead to increased release of nutrients from the sediments.

5.3.2 Productivity: Accumulation and Preservation of OM

During periods of elevated phytoplankton productivity (algal blooms), high rates of

phytoplanktonic respiration and aerobic bacterial decay of settling OM depletes oxygen

levels in the surounding water, creating an oxygen minimum zone which results in

anoxic bottom-waters where the oxygen minimum zone impinges on the continental

margin (Fig. 5.lB) (Demaison and Moore, 1980). In addition to reducing or eliminating

scavengers and bioturbators, an oxygen minimum zone can also result in mass kills of

pelagic organisms trapped within this zone. In these scenarios, large amounts of OM
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cannot be oxidized (degraded) and therefore accumulates and is preserved as a direct

result of high productivity.

5.4 Sedimentation Rates

A number of studies have indicated that that the dominant second-order control on OM

content in marine sediments is bulk sedimentation rate (e.g., Müller and Suess, 1979;

Canfield, 1989; Betts and Holland, 1991). Elevated inorganic sediment accumulation

rates reduce the residence time of OM at the sediment-water interface, increase the burial

efficiency of the system (the amount of ultimately buried OM as a percentage of the OM

flux that reaches the sediment-water interface) (Arlhur and Sageman,1994), and decrease

benthic degradation loss, all of which serve to promote preservation of OM. However, if

OM flux rates remain constant, total OM content of sediment will decrease with

increasing inorganic sedimentation rate because of a "clastic dilution" effect. Clastic

dilution can occur in both oxic and anoxic depositional environments.

5.5 Supply of Terrestrial 0M

The main source of allochthonous OM is from terrestrjal environments (Meybeck, 1982).

The contribution of terrestrial OM by precipitation, wind, and rivers is modest compared

to the significant amounts of OM produced by marine phytoplankton, but it is still an

important control on the accumulation of OM. Less than I7o of the total OM in modern

marine environments is derived from tenestrial sources, although modem rivers transport

7.0 x 108 metric tons of OM into the oceans and seas annually (Skopintsev, 1950 in

Bordovskiy, 1965). The OM content of any river depends on a number of factors,
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including climate, erosion, relief, and turbidity. Modern research indicates that rivers

draining swamps and other poorly dlained areas have the highest OM content (25 m{L)

(Meybeck, 1982). Rvers in taiga (moist subarctic forests dominated by conifers) have the

second highest OM content (10 mgll-), followed by rivers in the wet tropics (6 mgl[-), and

rivers in temperate zones (3 mg/L). Rivers that flow through tundra or other semi-arid

environments have the lowest OM contents.

OM content is also high in rivers with relatively high erosion rates that result in leaching

and erosion of organic soil components, organic-rich sedimentary rock, and

metamorphosed OM (Bordovskiy, 1965; Meybeck, 1982). Rivers flowing through areas

of high relief may contain more OM than those flowing through areas of limited relief

due to their higher potential for erosion. However, dvers flowing through plains typically

contain more OM than those in mountainous regions because they are commonly less

turbid which favors high OM contents (Meybeck, 1982). Terrestrial OM may also be

transported to marine environments by winds and by precipitation but to a lesser extent

than by rivers (Meybeck, 1982, Arthur and Sageman,1994).

5.6 Sediment Texture and Mineralogy

OM content is affected by both the texture and the mineralogy of associated sediments.

Aside from typically characterizing environments with lower depositional energy and

higher OM flux, fine-grained sediments also favor high OM content because surface area

increases exponentially with decreasing grain size and OM forms a coating of consistent

thickness on clastic grains (Müller and Suess, 1979; Kell et aI., 1993 ln Arthur and
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Sageman, 1994). Mineralogy is another important consideration because some organic

compounds are sorbed onto the surfaces of calcium carbonate grains and/or clays

resulting in greater preservation potential for OM (Arthur and Sageman, 1994). The

amount of OM sorbed onto these grains is dependent on surface atea, and therefore fine-

grained sediments favor elevated OM contents as mentioned previously.
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CHAPTER 6: ORGANIC PETROLOGY

6.1 Introduction

Study of OM in sedimentary rocks, such as the organic-rich laminites within the Rainbow

and Zama sub-basins, provides insight into the prevailing paleoecological and

paleoenvironmental conditions during deposition. OM is transformed into kerogen, the

source of hydrocarbon accumulations, by burial pressures and temperatures (Tissot and

Welte, 1984; Hunt,1,996). Kerogen in organic-rich laminites in the Rainbow and Zama

sub-basin were analyzed using organic petrology and organic geochemistry integrated

with detailed sedimentology.

Organic petrology is the branch of earth science concemed with all aspects of the origin,

occuffence, and history of sedimentary OM (Taylor et a1.,1998). In this study, incident-

light microscopy was used to identify macerals and OF based on the morphology and

fluorescence of dispersed OM particles. OF were then determined based on maceral

assemblages and used to interpret paleoenvironment and paleoecology.

6.2 Overview of Maceral Types

Macerals, a term introduced by Stopes (1935), was initially used to refer to the

microscopically identifiable constituents in coal. However, the maceral concept is also

applicable to dispersed OM (kerogen) in organic-rich, fine-grained sedimentary rocks.

Macerals are the insoluble remains of plant tissue and plant-derived substances present in

coal and organic-rich sedimentary rocks and exhibit heterogeneity in both chemical
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composition and physical properties, creating many challenges for their study (Stopes,

1935; Stach et al., 1982). C, H, O, S, and N are the main elemental constituents of

macerals (Taylor et aI., 1998). Morphology, hardness, and optical propenies such as

reflectance, fluorescence, and color are the criteria used to classify different macerals

(Taylor et al. 1998). Macerals are classified in to three groups based on optical

properties: vitrinite, liptinite, and inefiinite (Taylor et aI., 1998). Vitrinite macelals are

derived from humic substances originating from lignin and cellulose in plant cell walls

and are characterized by relatively high carbon aromatic fraction and oxygen content.

Liptinites originate from hydrogen-rich plant material including algaenan (algal cell

walls), sporopollenin (spores and pollen), resins, cutin, suberin, waxes, oils, and fats.

Liptinites have higher hydrogen content and aliphatic fraction than vitrinites. Inertinites

are derived from the same original plant substances as vitrinite and liptinite, but the

precursors to inertinites underwent some primary transformation (i.e., oxidation) prior to

kerogen formation. Inertinites have high carbon content, low hydrogen content, and are

highly aromatized. Varieties of alginite and sporinite macerals of the liptinite group have

proven successful for defining OF in the Devonian of the WCSB and Ontario (Obermajer,

1997; Stasiuk, 1999).

6.2.L Alginite Macerals

Alginite macerals are organic-walled microfossils derived from lipid-rich, resistant

biomacromolecules including green algae, cyanobacteria, dinoflagellate cysts, planktonic

prokaryotic and eukaryotic algae cysts (Lipps, 1993). Prasinophyte alginites, coccoidal



103

alginites, filamentous alginites, and acanthomorphic acritarchs are of impoftance in this

study.

Prasinophyte Al ginites

Prasinophytes are derived primarily from marine green algae (phylum Chlorophyta)

(Lipps, 1993). The largest, thick-walled fossil Prasinophytes probably represent the

phycoma (highly resistant, nonmotile resting stage) of the Prasinophyte life cycle. A

number of different fossil genera may be distinguished in organic-rich rocks, including

Leiosphaeridia and Tasmanites. Leiosphaeridia (considered to be an acritarch by some

researchers) is charactertzed by thin (commonly less than 0.5 pm), smooth cell walls

(pers. comm. L. Stasiuk,2000) (Fig. 6.14). In contrast, Tasmanites has relatively thick

(commonly 4-5 ¡rm), pore-bearing (punctate) cell walls (Fig. 6.18).

Coccoidal Alginites

Coccoidal alginites are derived from unicellular green algae or cyanobacteria which, after

cell division, group together in a colonial aggregate within an extracellular envelope

(Golubic and Knoll, 1993). Coccoidal alginite macerals include Gloeocapsornorpha,

Botryococcus, Pila, and Reinschia (Taylor et aI., 1998). The coccoidal alginite in the

Devonian of the WCSB has been classified as Gloeocapsomorpha prisca-llke (Chow er

aI., I995a; Stasiuk, 1999; Fowler and Stasiuk, 1999) in marine environments (Fig. 6.24

and C) and as Botryococcus-like in lacustrine settings (Fig. 6.28) (Stasiuk, 1999).
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Figure 6.1 Photomicrographs of alginite macerals from the URL in the Rainbow Sub-
basin taken using fluorescent incident light microscopy and water-immersion objectives.
A) Large, relatively thin-walled Leiosphaeridia exhibiting characteristic smooth cell
walls. 6-32-109-8 W6M, 1994 m (6542') depth. B) Large, thick-walled Tasmanites
displaying contorted, punctate cell walls. 4-9-109-8 w6M, 1954.3 m (6511,.15') deprh.
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Figure 6.2 Photomicrographs of coccoidal alginites taken using fluorescent incident light
microscoplt and water-immersion objectives (photomicrographs A and B from Stasiuk,
1999). A) Coccoidal Botryococcus alginite in lacustrine marl. B) Multicellular, marine
coccoidal alginite (Gloeocapsomorpha prisca) showing the typical appearance of colonial
aggregates of coccoid cyanobacteria (from Stasiuk, 1999). C) Gloeocapsomorpha
prisca-tlke coccoidal alginite from the LRL in the Rainbow Sub-basin. 6-32-107-9
W6M, (2086.7 m) 6843.3' depth.
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Filamentous Alginites

Filamentous alginites are derived from multicellular cyanobacteria (Golubic and Knoll,

1993). These organisms maintain intimate contact between cells subsequent to cell

division. Modern filamentous cyanobacteria are charactenzed by tight linear arangements

of cells called trichomes. These cyanobacteria range from simple rod-shaped to more

complex branching taxa that differentiate specialized cells such as reproductive cells,

apical cells, heterocysts, and akinete cells. Filamentous alginites are rarely preserved due

to their original cell morphology, and no filamentous alginites were identified in the Keg

River Formation in this study. However, remnants of filamentous alginites in the form of

algal akinete cells, interpreted as cyanophyte-derived, have been previously reported in

the Keg River Formation in the La Crete Sub-basin by Chow et al. (1995a), and Stasiuk

(1999). Akinetes are resting spores of cyanobacteria that develop in response to

unfavorable conditions by increasing in size and developing thickened cell walls (Fig.

6.3). Modern and fossil akinetes have an exospore (outer wall) and an endospore (inner

wall). Once environmental conditions retum to normal, the exospore bursts and the

endospore germinates to produce new cyanobacteria cells (Round, l98l; Stasiuk, 1999).

Acritarchs

Acritarchs are organic-walled microfossils derived from different stages in the life cycle

of unicellular algae, such as cysts and vegetative cells (Mendelson, 1993). Acritarchs are

sub-divided into eight main varieties based on morphology; 1) acanthomorphs which
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Figure 6.3 A and B) Photomicrographs from the Keg River Formation taken using
fluorescent incident light microscopy and water-immersion objectives. Round vitrinite
group macerals derived from micro-algal special reproductive, resting or akinete cells,
indicative of algal blooms (from Stasiuk, 1999). C and D) Photomicrographs of pyrite
spheres which occur in chains parallel to laminae from the UTlt- in the Zama Sub-basin
(this study) taken using reflected white light microscopy and water-immersion objectives.
These pyrite spheres are postulated to be pyritized akinete cells. 4-19-116-4 W6M,
(1527 .5 m) 501 1.5' depth.



108

have spherical bodies with spiny processes (Fig. 6.aA); 2) polygonomorphs which have a

body shape determined by the number and position of their spines and are often square or

triangular; 3) neteromorphs which have a fusiform body and at least one spine; 4)

diacromorphs which have spherical to ellipsoidal bodies with ornamentation confined to

their poles; 5) prismatomorphs which have prismatic to polygonal bodies with a flange or

crest at the edges; 6) oomorphs which have an egg shaped body with ornamentation at

only one pole; 7) herkomorphs which have approximately spherical bodies divided into

polygonal fields; and 8) sphaeromorphs which have spherical bodies (Downie et aI.,

1961; Downie and Sarjeant, 1964; Mendelson, 1993). Acritarchs in the Keg River

Formation consist mainly of acanthomorphic acritarchs including Veryachium-l1ke

acanthomorphic acritarchs (Fig. 6.4r_).

6.2.2 Sporinite Macerals

Sporinite macerals represent the preserved remains of the cell walls of terrestrial spores

and pollens. Spore/pollen fossils are tough, hollow, variably grooved or ornamented

bags, balls, or cases (Traverse, 1988). The inner cell wall layers and protoplasm of fossil

spores/pollen are absent and the remaining "empty cases" are usually flattened and

contofied during fossilization. The outer cell wall (exine) may be variably omamented,

ranging from smooth to bumpy, spiny, grooved, polygonal or structured in some other

manner (Fig. 6.Ð. Morphological differentiation of spores/pollen is based on such

ornamentation. Sporinite has relatively high relief in polished mounts and thin sections

due to the toughness of sporinite cell walls.
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Figure 6.4 Photomicrographs of acritarchs and sporinites taken using fluorescent incident
light microscopy and water-immersion objectives. A) Acanthomorphic acritarch from the

MRL in the Rainbow Sub-basin. 6-32-109-8 W6M, 1994 m (6542') depth. B)
Veryachium-like acanthomorphic acritarch from the MRL in the Rainbow Sub-basin. 4-
9-109-8 W6M, 1985 m (6511.15') depth. C) Sporinite exhibiting bumpy surface

ornamentation from the LRL in the Rainbow Sub-basin 4-9-109-8 W6M, 2009 m (6591')
depth. D) Schematic drawing of a collapsed trilete spore with the trilete mark visible on

the upper surface (after Stach et a\.,1982).
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Some spores/pollen are morphologically distinctive due to preserved "infrasculpture"

which refers to inward directed folds and structures visible inside the spore/pollen cell

walls (Stach et aI., 1982) or surface monolete, alete, or trilete markings (Taylor et al.,

1998). Trilete spores have sutface Y-shaped scars (Fig. 6.4D), and are the most basic

spores and the first to appear in the fossil record in the early Silurian (Traverse, 1988).

Other spore types appear later than trilete spores in the fossil record and were probably

derived from trilete spores.

6.2.3 Other Macerals

Bituminite is a liptinite maceral that has weak brownish to no fluorescence, lacks

characteristic shape or structure, and occurs as lenses and streaks in the matrix (Taylor et

aL, 1998). Bituminite is likely derived from bacterial decomposition of algae and other

OM. Micrinite is a finely granular inertinite group maceral that represents the solid

carbon residues that remain when petroleum generation releases liquid hydrocarbons from

bituminite and other liptinite macerals (Taylor et a\.,1998).

6.3 Organic Facies

Jones and Demaison (1982) formally defined an organic facies (OF) as "a mappable

subdivision of a designated stratigraphic unit distinguished from the adjacent

subdivisions on the basis of the character of its organic constituents, without regard to the

inorganic aspects of the sediment." Alginite and acritarch distribution in marine settings

has been utilized by previous authors to identify OF and to interpret the proximity of

paleodepositional environments to shoreline (Dornin g,1987; Tyson, 1981,1993; Chow e/
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al.,I995a). The OF model based on maceral assemblages utilized in this study is based

on the model of Stasiuk (1999) (Fig. 6.5), which is based in part on the work of Dorning

(1987). This model can be applied to the Keg River Formation in the Rainbow, Zama,

and La Crete sub-basins where phytoplankton precursors (alginite varieties) and

sporinites are used to define OF. The OF model illustrates the distribution of

phytoplankton and sporinites in surface waters from shoreline to basin under conditions

of notmal phytoplanktonic productivity (Chow et aI., 1995a). The distribution of rhese

diagnostic macerals indicate changes in water depth, water agitation, and trophic

conditions.

The most basinward maceral assemblage is OF A (Chow et aI., I995a). It is dominated

by small, relatively thin-walled Prasinophyte alginites with varying amounts of larger,

thick-walled Prasinophytes, ranging from minor, but persistent, to abundant (Stasiuk,

1999). OF B represents depositional environments at intermediate depths and

intermediate distances from a bank margin or shore setting. OF B is dominated by small,

thin-walled Prasinophytes (similar to OF A), acanthomorphic acritarchs, and may include

rare to very minor sporinites. OF C represents the shallowest depositional environments,

proximal to bank margin or shoreline settings. This OF is characterized by those

macerals found in OF B as well as persistent sporinites and coccoidal alginite colonies.
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6.3.1 Algal Bloom Organic Facies

Organic petrology can also be used to identify periods of elevated phytoplanktonic

productivity, i.e., algal blooms (stasiuk, 1993; chow et al., 1995a; clegg et aI., l99j;

Stasiuk, 1999). Algal bloom conditions subject phytoplankton to a variety of

environmental stresses including decreased light penetration due to the overabundance of

phytoplankton in sudace waters, photo-oxidation of algal cells caused by exposure to too

much light when these cells are forced to the top of the algal bloom by overcrowding, and

depletion of nutrient supply. During modern algal blooms, algal akinete cells form in

response to unfavorable conditions and are important indicators of elevated

phytoplanktonic productivity (Fritsch, 1959; Srasiuk, 1999). Large, thick-walled

Prasinophytes may also develop in significant quantities during these periods of

environmental stress (Fay, 1983; Lipps, 1993; Anderson, I9g4). Therefore oF A with

substantial amounts of large, thick-walled Prasinophyte alginite macerals could also

indicate algal blooms rather than exclusively deposition in deeper water. Integration of

sedimentology and organic petrology is crucial in this determination. Sedimentological

evidence for shallow water deposition, combined with the identification of abundant

large, thick-walled Prasinophytes using organic petrology could therefore support algal

bloom activity.

6.4 Effects of Thermal Maturation

High thermal maturity in ceftain sedimentary basins poses challenges for organic

petrological studies due to the effects of maturation on the petlographic properties of OM

(Taylor et al., 1998). Reflectance (7o Ro), defined as "the proportion of perpendicularly
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incident light which is reflected from a surface" increases with maturation (Taylor et aI.,

1998). Therefore, measuring the reflectance of vitrinite macerals has become an accepted

means of assessing the level of maturation in sedimentary OM. The Zama Sub-basin has

a maturity on the order of l%o Ro vitrinite reflectance equivalent (7oRo V¡) (Fowler et aI.,

200I) while the Rainbow Sub-basin has an even higher thermal maturity. Both sub-

basins fall well within the catagenesis stage of thermal maturation (0.5Vo Ro to 27o Ro)

(Hunt, 1996). Catagenesis occurs at temperatures ranging from 50oC to 150"C and

pressures between 30 and 150 MPa (Tissot and Welte, 1984). Most oil windows ("the

depth at which a petroleum source rock generates and expels most of its oil") occur

between 60'C and 160'C within the catagenesis stage (Hunt, 1996). During catagenesis,

kerogen is transformed into petroleum-range hydrocarbons by thermal degradation.

Liquid hydlocarbons are produced first, followed by wet gâs, condensates, and methane.

The end of catagenesis occurs approximately at a vitrinite reflectance of Z.OVo Ro after

which point there is no further petroleum generation and only limited methane generation

(Tissot and Welre, 1984).

Of all maceral groups, the liptinite group (i.e., sporinites and alginites) is the most

sensitive to temperature increases and therefore, exhibits the most pronounced

degradation as maturation progresses (Taylor et a|.,1998). The fluorescence intensity of

liptinite macerals decreases and shifts from lower wavelengths (green and yellow) to

higher wavelengths (red). At approximately L3To Ro when oil generation ends (oil death

Iine), sporinite macerals typically cease fluorescing entirely or are convefted to vitrinite

and inertinite (secondary maceral groups). Alginites exhibit an even more pronounced
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decrease in fluorescence intensity with increasing maturation than sporinites, losing all

fluorescence at 0.9 to 1.07o Ro. A blue shift in fluorescene of alginites is sometimes

observed once the oil window has been attained. This is due to the blue fluorescence of

liquid hydrocarbons which can remain inside the alginite macerals subsequent to oil

expulsion. If all hydrocarbons are expelled from the alginites, the fluorescence color

shifts to red. Alginite color observed in thin sections changes from white to yellow, red

and brown with maturation.

Elevated pressure and hydrocarbon expulsion during maturation results in flattening and

size reduction of liptinite macerals. For example, large, thick-walled Prasinophyte

alginites in the thermally mature Rainbow and Zama sub-basins rarely exceed 100 ¡rm

length and are flattened to as thin as 5 ¡rm, whereas Prasinophytes described by Chow et

al., (1995a) in the thermally immature La Crete Sub-basin are much less flattened and are

up to 350 pm long. Another problem encountered when examining thermally mature

samples is that the number of alginites in any given volume of rock increases with

increasing burial depth, thermal maturity, and oil expulsion from the alginites

(concentration effect).

6.5 Organic Facies in This Study

Samples from organic-rich laminite units in the Rainbow,Zama, and Meander sub-basins

were analyzed using organic petrological methods to determine maceral assemblages and

to identifiy OF as described previously in Section 6.3 (Fig. 6.64; Appendix F). In rhe

Rainbow Sub-basin, samples from the LRL and MRL of the Lower Keg River Member
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ramp, and from the URL of the Upper Keg River Member reef foreslope were examined.

In the Zama Sub-basin, samples from the LZL in the Lower Keg River Member ramp and

from the UZL in the Upper Keg River Member reef foreslope and off-reef were

examined. In the Meander Sub-basin, only the LML from the base of the Lower Keg

River Member was examined.

Maceral assemblages were determined qualitatively by determining the abundance of

each diagnostic maceral (dominant, minor, rare, trace, or absent). Each sample was

assigned a primary OF based on the dominant maceral assemblage and a number of

samples were assigned a secondary OF which takes into account maceral assemblages

present in the samples that are different from the predominant or primary OF. It is

important to appreciate the discrepancies in size between the data sets for the Rainbow,

Zama, and Meander sub-basins in this study (Fig. 6.68). Fifty-seven samples were

analyzed from the Rainbow Sub-basin. In contrast, only 7 samples from the Zama Sub-

basin, and only 2 samples from the Meander Sub-basin were analyzed. The Zama and

Meander sub-basins are underrepresented in the sample suite and require more thorough

sampling.

6.5.1, Lower Rainbow Laminite (LRL)

The predominant OF in samples from the LRL is OF B (65Vo of samples) and a

significant number of samples (35Vo) exhibit dominant OF B and secondary OF C (Fig.

6.64). Total organic carbon (Toc) ranges from 0.1 to 5.\vo with a mean or l.9vo.
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Figure 6.6 A) Percentage of each OF identified in samples of each laminite of the
Rainbow, Zama, and Meander sub-basins. B) Distribution of samples analyzed using
organic petrology categorized by the sub-basin and laminite unit that was sampled. Note
that a lalge proportion of samples were derived from the Rainbow Sub-basin whereas the
Zama and Meander sub-basins have low representation.
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The dominant macerals are all indicative of OF B, representing depositional

environments at intetmediate distances from a bank margin or shore setting and

intermediate water depths. The most abundant macerals are small, thin-walled

Prasinophyte alginites ranging from 5 to 50 ¡rm in length and only up to 5 pm in thickness

when viewed perpendicular to bedding (Fig. 6.74 and E). Distinct cell walls are not

visible in these very compacted and degraded macerals. Prasinophyte fluorescence is

limited to brown-orange to dull yellow fluorescence indicating relatively high maturity.

Some Prasinophytes with greenish fluorescence perhaps contain hydrocarbon liquids

(which fluoresce blue). Acanthomorphic acritarchs in the LRL range from trace

abundance in some samples to significant/dominant abundance in other samples.

Acritarchs are highly compacted and degraded, range from 5 to 15 ¡rm in length, and

exhibit only dull to moderate yellow fluorescence making their identification problematic

and potentially leading to underestimation of acritarch abundance in some samples (Fig.

6.7C). A large amount of fluorescing OM in the LRL is composed of liptodetrinite, a

maceral made up of finely detrital liptinite maceral fragments which are not diagnostic of

any particular OF. Liptodetrinite is derived from degradation of many macerals including

alginite, sporinite, cutinite, and resinite, although identification of component macerals is

impeded by the very small size of liptodetrinite fragments (Taylor et a\.,1998). Based on

the similarity of fluorescence properties of liptodetrinite to those of alginite macerals in

the Keg River Formation, it is probably mainly derived from Prasinophytes and

acritarchs.
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Figure 6.7 Photomicrographs from the lower Rainbow laminite (LRL) taken using
fluorescence microscopy and water-immersion objectives. A) Typical appearance of the
LRL showing abundant small Prasinophytes (SP) from 4-9-109-8 w6M,2009.7 m
(6593.6') depth. B) Coccoidal alginite from6-32-107-9 W6M, 2086.1 m (6843.3' ) depth.
c) Acanthomorphic acritarch from 4-9-109-8 w6M,2009.7 m (6593.6') deprh. D)
Cross-sectional view of a styliolinid test from 6-32-101-9'W6M, 2087.7 m (6849.5')
depth. E) Large, thick-walled Prasinophyte (LP) from 6-32-107-9 W6M, 2118.9 m
(6951.9') depth. A small Prasinophyte (SP) is also visible on the left side of this
photomicrograph.
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OF C macerals, including Veryachiunz-like acritarchs, sporinites, and coccoidal alginites,

were identified in low abundances in 357o of samples collected from the LRL indicating a

secondary OF C. Veryachiunz-like acritarchs were identified in two samples based on

roughly triangular morphology and the presence of spiny processes extending from each

of the three points. Sporinites are present in only trace amounts and range from 10 to 20

pm in length. They have varied surface ornamentation, and exhibit fluorescence

properties similar to those of the small Prasinophyte macerals. Trace amounts of

coccoidal alginites were identified in some samples based on the recognition of cup-like

structures representing individual cells within a colonial structure (Fig. 6.78). Coccoidal

alginite colonies range from l0 to 25 ¡tm in diameter and fluoresce dull yellow to bluish-

green. Bluish-fluorescing coccoidal alginites may have been impregnated with blue-

fluorescing hydrocarbon liquids. Large thick-walled Prasinophytes are absent or occur in

only trace amounts in the LRL discounting the possibility of algal blooms (OF A) during

deposition of the laminite (Fig. 6.78). The presence of secondary OF C may represenr

minor perturbations in the depositional environment (i.e., relative sea level changes)

during which shallower water conditions developed or may represent macerals

transpofted to an intetmediate-depth depositional environment from areas more proximal

to a bank margin or shoreline. Transported OF C macerals should exhibit oxidation

features, such as red shift in the fluorescence relative to OF B macerals (pers. comm. L.

Stasiuk, 2002). Such evidence was not observed indicating that relative sea level falls of

short duration arc a more likely explanation for secondary OF C. Other macerals in the

LRL include abundant bituminite and minor to abundant micrinite. Neither bituminite

nor micrinite can be used as criteria for defining OF.
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6.5.2 Middle Rainbow Laminite (MRL)

The MRL is predominantly OF B (-82Vo of samples) but also has secondary OF C in

-18Vo of the samples which is comparable to the OF observed in the LRL (Fig. 6.6).

TOC values for this laminite range from0.37o to 3.37o (mean of I7o), which are slightly

lower on average than those of the LRL.

Small, thin-walled Prasinophytes are typically the dominant maceral in the MRL although

these macerals are only minor constituents in some samples (Fig. 6.88). Large thick-

walled Prasinophytes were absent or occurred in only trace amounts in most samples (Fig.

6.8A). Acanthomorphic acritarchs are also important macerals, ranging from minor

abundance to dominant (Fig. 6.8C and D). The presence of both small Prasinophytes and

acanthomorphic acritarchs indicates OF B. Sporinites and coccoidal alginites are present

in trace to minor amounts in some (-I\Vo) of the samples collected, indicating secondary

OF C (Fig. 6.8E and F). Bituminite and micrinite are also present in the MRL. As in the

LRL, OF B in the MRL indicates that deposition occurred primarily in intermediate

depths and intermediate distances from a bank margin or shoreline setting, although

evidence of secondary OF C suggests short temporal excursions to shallower water

depositional environments (i.e., drop in relative sea level).

6.5.3 Upper Rainbow Laminite (URL)

The primary OF of the URL is OF A with secondary OF B (-48Vo of samples; Fig. 6.6).

Foufteen percent of samples show primary OF B with secondary OF A constituents,
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Figure 6.8 Photomicrographs of macerals from the middle Rainbow laminite (MRL)
taken using fluorescence microscopy and water-immersion objectives. A) Large
Prasinophyte from 4-16-108-7 'w6M, 2003 m (65j2') deprh. B) Small prasinophytàs
(sP) from 4-16-108-l w6M, 2001.6 m (6567') depth. c and D) Acanrhomorphic
acritarchs from 4-16-108-7 W6M, 2017.8 m (6620.3') depth. E) Coccoidal alginite from
12-33-109-8 W6M, 20179 m (6620.3') depth. F) Dull yellow-brown fluorescing
sporinite from 6-32-107-9 W6M, 2071.3 m (6816.4') deprh.
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-24Vo of samples show OF B only, and -147o show OF A only. TOC values range from

1.0 to 8.67o (mean of 2.77o), somewhat higher than for the LRL and MRL.

A predominance of large, thick-walled Prasinophyte alginites indicates OF A. They range

from 50 to 400 pm long and 5 to 30 ¡rm thick when viewed perpendicular to bedding

(Fig. 6.94 and D). These macerals are commonly folded over on themselves due to

compaction and exhibit flattening and elongation parallel to bedding. Thick (up to 5 pm)

cell walls are readily visible. Fluorescence of the large Prasinophytes ranges from dull

yellow to bluish-green (attributed to absorbed or non-expelled hydrocarbon liquids within

the alginites). OF B is indicated in the URL by abundant to dominant small, thin-walled

Prasinophytes, trace to minor acanthamorphic acritarchs (Fig. 6.98), Veryachium-llke

acdtarchs (Fig. 6.9C), and trace sporinites. These macerals have the same physical

characteristics as those observed in the LRL and MRL. No coccoidal alginites were

observed in the IIRL but bituminite and micrinite are abundant in the matrix of this unit.

In samples where large Prasinophytes are less abundant than small Prasinophytes (Fig.

6.9D), primary OF B with secondary OF A is interpreted and in samples containing only

trace amounts of large Prasinophytes, only OF B is inferred.

A significant trend has been identified in reef foreslope samples from the URL. All

samples consistently exhibit some contribution of OF A macerals (large, thick-walled

Prasinophytes). Of the 16 samples collected from positions where foreslope sediments

are relatively thick (indicating closer proximity to the reef core), 3 samples were
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Figure 6.9 Photomicrographs of macerals from the upper Rainbow laminite (URL) taken

using fluorescence microscopy and water-immersion objectives. A) Large, thick-walled

Prasinophyte from 6-32-109-8 W6M, 1994 m (6542') depth. B) Acanthomorphic

acritarch from 4-9-109-8 W6M , 1984.7 m (6511.5') depth . C) Veryachium-l1ke acritarch

from 4-9-109-8 W6M, 1984.8 m (6511.75') depth' D) Latge (LP) and small

Prasinophytes (SP) from 12-33-109-8 W6M, 1980'9 m (6499') depth'
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identified as OF A only, 10 samples have primary OF A with secondary OF B and 3

samples have primary OF B with secondary OF A. However, the 5 samples collected

from positions where foreslope sediments were relatively thin (indicating distal, toe-of-

slope deposits) consistently exhibited only trace to minor amounts of OF A macerals.

Three samples showed only trace amounts of large, thick-walled Prasinophytes and were

therefore interpreted as OF B only, and2 samples contained only minor amounts of large,

thick-walled Prasinophytes (primary OF B and secondary OF A). The persistence of OF

A in the [IRL, combined with sedimentological evidence for deposition in a relatively

shallow water-depth (refer to Section 3.1), suggests that high phytoplanktonic

productivity (algal blooms) rather than water-depth was primarily responsible for the

dominance of large, thick-walled Prasinophytes.

6.5.4 Lower Zama Laminite (LZL)

OF B dominates all samples from the LZL (Fig.6.6). This unit has relatively high TOC

values ranging from3.07o to 9.67o (mean 6.4Vo). Small thin-walled Prasinophytes (Fig.

6.104) are the dominant macerals in all samples of theLZL. In individual samples they

vary from rare to abundant. Acanthomorphic acritarchs (Fig. 6.108) are rare to minor in

abundance and sporinites are absent or occur in only trace amounts. Trace coccoidal

alginites were observed in only two samples, and therefore may have been transported

into this unit from shallower or more nearshore environments although oxidation features

were not observed. Bituminite and micrinite are abundant within the matrix.
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Figure 6.10 Photomicrographs from the lower Zama laminite (LZL) taken using
fluorescence microscopy and water-immersion objectives. A) Abundant small
Prasinophytes (SP) from 5-36-117-6 W6M, 1684.5 m (5526.5') depth. B)
Acanthomorphic acritarch from 4-19-116-4 w6M,1570.9 m (5154') deprh. C) Abundant
fragmented styliolinid tests (S) from 5-36-II1-6 w6M, 1684.5 m (5526.5') depth. D)
Large Prasinophyte from 5-36-117-6 W6M,1680.2 m (5512.5' ) depth.
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Large, thick-walled Prasinophytes are present in trace amounts in all but one of the

samples collected from the LZI- (Fig. 6.10D). Sedimentological evidence from

examination of the most organic-rich portions of the L7J, (i.e.,lithofacies A) indicates

deposition in a low-energy, deep-subtidal environment below storm wave-base,

charactenzed by pervasive dysoxic to anoxic conditions (refer to Section 3.2). Both the

organic petrology and sedimentology suggest that the OF A maceral assemblages in the

organic-rich portions of the LZL accumulated in a basinward depositional environment

chanctetized by deep waier, a considerable distance from a bank margin or shoreline

setting, and a low degree of water agitation. Further evidence for this depositional setting

is the low faunal diversity and a predominance of cricoconarids which can indicate

restricted conditions due to dysoxic or anoxic bottom waters (Fig. 6.10C).

6.5.5 Upper Zama Laminite (UZL)

OF A with secondary OF B was observed in the single sample collected from the UZL

from the 4-19-116-4 W6M well at a depth of 1521.5 m (5011.5'). The TOC value for

this sample is L.57o. The sample contains abundant Prasinophytes, both the small, thin-

walled, and large, thick-walled varieties (Fig.6.114 and B), as well as rare

acanthomorphic acritarchs (Fig. 6.11C). No coccoidal alginites nor sporinites are present

in this unit. Pyrite spheres, 5 to 10 ¡rm diameter, occur in this unit, commonly grouped in

chains parallel to laminae (Fig. 6.3C and D). These pyrite spheres have very similar

morphology to algal akinetes (Fig. 6.34 and B) and, therefore, are hypothesized to be

pyritized algal akinete cells.
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As in the {IRL, the presence of OF A in the most organic-rich parts of the IJZL (i.e.,

lithofacies F) combined with sedimentological support for deposition in a relatively

shallow water setting (refer to Section 3.1) suggests that high phytoplanktonic

productivity (algal blooms) rather than water-depth was responsible for the dominance of

large, thick-walled Prasinophytes.

6.5.6 Lower Meander Laminite (LML)

Only two samples were examined from the LML. The first sample collected from the 7-

7-113-2I W5M well at a depth of 1403 m (4603') corresponds to OF A with secondary

OF B and has predominantly large Prasinophytes. The TOC value is l3.8%o. The second

sample, collected from the l-7-113-21W5M well at a depth of 1391.5 m (4585'), has a

TOC value of IVo, and has only OF B macerals, containing only trace large

Prasinophytes. However, because fewer macerals in total were identified in this relatively

organic-poor sample, trace amounts of large Prasinophytes may be sufficient to indicate

an OF A signature for this sample also. Micrinite and bituminite are abundant in the

matrix of both of these samples. Large, thick-walled Prasinophytes are 25-100 pm long

and 25 ¡.tm thick with pronounced, thickened cell walls and yellow to blue-green

fluorescence (perhaps indicating absorption or incomplete expulsion of hydrocarbon

liquids) (Fig. 6.124 and C). They are typically less flattened and more ovoid than orher

large Prasinophytes observed in the Zama or Rainbow sub-basins. This morphology

difference may be due to filling of Prasinophytes cells by phosphatic nodules which

resisted compaction (pers. comm. L. Stasiuk, 2000), early cementation or some other

process which protected the Prasinophytes from compaction.
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Figure 6.11 Photomicrographs of macerals from the upper Zama laminite (UZL) taken
using fluorescence microscopy and water-immersion objectives. A) Abundant large
Prasinophytes. B) Detailed photomicrograph of a large Prasinophyte. C)
Acanthomorphic acritarch. All photomicrographs from 4-19-IL6-4 W6M, 1527.5 m
(5011.5') depth.
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Figure 6.12 Photomicrographs of macerals from the lower Meander laminite (LI\tr-)
taken using fluorescence microscopy and water-immersion objectives. A) Large, thick-
walled, Tasmatzites Prasinophyte exhibiting punctate cell walls. B) Coccoidal alginite.
C) Large (LP) and small Prasinophytes (SP). All photomicrographs ftom 7-7-Il3-21
W5M, 1403 m (4603') depth.
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Small, thin-walled Prasinophytes alginites are relatively abundant in both samples

indicating OF B (Fig. 6.12C). Acanthomorphic acritarchs, coccoidal alginites (Fig.

6.728), and sporinites are present in trace amounts only in the 1403 m sample (exhibiting

OF A with secondary OF B) which is probably due to the comparatively low amount of

OM in this sample as discussed previously.
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CHAPTER 7: ORGANIC GBOCHEMISTRY

7.1, Introduction

Organic geochemistry involving Rock-Eval pyrolysis was used to quantify the petroleum

potential and to help assess the origin of organic-rich laminites in the Rainbow andZama

sub-basins. A total of 74 samples were analyzed using Rock-Eval6 pyrolysis at the

Organic Geochemistry Lab at the Geological Survey of Canada in Calgary (Appendix G).

T.ZKerogen Types

Kerogen is classified into four main types based on organic geochemistry (Tissot et al.,

1914). Type I, II, m, and IV kerogen are defined based on hydrogen/carbon (FVC) and

oxygen/carbon (O/C) ratios from elemental analysis or from the hydrogen index (HI) and

oxygen index (OI) from Rock-Eval pyrolysis. Each kerogen type is composed of

different maceral components derived from OM deposited in different depositional

environments, and produces hydrocarbons of varying compositions (Brooks, 1981;

Killops and Killops, 1993). Type I (liptinite-type) kerogen, derived from algal material,

is highly oil-prone and exhibits high hydrogen and low oxygen contents. It typically

accumulates in organic-rich muds deposited in anoxic, low-energy, shallow lagoons or

lakes and is relatively rare in the geologic record. Type tr (exinite-type) kerogen is oil-

prone and derived from a variety of organic precursors including zooplankton,

phytoplankton, bacterial OM, as well as spores, pollen, cuticles, resins, and waxes from

higher plants. This relatively high carbon and low oxygen content kerogen accumulates

primarily in madne environments and is the most common kerogen type. Type Itr
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(vitrinite-type) kerogen is carbon-enriched with low hydrogen content, low oxygen

content and it is gas-prone. Type III kerogen is formed predominantly from OM derived

from vascular plants, and therefore has a terrestrial, rather than aquatic, origin.

Hydrocarbon generation from type III kerogen is typically poor. Type IV (inertinite-type)

kerogen has high carbon content, low oxygen and hydrogen content, and no potential to

produce oil or gas. Type IV kerogen is derived from altered (i.e., oxidized) higher plant

matter or from oxidized OM of any origin (marine or tenestrial). For a more thorough

discussion of kerogen types referto Brooks (1981), Tissot andWelte (1984), Killops and

Killops (1993), Taylor et al. (1998), and Stasiuk (1999).

7.3 Results of Rock-Eval Pyrolysis

Rock-Eval pyrolysis is a method by which powdered samples are gradually heated in the

absence of oxygen to yield organic compounds (Peters, 1986). It provides rapid

determination of kerogen type, kerogen evolution, and hydrocarbon source potential of

samples (Tissot, 1984). A more detailed description of this technique and explanation of

data parameters are provided in Appendix E.3.

Of the 81 samples collected for the purpose of organic petrology, J4 were analyzed using

Rock Eval pyrolysis. The samples that were not analyzed were cuttings, and therefore

lacked sufficient material for pyrolysis. Forty-eight samples produced results that were

judged reliable for the purposes of graphic representation. The other 26 samples were not

plotted graphically for one or more of the following reasons: 1) low TOC values (<

0.57o);2) Iow S1 values (<0.2Vo) where S1 represents any free hydrocarbons in the rock
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present at the time of deposition or generated from the kerogen since deposition; 3) low

production index (PI) values (< 0.1) suggesting immature samples; 4) temperature of

maximum liberation of hydrocarbons (Tn,,o*) < 435"C suggesting thermal immaturity, and

5) anomalously high TOC values (>10Vo) due to contamination by secondary bitumen

constituents (Appendix G).

Excluding anomalous samples, 1 sample from the Meander Sub-basin, 3 samples from

the Zama Sub-basin, and 43 samples from the Rainbow Sub-basin were consideled (Fig.

7.1). The sample from the Meander Sub-basin was derived from the UML. In the Zama

Sub-basin, all three samples were derived from theLZI-. In the Rainbow Sub-basin l8

samples were derived from the LRL, 11 samples wele from the MRL, and 14 were from

the IIRL. The most reliable geochemical interpretations are obtained from large data sets.

Peters (1986) suggested one sample at every 30-60 ft (9-18 m) of depth in a well forbest

results. Therefore, no reliable results were obtained by Rock-Eval pyrolysis for the Upper

laminite units in the Zama or Meander Sub-basins. The results of the Rock-Eval

pyrolysis are provided in Appendix G.

7.3.lH.I yersus OI plots

Data were plotted on hydrogen index/oxygen index (HVOI) graphs, "pseudo-Van

Krevelin plots", for each of the laminites (LRL, MRL, IIRL, LZL, and tIx4L) in order to

determine kerogen types (Fig. 7.2) (Peters, 1986). Kerogen types are indicated on the

HVOI plot by maturation lines labelled I, II, and III. Moving to the left and down any one
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Figure 7.1 Distribution of samples analyzed by Rock-Eval pyrolysis according to the
laminite sampled. Note that 92Vo of the samples analyzed by Rock-Eval pyrolysis were
from the Rainbow Sub-basin and that only 6Vo and 27o of samples came from the Zama
and Meander sub-basins respectively.
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Figure 7.2Iil vs. OI for samples from the study area. Lines labeled Types I, II, and III
kerogen are from Peters (1986).



' t31

of these idealized maturation lines indicates increasing maturation along the evolutionary

pathway for each type of kerogen (Hunt, L996). The vast majority of samples in this

study, regardless of the laminite from which they were collected, cluster very tightly near

the origin of the HVOI plot indicating high thermal maturity. Samples predominantly fall

between kerogen type tr (marine, oil-prone) and type Itr (terrestrial, gas-prone). Kerogen

type III can also be formed due to the oxidation of madne type tr OM in shallow water,

near bank margins or shoreline settings, during deposition and early diagenesis (pers.

comm. L. Stasiuk,2003). Organic petrology did not indicate significant amounts of

tenestrial OM in any of the organic-rich laminites. Therefore, type Itr kerogen is

probably the result of oxidation of marine OM, and not terrestrial OM. Samples from the

URL and the LZL cluster closer to the kerogen type tr maturation pathway than samples

from the LRL, MRL, and I-IML, perhaps indicating that marine OM was more subject to

oxidation during deposition of the LRL, MRL, and I-IML. This distribution may be

aftificial due to very limited data from the Zama Sub-basin. If more data were available,

samples from this sub-basin may display the same distribution of data between type tr and

type Itr kerogen as seen in other laminites with more representative sampling.

7.3.2 H\ versus T,ou* plots

Data were plotted on a hydrogen index/maximum temperature (HyT,oo") plot for each of

the laminites (LRL, MRL, IIRL, LZL, and UML) (Fig. 7.3). Kerogen rypes are indicared

on the HI/T*.* plot by maturation pathways labelled I, II, and III, corresponding to

kerogen type. However, kerogen type determinations are better indicated by the HVOI
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plot than by the FIyTn,'o* plot (Peters, 1986). Moving to the right and down any one of the

maturation pathways indicates increasing maturation. All samples once again plot

relatively far down the maturation pathway indicating high thermal maturity.

The HVT'nax plot exhibits the same predominance of type tr and Itr kerogen as observed in

the HVOI plot. As discussed previously, samples that plot close to the kerogen type Itr

maturation pathway probably represent oxidized marine OM rather than tenestrial OM.



140

CHAPTER 8: DISCUSSION

S.L Introduction

Stratigraphy, sedimentology, organic petrology, and organic geochemistry are integrated

in this study to aid in the assessment of the paleoenvironment and paleoecology in the

Rainbow andZama sub-basins during late Middle Devonian times. A key aspect of this

work is evaluation of the primary controls (productivity velsus preservation) on

accumnlation of organic-rich laminites in the Rainbow andZama sub-basins. Secondary

controls are also considered and they include 1) bulk sedimentation rate, 2) supply of

terestrial OM, and 3) sediment texture and mineralogy. The findings are summarized in

Table 8.1. The organic-rich laminites in the Lower Keg River Member in the Rainbow

and Zama sub-basins are compared to coeval units in the La Crete Sub-basin and the

Williston Basin to provide a regional perspective on source rock accumulation.

An impetus for understanding the controls on OM accumulation and preservation is the

potential for better prediction of source rock distribution through geologic time. Parrish

(1982) postulated that the distrjbution of Paleozoic source beds closely corresponds to the

distribution of predicted upwelling zones. This model can be evaluated by using organic

petrology to examine the relationships between high productivity, upwelling, and reef

growth.

This study also has interesting implications for understanding Devonian reef growth,

particularly related to the nutrient levels that stromatoporoid reefs could tolerate. In
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Table 8.1 Summary of the interpreted controls on OM accumulation and preservation in
the Rainbow and Zama sub-basins as determined by stratigraphy, sedimentology, organic
petrology, and organic geochemistry. "Primary" indicates a primary control, "secondaty"
indicates a secondary control, and "minor" or "very minor" indicate less predominant
influences on OM accumulation and preservation. "N/4" indicates that the factor in
question had no positive influence on OM accumulation and preservation.

Rainbow Sub-basin Zama Sub-basin

LRL MRL
URL

(off-reef)
URL

(foreslope)
LZL UZL

(foreslope)

Preservation
(Anoxia)

pnmary primary pflmary secondary pnmary secondary

Productivity N/A N/A secondary pnmary NiA primary

Sedimentation
Rate

mlnor mlnor mlnor
N/A

(dilution)
mlnor

N/A
(dilution)

Supply of
Terrestrial OM

N/A N/A N/A N/A N/A NiA

Sediment
Texture and
Mineralogy

mìnor minor minor very muìor mlnor very mlnor
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recent years the debate has been between those researchers who believe that Devonian

reefs existed in low nutdent environments similar to modern coral reefs and those who

believe that stromatoporoid reefs could tolerate higher nutrient conditions than modem

reefs (e.g., Hallock and schlager, 1986; wood, 1993, 1995; Kiessling et al., r99g).

Evidence from this study suggests that Devonian stromatoporoid reefs may have been

able to tolerate episodic high nutrient conditions.

8.2 Preservation vs. Productivity in the Rainbow andzamasub-basins

8.2.1 Controls on LRL, MRL, andLZLz Anoxia

Based on the integration of sedimentology and organic petrology, the olganic-rich beds in

the LRL and MRL in the Rainbow Sub-basin and in theLZL in the Zama Sub-basin are

interpreted to have accumulated primarily in response to bottom-water anoxia. The most

organic-rich lithofacies (A: bituminous laminite) of the LRL, MRL, andLZL is part of

the outer ramp lithofacies association (refer to Section 3.11.1). These laminites are

interpreted to have been deposited during relative sea level rises that initiated third-order

shallowing-upward cycles R2, R3, and 22 (refer to Sections 4.6 and 4.7). The base of

cycles R3 and Z2 represent the deepening event responsible for basin differentiation that

created the Rainbow and Zama sub-basins (refer to Section 4.5). The predominance of

OF B and lack of bloom indicators in the LRL, MRL, andLTll- (refer to Sections 6.5.1,

6.5.2, and 6.5.4) suppofts an interpretation of OM accumulation and preservation being

primarily due to depth-related anoxia.
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During LRL deposition in the Rainbow area anoxia could have developed in response to

depth and/or restricted verlical mixing. Sedimentological evidence suggests depth was

probably sufficient for anoxia to develop on the outer ramp (refer to Section 3.11.1).

Anoxia may also have developed in response to bamiers around the Rainbow-Zama

region that restricted vertícal mixing. The Peace River Arch formed a barrier to the

south, the Precambrian Shield formed the eastern barier, the Tathlina High bounded the

region to the nofih, and the Westem Alberta Ridge formed the western boundary that

isolated the Rainbow-Zama area fi'om the main Elk Point Embayment (Fig. 1.2) (Bassett

and Stout, 1967).

Anoxia attributed to depth and/or restricted veftical mixing could also explain deposition

of the MRL andLZL in the Rainbow andZama areas. Initiation of basin differentiation

and associated relative sea level rise may have created sufficient topography within the

sub-basins to create deep water conditions and/or sluggish circulation that could have led

to the development of anoxic waters.

8.2.2 Controls on Distal Reef Foreslope URL: Anoxia

The most organic-rich beds in the URL (lithofacies F: bituminous peloidal laminite) in

distal reef foreslope and off-reef positions in the Rainbow Sub-basin are also interpreted

to have accumulated primarily in response to anoxia. The IIRL is coeval with reef

growth during cycle R3. Reefs in the Rainbow Sub-basin have a maximum thickness of

230 m (Campbell, lgg2), suggesting that the URL in off-reef positions may have been

deposited in water up to a maximum of -230 m deep. Anoxia is able to develop much



t44

shallower in the water column than this. For example, modern Lake Kivu, part of the

East Atrican rift-lake system, is 500 m deep and entirely anoxic below -60 m (Degens el

al., I9l3).

Although true off-reef samples were not available for examination, a number of wells in

the Rainbow Sub-basin have a relatively thin Upper Keg River Member interpreted as

distal reef foreslope deposits. Two cuttings samples from the URL in the 4-16-108-7

W6M well (1975 - 1918 m, 6480 - 6490' depth and 1978 - 1981 m,6490 - 6500' depth),

where the Upper Keg River Member is only 57 m thick, were assessed and found to

contain dominant OF B (non-bloom) macerals, along with only rare to minor amounts of

OF A (bloom) macerals. Similarly, of the three cuttings samples analyzed from the 4-30-

110-9 W6M well (1917 - 1920 m,6290 - 6300' depth; 1923 - 1926 m,6310 - 6320'

depth; and 1926 - 1929 m, 6320 - 6330' depth) where the Upper Keg River Member is

only 68 m thick, two samples contain minor OF B macerals and only trace OF A

macerals, and one sample has minor OF B macerals and rare OF A macerals. The

interpretation of this OF signature is that the large volume of OM in the URL was

preserved due to depth-related anoxia in the relatively deep off-reef and distal reef

foreslope positions. Oxygenation due to storm activity and sediment gravity flows would

not occur as fiequently in these distal positions as it would in more proximal reef

foreslope positions. Episodic algal blooms occurred but were overwhelmed by the

"arìoxia" signature in off-reef and distal reef foreslope positions.
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8.2.3 Controls on Proximal Reef Forestope URL and,lJZLz Productivity

Accumulation of OM in the URL in proximal reef foreslope positions (characteized by

relatively thick, 280 m, Upper Keg River Member deposits) is primarily attributed to

anomalously high phytoplanktonic productivity. Anoxia is interpreted to be of only

secondary importance. OF A (bloom) macerals are predominant and OF B (non-bloom)

macerals comprise only a secondary signature. OM in the only \JZL sample assessed

contains dominant OF A macerals and abundant OF B macerals. This anomalously high

abundance of OF A macerals suggests phytoplankton blooms were the primary control on

OM accumulation. The abundance of OF B macerals, in the \JZL suggests that anoxia

may also have influenced accumulation and preservation of OM.

In the Rainbow and Zama sub-basins, the URL and \JZL are comprised of lithofacies F

(bituminous peloidal laminite) interbedded with lithofacies G (massive peloidal-skeleral

dolopackstone to dolograinstone) and H (stromatoporoid-coral dolofloatstone to

dolorudstone). Based on stratigraphic and sedimentological evidence, lithofacies G and

H are interpreted to have been deposited in fully oxygenated, moderate energy conditions,

above storm wave-base (3.8.2, and3.9.2). The organic-rich lithofacies F is interpreted in

the same way aside from evidence that suggests episodic dysoxic to anoxic conditions

developed during its deposition (Section 3.1.2). Algal blooms are the most likely cause

of episodic anoxia during the deposition of organic-rich beds in the IIRL and UZL

because high phytoplanktonic productivity can produce anoxic conditions due to

increased respiration rates and high OM flux to the sea floor (Sections 3.7.2 and, 5.3.2)

(Chow et al., I995a). Therefore, episodic anoxia induced by algal blooms is interpreted
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as a secondary control on OM accumulation and preservation in organic-rich beds in both

the URL andUZL.

Modem algal blooms can develop in response to a number of factors including 1)

increases in nutrient supply, 2) warm temperatures, 3) salinity increases, 4) intermittent,

high intensity light, 5) relatively low turbidity, and 6) water-column stratification (refer to

Section 5.2.2). For the URL and UZL, triggering mechanisms for algal blooms are

difficult to ascertain. However, increased nutrient supply may have occurred in the

Rainbow and Zama sub-basins due to coastal upwelling or open-ocean divergence

upwelling (refer to Section 5.3.1). Locations of modem coastal upwelling comelate to

sites of elevated primary productivity (Parrish, 1982), and Golonka et al., (1994) modeled

favorable conditions for coastal upwelling near the Rainbow andZama sub-basins during

the Givetian. Although modern divergences are unfavorable settings for organic-rich

sediment accumulation, in Devonian intracratonic seas and more local sub-basins,

divergence could have triggered algal blooms (Parrish, 1982). OM created during algal

blooms in the Rainbow andZama sub-basins would have had better preservation potential

than OM produced at modern open-ocean divergences because of shallower water, higher

sedimentation rate, and the increased likelihood that the oxygen minimum layer would

have impinged on the sediment-\ /ater interface (cf. Parrish,1982).

Terrestrial input is another possible source of nutrients. The early stages of tree evolution

occurred during the late Middle Devonian (Givetian) (Flanagan, 1995). As root-bearing

plants initially spread into dry, upland areas previously devoid of pìants, they would have
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chemically and physically broken up the land surface making it susceptible to weathering

and erosion (Flanagan, 1995). This would have facilitated the movement of large

quantities of soil and dissolved nutrients from land into adjacent marine environments

which, in turn, may have triggered algal blooms.

The UZL sample assessed in this study from the 4-19-116-4 W6M well (1527.5 m,

5011.5' depth) was taken from just below the contact (-1.5 m) with the overlying Muskeg

Fotmation. Since the Muskeg Formation was deposited in an evaporitic basin, is

hypothesized that increased salinity may have triggered the algal blooms contributing to

the formation of the UZL.

Low turbidity and water-column stratification can probably be discounted as triggering

mechanisms for algal blooms in the study area due to sedimentological evidence that

suggests that the URL and UZL were deposited in a well oxygenated, moderate-energy,

open marine environment between storm wave-base and fairweather wave-base. This

depositional environment, which was frequently affected by storm events, storm-triggered

sediment gravity flows, and active bioturbation and scavenging would probably have

been charactenzed by relatively high turbidity and vertical mixing.

8.3 Sedimentation Rate in the Rainbow and ZamaSub-basins

Sedimentation rates for the LRL, MRL, andLZL are postulated to have been relatively

ìow based on their interpretation as outer ramp deposits. Einsele (2000) estimated a

sedimentation rate of -20 crnlka for carbonate shelves, -1Ocm/ka for black shale settings,
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and -5 cm/ka for pelagic carbonate environments. Tyson (2001) determined that bulk

sedimentation rates of <20 cm/ka exeft a positive influence on OM preservation and that

clastic dilution effects are not significant at these relatively low sedimentation rates.

Therefore, abundant OM present in the LRL, MRL, andLZL may be attributed in part to

buÌk sedimentation rates that increased burial efficiency, decreased residence time, and

decreased benthic degradation loss of oM at the sediment-water interface.

The URL and UZL were deposited in reef foreslope and off-reef settings. It has been

estimated that these types of depositional environments had relatively high bulk

sedimentation rates, ranging up to 500 cm/ka or more in proximal reef foreslope positions

(Einsele, 2000). Clastic dilution effects are significant at high sedimentation rates

(>29crnlka) and have a negative influence on the accumulation of OM (Tyson, 2001).

Clastic dilution increases with bulk sedimentation rate, indicating that the effects should

be most pronounced in the proximal reef foreslope and least pronounced in distal reef

foreslope to off-reef positions. Pronounced clastic dilution effects were observed in the

URL in proximal foreslope positions where sparse, organic-rich laminae werc separated

by relatively thick beds (1-5 cm) of organic-poor, peloidal-skeletal dolopackstone ro

dolograinstone. Clastic dilution effects were less pronounced but still apparent in distal

foreslope positions where organic-poor beds were thinner and less abundant than in

proximal reef foreslope deposits.
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8.4 Supply of Terrestrial OM in the Rainbow and Zama Sub-basins

Minor amounts of terrestrial sediments were transpofted via rivers into the Elk Point

Embayment and deposited in a naffow but extensive coastal plain around the Peace River

Arch (Nelson, 1970). The Arch had very low relief, an arid climate, and little to no

vegetation during the Middle Devonian. Rivers flowing over the Arch were probably dry

for much of the year and carried little to no terrestrial OM. This interpretation is

supported by the lack of significant type Itr (terrestrial) kerogen in organic-rich laminites

of the Rainbow and Zama sub-basins (refer to Sections 6.5 and 1.3.1). Therefore,

terrestrial OM can be eliminated as a significant source of OM in the Rainbow andZama

sub-basins.

8.5 Sediment Texture and Mineralogy in the Rainbow andZama Sub-basins

Sediment texture and mineralogy are probably impofiant factors affecting OM

accumulation in the Rainbow and Zama sub-basins. The organic-rich sediments of the

LRL, MRL, LIRL, LZL, and UZL contain both carbonate minerals and clay minerals

providing sorption sites for OM (Müller and Suess , 197'7 , KelI et al., 1993 ln Arthur and

Sageman, 1994). The organic-rich beds of the LRL, MRL, andLZL (lithofacies A) are

characlenzed by very fine-grained (micritic and clay) components, which provide large

surface areas for sorption of OM (refer to Section 3.2.1). The organic-rich beds of the

URL and UZL (lithofacies F) are also characteized by somewhat fine-grained sediments

although the matrix is mainly peloidal (refer to Section 3.1.D.
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8.6 Summary of OM Accumulation and Preservation Controls in the Rainbow and

Zama Sub-basins

Table 8.1 summarizes the interpreted controls on OM accumulation and preservation in

the LRL, MRL, [IRL, LZL, andUZL of the Rainbow and Zama sub-basins.

(1) The primary control on accumulation and preservation of OM in the LRL and

MRL of the Rainbow Sub-basin and in the LZL of the Zama Sub-basin is

interpreted to be anoxia. Low sedimentation rate, sediment texture, and

mineralogy may have acted as secondary controls.

(2) The primary control on OM accumulation in the IIRL and UZL in distal reef

foreslope and off-reef positions is hypothesized to be anoxia, while primary

productivity acts as only a subsidiary control.

(3) In proximal reef foreslope positions, the primary control on OM accumulation and

preservation in the URL and UZL is interpreted to be primary productivity. High

pdmary productivity probably created short-lived anoxic conditions which then

acted as a secondary control on OM preservation.

8.7 Comparison to La Crete Sub-basin and Williston Basin

Organic-rich laminated deposits, similar to those observed in the Rainbow and Zama sub-

basins, occur elsewhere in the Elk Point Embayment. The bituminous marker in the

Lower Keg River Member in the La Crete Sub-basin (Chow et aI., 1995a), and the
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Brightholme Member of the Winnipegosis Formation of the Williston Basin in

Saskatchewan (Jin and Bergman, 1999, 200I) are explored in the context of their

relationship to the organic-rich laminites examined in this study.

8.7.1 Bituminous Marker: Lower Keg River Member, La Crete Sub-basin

In the La Crete Sub-basin (Fig. 1.2), the Lower Keg River Member consists of two

shoaling upwards successions, referred to as the lower ramp sequence and the upper ramp

sequence (Chow et aI., 1995a). An organic-rich laminite, called the bituminous marker,

occurs at the base of the upper ramp sequence. In the Rainbow Sub-basin the LRL also

occurs at the base of the second (cycle R2) of two shallowing-upward cycles that

comprise the Lower Keg River Member. This suggests a possible correlation between the

LRL and the bituminous malker although further work is needed to suppoft this

corelation.

The bitumìnous marker is generally I m thick but ranges up to 5 m thick locally and has

TOC values from 5.3 to 18.37o (Chow et al., I995a). It is composed of finely laminated,

carbonate-rich and bituminous layers. The bituminous laminae contain abundant

compacted cricoconarids and ostracods, as well as lenses and thin beds of cricoconarid-

ostracod grainstone-packstone. The bituminous marker is known to extend throughout

the La Crete Sub-basin based on recognition of a characteristic "shale spike" on gamma

ray-sonic or neutron petrophysical logs (Corrigan, I9l5; Chow et al.,I995a).
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Organic petrology of the bituminous marker indicates a dominant "bloom" OF (similar to

OF A of this study) containing abundant large, thick-walled Prasinophyte alginites and

persistent algal akinete cells in organic-rich laminae (Chow et al., 1995). OM in the

bituminous marker is interpreted to have accumulated primarily in response to elevated

ph¡rtoplanktonic productivity in surface waters. As a result of such algal blooms, anoxic

bottom-waters developed in response to high respiration rates and high OM flux to the

seafloor. Very low sedimentation rate was a secondary control. In contrast, OM in the

LRL in the Rainbow Sub-basin is interpreted to have accumulated in response to anoxia

as the primary control. This may suggest that specific paleoecological conditions, such as

algal blooms, could have been confined locally to sub-basins due to physical barriers or

environmental differences between adj acent sub-basin s.

8.7 .2 Brightholme Member: Winnipegosis Formation, Southern Saskatchewan

The Upper Elk Point Subgroup in the Williston Basin in southem Saskatchewan is very

similar to stratigraphically equivalent strata in the Rainbow, Zama, and La Crete sub-

basins. The Winnipegosis Formation forms an extensive carbonate platform around the

southern extent of the Elk Point Embayment (Campbell, 1992). The Lower Winnipegosis

Member is composed of open-marine carbonate ramp deposits equivalent to the Lower

Keg River Member in the Rainbow, Zama, and La Crete sub-basins. Isolated banks and

reefs in the Upper Winnipegosis Member developed in basinal areas of the southerr

region of the Elk Point Embayment and are equivalent to Upper Keg River Member reefs

and banks in the Rainbow, Zama, and La Crete sub-basins (Martindale and MacDonald,

1989; Campbell, 1992). The Brightholme Member is a laminated, bituminous carbonate
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unit that occurs in off-reef positions between Upper Winnipegosis reefs (Campbell, 1992;

Jin and Bergman, 1999,200I). Osadetz et al., (1990) established that the Brightholme

Member is one of the source rocks for oil produced from Winnipegosis reefs in

southeastern Saskatchewan. Deposition of the Brightholme Member preferentially

occurred where the Lower Winnipegosis carbonate ramp was relatively thin, suggesting

that OM accumulation was in response to local development of anoxic conditions in par-ts

of the basin (Campbell, 1992). The Brightholme Member interfingers with reef-derived

deposits providing evidence that it was deposited coevally with the Upper Winnipegosis

Member (Jin and Bergman, 1999,200I). In the Rainbow andZama sub-basins, the URL

and UZL were deposited coevally with Upper Keg River Member reef. Therefore, it is

postulated that the Brightholme Member may be statigraphically equivalent to the URL

andUZL. However, filrther work is needed to assess this correlation.

OM in the Brightholme Member is dominated by an OF indicative of algal blooms which

is nearly identical to that in the Lower Keg River Member laminites in the La Crete Sub-

basin (Fowler et a1.,200I). The URL andIJZL also contain algal bloom OF (referto

Section 8.2). The Brightholme Member, IIRL, and \JZL provide evidence of at least

episodic, high phytoplankton productivity coeval with reef growth during the Middle

Devonian.

8.8 Assessment of Upwelling Models

A number of studies have attempted to use models to predict source rock distribution

through geologic time (e.g., Parish, 1982; Parrish and Curtis, 7982; Scotese and
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Summerhayes, 1986; Parish, 1987; Golonka et al.,1994; Kiessling et a\.,1999). Parrish

(Ig1¿)used a theoretical approach to model upwelling zones through geologic time based

on paleogeography and general principles of atmospheric circulation. Source bed

occuffences were used as paleoclimatic indicators to test the validity of the model.

Golonka et aI. (1994) used paleogeographic maps to model global atmospheric pressure,

paleowind direction, and potential sites of coastal upwelling for the Cambrian to the

pfesent during both winter and summer. The paleogeographic maps illustrate air

pressure, wind direction, humid Zones, and probable upwelling zones with respect to

paleogeographic configurations. Kiessling (1999) created a database ofPhanerozoic reefs

and then utilized numerical processing of coded reef characteristics to recognize reef

properties and trends in reef evolution, as well as to create paleoreef distribution maps.

Models such as those described above could be effectively evaluated by using organic

petrology to determine the primary control on OM accumulation in organic-rich facies.

Based on the correlation of modern upwelling zones with elevated primary productivity

(algal blooms), one would expect to find macerals indicative of algal blooms in ancient

deposits located where coastal upwelling is predicted to have occurred. If, however,

modeled upwelling zones have source rocks that do not show evidence of elevated

productivity, the validity of the paleoclimate model may be suspect.

parrish (IgB2) did not model the distribution of upwelling and source beds for the

Givetian (Middle Devonian), so an evaluation of this model using the data from the

present study is not possible. Golonk a et al. (L994) formulated a paleoclimate model for
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the Givetian (-377 m.y.a.) that predicts over 10Vo favorable conditions for coastal

upwelling in the Elk Point Embayment north and south of the Rainbow and Zama sub-

basins during the summer months (Fig. 8.14). The paleoclimate map for Givetian winter

predicts that conditions favorable to coastal upwelling are more widespread in the Elk

Point Embayment extending throughout the Rainbow and Zama sub-basins (Fig. 8.18).

Organic petrology results from this study support the model of Golonka et al. (1994).

Algal blooms aÍe interpreted as the primary control on OM accumulation and

preservation in the URL in the Rainbow Sub-basin and rheUZL in the Zama Sub-basin in

reef foreslope positions. These sub-basins are situated within areas modeled as being

favorable to upwelling. However, if upwelling in the Rainbow and Zama areas occurred

throughout the winter months as modeled by Golonka et aI., (1994), one might expect

evidence of more persistent and widespread algal blooms than was seen in this study.

Modelling by Kiessling et al. (1999), based partly on the work of Golonka et al., (1994),

also suggests that many Givetian-Frasnian reefs are located at or close to sites that have

>l)Vo probability of coastal upwelling (Fig. 8.2). Kiessling et al., (1999) go on to

conclude that Givetian-Frasnian reefs could thrive in or near to coastal upwelling sites,

and that Devonian reef builders could cope with higher nutrient levels than modern reefs.

Although organic petrology in this study did find evidence of episodic algal blooms,

potentially triggered by upwelling, a thorough study of reef core facies, correlated to the

URL and UZL, is required in order to determine the effect of upwelling on reefs in the

Rainbow andZama sub-basins. The duration and intensity of the upwelling events
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Figure 8.1 Model for paleogeography during the Givetian (Middle Devonian - 317
m.y.a) highlighting the location of the Rainbow and Zama sub-basins (modified from
Golonka et aI., 1994). A) Summer in the Northern Hemisphere. B) Winter in the
Northern Hemisphere. 1-pressure contours ("H"-High, "L"-Low), 2-wind vectors, 3-over
707o probability of favorable conditions for coastal upwelling, 4-over 7}Vo probability of
favorable conditions for equatorial humid environs.
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Figure 8.2 Distribution of Givetian-Frasnian reefs (modified from Kiessling et aL.,1999).
Ocean surface currents (black arrows) were derived from the plate tectonic configuration.
l=mountains,2=land,3=shelf,4=deepwater,5-predictedupwellingzones,slightly
modified from Golonka et al. (L994),6 = reefs thicker than 100 m,'7 = reefs between 10

and 100 m thickness, 8 = reefs thinner than l0 m, 9 = reefs without thickness data. Note
the close association of many reefs with predicted upwelling sites and the wide latitudinal
distribution of reefs
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postulated to have triggered the algal bloom events in the study area are unknown. Keg

River reefs may have thrived, as suggested by Kiessling et al., (1999), or the reefs could

have been harmed by upwelling but were able to recover or recolonize once upwelling

ceased.

8.9 Implications for Devonian Reef Growth

Incrcased nutrient levels accompanied by elevated phytoplanktonic productivity have

typically been considered detrimental to reef growth (James and Bourque,1992). This is

due to the increased abundance of "fouling organisms", such as fleshy algae and

suspension feeders, as well as decreased water clarity and effective light penetration.

These consequences of eutrophication are detrimental to photosymbionts which require

effective light penetration to caffy out photosynthesis. However, various studies have

suggested that Devonian stromatoporoid reefs could tolerate higher nutrient levels than

modem reefs (e.g., Hallock and Schlager, 1986; Wood, 1993, 1995; Kiessling et al.,

1e9e).

In order to understand the implications of trophic regimes to Devonian stromatoporoid

reefs, it is impoftant to discuss their biological relationship to their environment

(autecology). Evidence for photosymbiosis in Silurian to Devonian stromatoporoid

sponges is equivocal. Wood (1995) suggested that some Paleozoic tabulate corals and

stromatoporoids harbored symbionts based on indications that Silurian to Devonian

stromatoporoids grew to large sizes, possessed a thin layer of tissue, and could

competitively outgrow a number of other metazoans. If stromatoporoid autecology was
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the same as that of modem reef builders, photosymbiosis and an intolerance of eutrophic

conditions stemming from their photosymbiosis would be expected.

However, other evidence indicates that stromatoporoids had a different autecology than

modern reef builders, likely the absence of photosymbiosis prior to the Late Triassic

(Stanley and Swaft, 1995). No algal fractionation signal has been found in carbon isotope

results from their skeletons (Wood, 1993) and, as discussed previously, some research

suggests that stromatoporoid reefs could tolerate eutrophic conditions based on reef

occLrnences coincident with modeled upwelling zones.

This study finds no unequivocal evidence to suppoft the hypothesis that Devonian

stromatoporoid reefs could tolerate extended periods of high nutrient concentrations.

However, this study presents evidence, as previously discussed, that Middle Devonian

reefs in the Rainbow and Zama sub-basins may have grown during prevailing conditions

of relatively low-nutrient influx which were punctuated by episodic eutrophic conditions

charactedzed by elevated phytoplanktonic productivity. This research suggests that the

reefs in the Rainbow and Zama sub-basins were relatively unaffected or had ample time

to recover and thrive between episodes of short-lived eutrophic conditions.

8.L0 Future Work

This study has laid the groundwork for future sedimentological and organic petrological

studies in the Rainbow and Zama sub-basins and elsewhere. The following summarizes

some recommendations for future work:
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i) More representative sampling of the Zama Sub-basin is needed for organic

petrological and organic geochemical analysis to test the interpretations made in

this study.

2) Stratigraphic correlations between the Rainbow and Zama sub-basins need to be

tested with additional work in these sub-basins. In particular the thickness and

lateral extent of the URL and UZLrequire further examination. Biostratigraphy is

needed to help refine conelations.

3) Studies that integrate sedimentology and organic petrology should be done

other areas that have been modeled as being favorable for upwelling conditions

order to "ground truth" these theoretical models.

4) The impact of eutrophication on Devonian reefs should be further explored.

Studies similar to this one should be carried out in areas where upwelling may

have increased trophic resources and triggered phytoplankton blooms coeval with

reef growth.

in

in
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CHAPTER 9: SUMMARY & CONCLUSIONS

9.1 Sedimentology

Based on core examination, eleven lithofacies were identified in the ramp, reef foreslope,

and off-reef successions of the Keg River Formation in the Rainbow and Zama sub-

basins:

1) Lithofacies A, the bituminous laminite lithofacies, is a dark brown to black,

argillaceous lime mudstone to styliolinid wackestone interlaminated with black,

bituminous laminae. This lithofacies is interpreted to have been deposited in a

low-energy, deep-subtidal environment below storm wave-base, characterized by

pervasive dysoxic to anoxic conditions.

2) Lithofacies B, the ir:regular-bedded mudstone lithofacies, is composed of dark

brown lime mudstone to styliolinid wackestone interbedded with medium to light

brown, argillaceous lime mudstone to argillaceous styliolinid wackestone. Bed

contacts are very irregular and laterally discontinuous imparting a nodular to

mottled appearance to the lithofacies. This lithofacies is interpreted to have been

deposited in a low-energy, deep-subtidal environment below storm wave-base,

similar to the depositional environment interpreted for lithofacies A.

3) Lithofacies C, the nodular crinoid-brachiopod wackestone lithofacies, consists of

dark grey to medium brown, nodular skeletal wackestone to floatstone. Nodules

have gradational contacts with the matrix which tends to be darker in color, more
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argillaceous and organic-rich, and locally less skeletal-rich than the nodules.

Lithofacies C is interpreted to have been deposited in a low-energy, deep-subtidal

environment below stotm wave-base, similar to lithofacies A and B. However,

lithofacies C appears to have accumulated in a setting with more oxygenated

conditions than those of lithofacies A or B.

4) Lithofacies D, the massive crinoid-brachiopod wackestone lithofacies, consists of

dark grey to black, crinoid-brachiopod wackestone to floatstone in an argillaceous

and organic-rich matrix containing micrite and dolomicrite. This partially to

pervasively dolomitized lithofacies is predominantly massive although vague

laminations occur locally, defined by concentrations of OM and clay material, and

by skeletal fragments and peloids. Lithofacies D ìs interpreted to have been

deposited in a low to moderate energy, deep-subtidal environment near storm

wave-base.

5) Lithofacies E, the bioturbated crinoid-brachiopod floatstone lithofacies, is highly

variable and composed of medium brown to grey, crinoid-brachiopod floatstone to

rudstone showing pervasive bioturbation (mottled appearance). Burrows are

preferentially dolomitized. This lithofacies is interpreted to have been deposited

in a moderate energy, subtidal environment between storm and fairweather wave-

base.
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6) Lithofacies F, the bituminous peloidal laminite lithofacies, is buff to very light

grey in color and ranges from peloidal-skeletal dolopackstone to dolograinstone.

Abundant black, organic-rich, stylolitized laminae comprise 5-35Vo of the

lithofacies. Primary textures are replaced by a coarse dolomite mosaic in this

pervasively dolomitized lithofacies. Lithofacies F is interpreted to have been

deposited in a moderate energy, intermediate to deep-subtidal environment.

Evidence suggests that this lithofacies was deposited above storm wave-base and

was influenced by frequent storm-induced sediment gravity flows and pervasive

current reworking. Episodic dysoxic to anoxic conditions are interpreted to have

developed during deposition of lithofacies F due to algal blooms.

7) Lithofacies G, the massive peloidal-skeletal dolopackstone to dolograinstone

lithofacies, is buff colored and massive. It lacks organic-rich laminae, but

otherwise is compositionally similar to lithofacies F. Porosity ranges from I-20%

and includes intercrystalline porosity, which is ubiquitous and occurs as

"pinpoint" pores between dolomite crystals; and minor intraparticle, biomoldic,

vuggy, and fracture porosity. Lithofacies G is interpreted to have been deposited

in a moderate energy, intermediate-subtidal environment situated between stom

and fairweather wave-base in fully oxygenated conditions.

8) Lithofacies H, the stromatoporoid-coral dolofloatstone to dolorudstone lithofacies,

is buff to medium brown and has a peloidal-skeletal packstone to grainstone

matrix which is compositionally similal to lithofacies G. This lithofacies is
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predominantly pervasively dolomitized but is locally limestone or partially

dolomitized. Lithofacies H has the most abundant (30-80Vo) and diverse fauna of

all the lithofacies examined in this study. Major allochems include

stromatoporoid fragments, crinoids, peloids, thamnoporid fragments, and

Alveolites. Porosity ranges from 10-25Vo and includes intercrystalline, fracture,

intraparticle (in coral skeletons), vuggy, and biomoldic porosity. Lithofacies H is

interpreted to have been deposited in an open-marine, moderate energy,

intermediate-subtidal environment that was fully oxygenated and located between

storm and fairweather wave-base.

9) Lithofacies I, the non-fossiliferous dolomudstone lithofacies, is associated with

anhydrite units of the Muskeg and Chinchaga formations. It ranges from buff to

light grey in color and from massive to brecciated to haloturbated in structure.

Lithofacies I is composed of pseudospar, dolomicrite, finely crystalline planar-

euhedral dolomite, and medium crystalline planar-subhedral dolomite. This

lithofacies is interpreted to have been deposited in a low energy, high salinity,

restricted environment.

These lithofacies were grouped into three lithofacies associations:

1) The outer ramp lithofacies association includes lithofacies A, B, and C. The outer

ramp extends from the basin plain up to storm wave-base and is dominated by

carbonate and terrigenous mud deposited from suspension. Evidence of storm or

wave reworking is sparse. In the deepest parls of the outer ramp, organic-rich



r65

facies can develop due to oxygen-poor bottom-water conditions triggered by

density stratification.

2) The mid ramp lithofacies association includes lithofaces D and E. The mid ramp

encompasses the zone between stotm and fairweather wave-base. Facies

deposited in the mid-ramp exhibit evidence of frequent reworking by bioturbation,

stotm waves, and swells. However, suspension settling of carbonate and

terrigenous mud contributes significant sediment during fairweather periods.

3) The reef foreslope lithofacies association includes lithofacies F, G, and H. The

reef foreslope lithofacies association represents an accumulation of in situ and

reef-derived, bedded carbonate sand and gravel that dip and thin away from the

reef core facies. The foreslope lithofacies association is interpreted as having

accumulated in a moderate-energy environment between storm wave-base and

fairweather wave-base which was frequently affected by storm events and

sediment gravity flows. Pervasive bioturbation indicates well oxygenated, open

marine waters.

The Lower Keg River Member consists of the mid-ramp to outer ramp lithofacies

associations (lithofacies A to E). The Upper Keg River Member in rcef-foreslope and

off-reef positions is composed of the reef foreslope lithofacies association (lithofacies F

to H). Lithofacies I occurs at two stratigraphic positions in the Keg River Formation that

are associated with evaporite deposits: 1) at the base of the Lower Keg River Member



166

overlying the Chinchaga Formation; and 2) ar. the top of the Upper Keg River Member

overlain by the Muskeg Formation.

9.2 Depositional Cycles

Three shallowing-upward, third-order cycles were identified in the Rainbow Sub-basin:

1) Cycle RI (-24 - 35 m thick) marks the onset of Lower Keg River Member

deposition as a relative sea level rise transformed the Rainbow area from

evaporitic to open marine conditions. This transition is marked by lithofacies I,

-1 -1.5 m thick, at the base of cycle Rl which shoals up into alternating

lithofacies A to E indicating a mid to outer-ramp depositional environment with

laterally shifting, gradational facies.

2) Cycle R2 (-8 - 14 m thick) has the lower Rainbow laminite (LRL), -3 - 6 m

thick, at the base. The LRL is composed of lithofacies A interbedded with

lithofacies B, C and less commonly D and E. The LRL typically shoals up into

alternating lithofacies A to E representing a mid to outer-ramp setting with

I aterally shifting, gradational facies.

3) The base of cycle R3 (-0 - 230 m thick) was deposited in response to subsidence

which created the Rainbow Sub-basin. This relative sea-level rise resulted in

Upper Keg River Member reef initiation and deposition of the organic-rich middle

Rainbow laminite (MRL), -2 m thick, at the base of the cycle. The MRL,

composed largely of lithofacies A, shoals up into alternating lithofacies F to H of
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interbedded with lithofacies G

(uRL).
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association. Occurrences of lithofacies F

and H comprise the upper Rainbow laminite

Only two such depositional cycles were identified in theZama Sub-basin:

1) Cycle ZI (-35 - 40 m thick) occurs at the base of the Lower Keg River Member,

and was deposited in response to a relative sea level rise that transformed the

Zama area from evaporitic to open marine conditions. This transition is marked

by -1.5 m of lithofacies I at the base of cycleZl which grades up into alternating

lithofacies C and D of the outer and mid-ramp lithofacies associations

respectively.

4) Cycle Z2 (-0 - I04 m thick) deposited in response to subsidence which created

the Zama Sub-basin. This relative sea-level rise resulted in Upper Keg River

Member reef initiation and deposition of the lower Zama laminite (LZL), -1.5 -

2.5 m thick, at the base of the cycle. The LZL is composed of lithofacies A

locally interbedded with lithofacies C. These lithofacies pass upward into

alternating lithofacies F to H of the reef foreslope lithofacies association.

Occurrences of lithofacies F interbedded with lithofacies G and H comprise the

upper Zama laminite (UZL).

The correlation between the Rainbow and Zama sub-basins is interpreted as follows:
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Cycles Rl and R2 in the Rainbow Sub-basin conelate to cycle ZI in the Zama

Sub-basin. The LRL has no conelative expression in the Zama Sub-basin.

Cycle R3 correlates to cycle Z3 and, therefore, the MRL correlates to the LZL and

the URL correlates to the UZL.

9.3 Depositional History

The depositional history of the Keg River Formation in the Rainbow and Zama sub-

basins is interpreted as follows within the framework of cycles Rl, R2, and R3 in the

Rainbow Sub-basin and cycles Zl and ZZ in the Zama Sub-basin:

1) A relative sea-level dse transformed the Rainbow and Zama areas from an

evaporitic setting, represented by the Chinchaga Formation, to an open marine

environment in which deposition of the outer and mid-ramp successions

(lithofacies A to E) of the Lower Keg River Member began. This initial incursion

of open-marine waters into the Elk Point Basin is represented by the correlative

cycles Rl and Zl in the Rainbow andZama areas respectively.

2) Local subsidence in the Rainbow area resulted in deposition of cycle R2, the base

of which is marked by the LRL which shoals upward into lithofacies of the outer

and mid-ramp lithofacies associations (lithofacies B to E). A correlative cycle is

not present in the Zama area suggesting that little or no subsidence occuffed in the

area at this time.

1)

2)
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3) Another relative sea-level rise attributed to subsidence in the study area resulted in

the formation of discrete sub-basins including the Rainbow and Zama sub-basins.

This subsidence resulted in drowning of the Lower Keg River Member ramp,

which is marked by deposition of the MRL at the base of cycle R3 in the Rainbow

Sub-basin. In the Zama Sub-basin, this drowning event is marked by deposition

of the LZL at the base of cycle 22. Cycles R3 and 22 are interpreted to be

conelative, and therefore, it follows that the organic-rich MRL andLZL are also

correlative.

4) Isolated reefs of the Upper Keg River Member developed on paleotopographic

highs in both the Rainbow and Zama sub-basins during cycles R3 and 22. Reef

development is expressed in the reef foreslope by deposition of lithofacies F to H.

The URL in the Rainbow Sub-basin and the UZL in the Zama Sub-basin were

deposited in off-reef and reef foreslope positions and are interpreted to be

correlative.

5) A relative sea-level drop, due either to evaporitic drawdown or to regional sea-

level fall, halted carbonate production in the study area as Upper Keg River

Member reefs were exposed and hypersaline conditions were established.

Evaporitic conditions at this time resulted in deposition of the Muskeg Formation.
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9.4 Organic Petrology

Based on organic petrology, organic facies were identified in the five laminite units: the

LRL, MRL and URL in the Rainbow Sub-basin; and the LZL andUZLin the Zama Sub-

basin.

1) The LRL, MRL, andLZL are all intelpreted as primarily OF B, charactenzed by

small, thin-walled alginites and acanthomorphic acritarchs indicative of

deposition in intermediate water depths and intermediate distances from a bank

margin or shore setting.

2) The URL and UZL in off-reef positions are

secondary OF A signatures, characterized

alginites. This is indicative of deposition in

considerable distance from a bank margin or

by algal blooms was overwhelmed by OM

bottom-water anoxia.

interpreted as primarily OF B with

by dominant large, thick-walled

a low energy, deep-water setting, a

shoreline in which OM contributed

which accumulated in response to

3) The URL andUZL in reef foreslope positions are interpreted as primarily OF

characterized by dominant large, thick-walled alginites and indicative

accumulation and preservation of OM due to algal blooms.

9.5 Organic Geochemistry

Rock-Eval6 pyrolysis was used to quantify the petroleum potential and to help assess the

origin of organic-rich laminites in the Rainbow andZama sub-basins.

A,

of
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1) HI versus OI plots indicate that all of the organic-rich laminites (LRL, MRL,

[IRL, LZL, and UZL) were thermally mature and were composed of type II

(marine, oil-prone) kerogen.

2) HI versus T.o* plots also indicated high thermal maturity and type II kerogen.

9.6 Preservation versus Productivity Controls

Based on sedimentology and organic petrology, preservation due to bottom-water anoxia

is interpreted to be the primary control on OM accumulation in the LRL, MRL,LZL, and

URL in distal reef foreslope and off-reef positions.

l) During LRL deposition, anoxia could have developed in response to depth and/or

restricted vertical mixing and sluggish circulation caused by barriers around the

Rainbow-Zama region.

2) During MRL andLZL deposition, anoxia could have developed in response to the

depth of the newly differentiated Rainbow and Zama sub-basins. Anoxia may

have also developed due to restricted vertical mixing and sluggish circulation

caused by incipient reefs, barriers, and banks within the sub-basins and limited

wind fetch over these sub-basins.

3) During URL deposition in distal reef foreslope and off-reef positions, anoxia

could have also developed in response to depth and/or restrjcted vertical mixing

and sluggish circulation. Isolated reefs in the Rainbow and Zama sub-basins,
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banks and barriers around them, and limited wind fetch may have impeded

circulation and veftical mixing in the sub-basins.

Elevated phytoplanktonic productivity (algal blooms) is interpreted to be the primary

control on OM accumulation in the URL and UZL in more proximal reef foreslope

positions. The triggering mechanisms for algal blooms are difficult to ascertain. A

number of potential mechanisms may have been active in the Rainbow and Zama sub-

basins durìng deposition of the URL and UZL including: l) coastal upwelling; 2) open-

ocean divergence upwelling; 3) increases in nutrient supply, potentially derived from

temestrial sources; and 4) restriction due to hypersalinity. Algal blooms could have

induced episodic anoxia in normally oxygenated sediments due to increased

phytoplanktonic respiration rates and high OM flux to the sea floor.

Sedimentation rate and sediment texture and mineralogy were secondary controls on OM

accumulation and preservation in organic-rich laminites in the Rainbow and Zama sub-

basins.

1) Relatively low sedimentation rates (estimated <20 cm/ka) during deposition of the

LRL, MRL, and LZL probably exerted a positive influence on OM accumulation

and preservation. Such low bulk sedimentation rates increased burial efficiency,

decreased residence time, and decreased benthic degradation loss of OM at the

sediment-water interface. Relatively high sedimentation rates (estimaled >20

cm/ka) during deposition of the URL and UZI- probably had a negative influence
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on OM accumulation and preservation because clastic dilution effects increase

with bulk sedimentation rates.

2) Very fine-grained micrite and clay mineral components characteristic of the LRL,

MRL, and L7ll, would have provided large surface areas for sorption of OM.

Relatively fine-grained peloids in the URL and UZL would have also provided

sorption sites for OM.

9.7 Comparison to the La Crete Sub-basin and Williston Basin

1) In the La Crete Sub-basin the Lower Keg River Member consists of two shoaling-

upward ramp successions with an organic-rich laminite, the bituminous marker,

present at the base of the upper succession. The similar stratigraphic position of

the LRL in the Rainbow Sub-basin and the bituminous marker suggests a possible

conelation. However, the organic petrology of the bituminous marker indicates a

dominant "bloom" organic facies suggesting that OM accumulated primarily in

response to elevated phytoplanktonic productivity, whereas OM in the LRL is

interpreted to have accumulated primarily in response to anoxia. This difference

suggests that specific paleoecological conditions, such as algal blooms, may have

been confined locally to sub-basins due to physical barriers or environmental

differences between adjacent sub-basins.

2) The Brightholme Member of the Winnipegosis Formation in southern

Saskatchewan is a laminated, bituminous carbonate unit that occurs in the off-reef
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areas between the Upper Winnipegosis reefs and is coeval with the reefs. The

URL and UZL of this study are coeval with Upper Keg River reefs in the Rainbow

and Zama sub-basins suggesting that these two units may be stratigraphically

equivalent to the Brightholme Member. However, considerably more work is

required to test this hypothesis. OM in the Brightholme Member and the URL

and UZL ale interpreted to have accumulated primarily in response to algal

blooms providing evidence of at least episodic high phytoplankton productivity

dr-rring reef growth in the Middle Devonian.

9.8 Assessment of Upwelling Models and Implications for Devonian Reef Growth

A number of studies have developed upwelling models to predict source rock distribution

through geologic time. Based on the correlation of modern upwelling zones with algal

blooms, one would expect macerals indicative of algal blooms in ancient settings where

coastal upwelling is predicted to have occuned.

1) Golonka et aI. (1994) formulated a paleoclimate model for the Givetian that

predicts: a) over '707o favorable conditions for coastal upwelling in the Elk Point

Basin north and south of the Rainbow and Zama sub-basins during the summer

months; and b) conditions favorable to coastal upwelling that are more

widespread during the winter months, extending throughout the Rainbow and

Zama sub- basins. The present study supports the model because algal blooms are

interpreted as the primary control on OM accumulation and preservation in the

URL of the Rainbow Sub-basin and the IJZL of the Zama Sub-basin in reef

foreslope positions which coincide with modeled sites favorable to upwelling.
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2) The model of Kiessling et al. (1999) suggests that many Givetian-Frasnian reefs

are located at or close to sites that have >'70Vo probability of coastal upwelling.

The present study found evidence of episodic algal blooms in the URL and UZL

in reef foreslope successions, potentially triggered by upwelling, which supports

the model.

3) No unequivocal evidence vr'as found in the Keg River Formation in the Rainbow

and Zama sub-basins to support the theory that Devonian stromatoporoid reefs

could tolerate extended periods of high nutrient concentrations. However,

evidence was found for episodic, high nutrient conditions coeval with reef growth

suggesting that the reefs in the Rainbow and Zama sub-basin were relatively

unaffected by or were able to recover between episodes of short-lived eutrophic

conditions.
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APPENDIX A: FORMATION TOPS

The following table presents; 1) tops picks for the Chinchaga Formation, Lower Keg

River Member, and Upper Keg River Member, 2) picks for the base and top of all

organic-rich laminites identified in the study, 3) base and top of described core intervals,

and 4) base and top of described cuttings intervals. Depths are provided in imperial and

metric units and data is organized by sub-basin.
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APPENDIX B: CORE DESCRIPTIONS

This appendix contains completed core logging sheets for the core intervals that were

described in each of the wells studied. Core logging sheets are arranged by well location

in ascending order. Lithofacies designations are indicated on EncL Z.

Well Location Sub-basin
Gore lnterval

Examined
(depth in feetl

Page #'s

00/06-32-107-09W6/0 Rainbow 6695 - 6963 83 - 812
00104-16-108-07w6/0 Rainbow 6512 - 6572 813 - 816
00/04-09-109-08w6/0 Rainbow 6484 - 6719 817 - P.29
00/06-32-109-08W6/0 Rainbow 6490 -6719 830 - 840
00112-33-109-08W6/0 Rainbow 6387 - 6640 841 - 853
00/04-30-1 10-09w6/0 Rainbow 6370 - 6420 854 - 856
00107-07-113-21W5/0 Meander 4512 - 4756 857 - 868
00/04-19-1 16-04W6/0 Zama 5005 - 5212 869 _ BBO

00/05-36-1 17-06W6/0 Zama 5464 - 5666 881 - 891
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APPENDIX C: PETROGRAPHIC TECHNIQTJES

C.l Staining Techniques for Carbonates (Dickson,1966)

A) To distinguish between calcite and dolomite:

ALZARIN RED S - 2994 mL distilled water
16 mL conc. HCI (31Vo)

3 gm Alizarin Red S

B) To distinguish between ferroan ca¡bonate and nonferroan carbonate:

POTASSIIIM FERRICYANIDE - 2994 mL distilled water
16 mL conc. HCI (37Vo)

15 gm potassium ferricyanide

Store solution in a brown bottle, away from light. Filter before use if a precipitate
develops.

1. Prepare each of the above solutions separately and allow them to stand for 24

hours before using.
2. Combine solutions in the following ratio: 2 parts Alizarin Red S to 3 parts

potas sium ferricyanide.
3. Staining time is approximafely 2 minutes depending upon temperature and polish

on the slides. The solution should be changed after approximately 24 slides are

stained to maintain the effectiveness of the solution.
4. Always wash slides with distilled water; tap water contains iron and will blot on

the slide. Remove slides from the stain bath and place in distilled water bath.

Next rinse with distilled water.

Table C.l Etching and staining characteristics of carbonate minerals (Adams et. al,
t984).

Mineral Effect of Etching
Stain Color with
.A.lizarin Red S

Stain Color with
Potassium

Ferricvanide
Combined Result

Calcite (non-

ferroan)
Considerable

(relief reduced)
Pink to red-brown None Pink to red-brown

Calcite (ferroan)
Considerable

(relief reduced)
Pink to red-brown

Pale to deep blue
depending on iron

content
Mauve to blue

Dolomite (non-

ferroan)
Negligible (relief

maintained
None None Colorless

Dolomite (fenoan) Negligible (relief
maintained)

None Very pale blue

Very pale blue
(appears turquoise
or greenish in thin

section)
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C.2 Diffused Plane-Polarized Light Method

Diffused plane-polarized light microscopy facilitates the delineation of relict grains and

textures in massive crystalline dolomites or highly recrystallized limestones previously

undetectable by standard plan-polarized light or crossed nicols (Dravis, 1991). This

method also enhances recognition of stylolites, sutured grain contacts, opaque minerals,

organic matter, and bitumen.

The use of diffused plane-polarized light microscopy to discem primary fabrics in

dolomitized samples was first proposed by Delgado (1977), later modified by Folk

(1987), and subsequently modified by Dravis (1991). This study utilized the method of

Dravis (1991) which involves using a piece of white paper (standard white Xerox paper is

recommended) placed beneath the thin section on a microscope stage to diffuse

transmitted plane polarized light. The condenser lens was used in this study to

concentrate the transmitted light for more intense light transmission and enhanced

viewìng conditions. An external light source was utilized to provide low angle reflected

light which also enhances the appearance of relict grains and textures. Diffused plane-

polarized light travels in random and indirect paths through thin sections rendering crystal

boundaries nearly invisible and permitting the recognition of relict grains obscured by

recrystallization. Allochem "ghosts" including peloids, ooids, and skeletal fragments

may be recognized by tiny inclusions, vacuoles, and a brownish-colored stain (Zenger,

te7e).
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This microscopy method works equally well with unpolished, polished, uncovered, and

covered thin sections. Uncovered or unpolished thin sections should be coated with a

thin film of immersion oil or protective lacquer (Dravis, l99I). Buehler Metcoat

Specimen Protective Lacquer worked well in this study.
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APPENDIX D: THIN SECTION DESCRIPTIONS

This appendix contains a spreadsheet of thin section descriptions for all the samples

analyzed petrographically in this study, Each samples was assigned a sample number

which corresponds to the order it was collected and therefore corresponds closely to well

location and depth.

Well Location Sub-basin Depth Range of
Samples (feet) Page #'s

00/06-32-107-09W6/0 Rainbow 6798.75 - 6939.1 D2-D5
00104-16-1 0B-07W6/0 Rainbow 6515 - 6572.75 D4-D7
00/04-09-109-08w6/0 Rainbow 6494 - 6714.6 D6 - D13

00i06-32-109-08W6/0 Rainbow 6453.5 - 6630.5 D12 - D17

aolz-33-1 09-08W6/0 Rainbow 6468.6 - 6642.5 D16 - D21

00/04-30-1 1 0-09W6/0 Rainbow 6384 D22 - D23
00107-07-113-21W5/0 Meander 4569 - 4699.5 D22 - D23
00i04-19-1 16-04W6/0 Zama 5007 - 51 54 D22 - D25
00110-21-1 16-05W6/0 Zama 5250 - 5340 D25 - D27

00/05-36-1 17-06W6/0 Zama 5489 - 5651 D26 . DzB
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E

o

;lrriltr tmalru;a¡ithofscles H. Very gralny oppearance, Fovælles

masive tôbulale coral fragmenl I scm x 1.3cm rounded but not

45

comments

o

/ery slmIar lo ùðr¡lPre I rr. Frudr5(vrrc wrrrr PqeNrvrre rrrerrr^

rôÞnilÞc lâvd 3mm dlaml ls mote common, Peloìds - abundant

Floalslone wilh packstone mslrlx (pelolds and blodasls). Hugæe

Coral - 1.7cm diam. Encrusllng Strqm'on Rug6e -zmm thlck,

thamnoporld lragmenls - l.5cm long x 3mm thlck, Slylollnlds ' o.4mm

dlam. FN¡ls commonly Partlally sillcilled. Malrix dolomite (medium

crustâll¡ne DI¿nãr euhedrsl).

o

Matrix ls unusual - does nol lool( llke ll had mlcnilc Preculsor. matrlx

was probably lsopachous rims 6nd lnterstlllol blælry csôonste

cements whlch cemented calbonale grains (blodasls) logether. This

wos laler dolomltlzed psrllally. Many l$slls recryslslllzed lnlo snhedrsl

^^ìl^.1h, ^õnllnrrõilq fllc whlch conl6ln allochem ohGls

o

Variallon of lhe Bloturbated Crinold'Brachlopod Wackeslone lllhof ades

f\bundant articulated (1.7cm x t.3cm) ond dlsartlculaled (down lo 2mm

long, <'lmm thlck) randomly orlenled brachs cements (pdsmatlc

carbonate cemenls grow lnwalds lrom blvalve shells ' early),

Mcrætyldites (relatlvely abundant' comprss sround gralns and

f6slls). Pyrlle (n matrix and ln Py¡illzed f$sils -esp. stylollnlds)'

Oeopelal lnfil - æmmonly conlaln less lssils lhân matrlx)

0

Þ¡ite ows pyrtltlzed lcslls (laIge brachs 8nd stylolinlds).

lndistincl pyrillzed pqlches ol matrlx, and whal looks llke Pyrlle geopetal
rñrir ^r,, l¡ña 

^ruÈlalllnÞ 
ôvñlÞ Fôqçils âll Dârallel lamlnae

lufi colored mlcrite (lhls secllon wos unslalned) 8nd brown colored

rrgillaceous wisps - concentrale as mlcrætylolites (bend around

æslls). Al lssils 8re more abundanl ln the arglllaceous parls of

Unusual "burtow' slructures - felallvely lNìl-poor wackeslone forms

llngeÊllke struclures whlch exlend downwards. Between these
"f¡ngers" brecdated. fGsil-rich floatstone w¡th carbonale cemenls

(blocky feroan snd non'leroon) as well as euhedrol v. coarsely

cryslalllne snhydrltô oæurs. Wockeslone could be bulrow lnlll or could

be lhe orlglnal l¡thology and lhe lloalstone could be cavings caused by

dlssolutlon. oM wìsps are common - up to 3mm thlck, pyrillzed

lntradosls (5mm x 3mm - ovcid. random orientstlon) also oæur.

H
(;)
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70

Very nodular appearance, nodules conlaln less OM, pyrite. lNils, 8nd
arglllaceous material lhan lhe matrlx (nodules appear Plnk. motrix looks

brown). Nodules (very lndlsllncl boundarìes, lrregulsr, up to l scm

long x o.scm wide). Malrlx (ænlslns abundant pydte'asoc. w oM,
No porc¡ty. Fssils are more sbundanl in lhe argillaceous Parls -

could be due lo decrease ln €rbonole Productlon - lhls would allow
m^.a l^.cll< and ârdllla.êôilc mâlÞrlal ló sellle

Commenls

70

ielallvely l6il-poor, homogenous, aþundanl mlcdllc mallx - contalns

;msll amounts ol argi¡laceous malerial 8nd abundant blodasls.
{lochems replaced by lerroan ond non-ferroon caldte cement (blæky)

)ould cement moldlc porslty? Very flnely cryslslllne pyrite a$oc. w
)trlcite cemenl.

70

0

0

Horselail micrGlylol¡les wrap aÍoúnd buÍqws (range from 0.02 to 1.6

mm lhlck), Nodulæ lack OM, mlcrstylolltes, b¡lumen, srglllaceous
hâlÞdqlc añd arÞ nñn-ddômill7Þd lnlreclesls ãre Dvrlllzed

Slmllaf to ssmple 99 bul no ¡ntradals or noc,ules, sbundanl
ml¡r^clvldlla< nldÞhÞllâ nrpcÊnl

0

Floatslone vrlh packstone mstrix (anhedral non'planar v. f¡nely

crystalllne dolom¡le, mlcrite. srglllaceous msterial and mlcrctylolltes)
G¡ruenella, pyril¡zed ¡ntradasls. abundanl mlcrGlylolites

f

Floatstone wlth packslone molrlx, A¡hydrll9 (v. coarsely cryslalllne
euhedral lalhs ocdude vuggy porGlty. subhedrol lalhs occur ln matdx)

cemenls (llne radlal calcite-mlcIGPar, æarse ældle-pseudspsr,
mlcrltlzed corol wall, seen ln Aveollìes ærol), Pyrite (asoc with

Simllar lo sample 50 but malrix ls dolomlllzed (llght grey color), oM and

orglllaceous matler and f6sils make up da¡k brown lo black lsmlnoe
lcontaln mlcrostvloliles)
/ague lsm¡nae (O.4 to 1,2mm lhlÇk ' dorker=more OM, llghler=more

;keletal and biodastlc lagmenls), sllochems alllgned parallel to
amlnatlons, cemenled arl¡culated brachloPod (flbrous caldle llnes

ihell, lnslde thls prismallc calc¡te. lhen micdle and anhedral onhydrlle
)cclude lhe Dore)

;lmllartosamples59 and 60. These Packslones 8re easler tolnlePrel
han in prev. well (4-9-1 o9-8W6) b/c dolomltlzallon doesn'l destroy

extures ãs much. Moltled appesranca due lo horselsll mlcrætylollles

-^¡ô,!^ 
ñl hr^r¡Â ñÀ^

mìlâr lo samDle 59

Belat¡vely homogeneous, slightly mollled, v. Pale bull color, mlnor

mlcrclylollles, mlcroquorlz concentrsled atound porælty, allochems,

U(^
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Simìlarto55 1o57. Eas¡erloid skeletal fragments in lhls TS, may be

lnlrsdssls ss well as strom lragmenls - some "slrom íragmenls" seem
r^ ^^ñr6¡ñ ñlhê' Àtlñ¡hômc - lhÞcÞ arÞ ã.lrrallv ¡nlrarlAsls

commenls

ilmilsr lo sample 55 and 56, many skeletal lragmenls partlally pyritlzed

45

;lmitar to mpie ss Out contolns wsler stroms (2.5mm long x 1 smm

hlck), gastropods (2mm dlsm), and oncolds vlslbly coal cr¡ndd

f\bundanl mlcrGtylollles weave alound gralny mstr¡x (non'Plsnar

Bnhedrsl dolomlcrile), Strom lrôgmenls (rreguler shape, rsgged edge,

internal structure destroyed, ¿5 x 2cm slze mlnlmum), Chalcedonlc

and authìgenlc qtz occur 6l ouler edges of vugs snd replaces f6slls,
-^^^^ u;lh ñu/lõ

o

V. lssillferous, grapstones (lumps of pelolds up lo l.4mm x 1mm

ovold, snhydrite and pyr¡te asoc w vuggy pores, le. ln allochems).

Matrixls dkbtown ând unstalned' may be nonplanorv f¡nely

-Ðêt.tt¡ña ddñmllÞ - ñr lnduq¡ôn rlch mlcrile - nôndolomillzed)

Doloflælstone wilh Dolopackstone malrlx. Matdx (polymodal non'
planar anhedral medlum lo v. coarsely crystalllne dolomlle, flnest dol

assoc w oM and arglllaceous materiâl), Vug Fllllng Dolomlle (medlum

tov coârselv cryslalllne saddle dolomlleÌ

5

25

PyÍite (ænc. Near bllumen, medlum crystalllne lrombolds - made uP of

much llner gra¡ns), B¡tumen (inllls vugs, also bilumlnous lamlnae up lo
l mm lhlck, Mãtrlx (medlum to v. æarsely cryslalllne non-plsnar

anhedral dolom¡te - llner 8nd brown color near micrGlyldltes, oM

l'16nslllon from nodul6r wackestone lo lamlnaled floatstone up sectlon

ndl€les decreased sed rsle,larger l$lls snd oM accumulate in

^d!,ñ^Àãl E"hhõdrõl l^ orihÀdrÀl ñlâñrr ddñmllÞ mÂlñX

¡ñÞtv ôtu<lalllnÞ nôñ.ñlanãr Anhprlral dolomlle malr¡x

slmllar tosample 39. slrom kagments hard lo ldentily (remnanl
-16?ñ.1 -1.,'^l"rô h¡ñh ñ^¡ôcih, 

^ñârcÊlv.ructâll¡nÞì
V. porous and grainy. Lowesl porG¡ty ln arg¡llaceous matedal.
Mcrdslvloliles v- soarse and Doorlv develoDed.

-J
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Pelolds (coatse s¡ll to f¡ne sand slze), Bllumen (ocdudes
lnlercryslalllne porclty), Quarlz (minor microquartz assoc. $'llh sillclfled

fæsils, also botroldal growlhs ' zoned, coarsely cryslalllne, subhedtsl

lo snhedrsl), v. gralny, less homogenous than prev. sampls. Matrix
(polymodal plonor subhedral lo snhedrol medium cryslalllne to very

coa¡sel crystalllne dolom¡le - flner dolomlle replaces more Elglllaæous

or Ol\Ârich malrlxì

20

comments

7

50

v, hmogenous appearance. porous, groiny, masslve. sparse brown

mlcrslylollles, Mçroquortz occurs ãssoc. wilh sllochems., pyrite

(assoc. with quartz). Malrixwos probably lnlllally blodasllc carbonqte

I

ofalny âppeafsnce (oue to qqontrlzsnonrr nr¡crstyruttê v 5vÞrùe orrv

irregular, pyrite (6ssoc, wlth m¡croquartz bolrolds. sübhedral linely

crystalline commonly ln ftsmboids). Vugs lilled wilh coarsely to
exlremely æarsely crystalllne soddle dolomlte. medlum cryslslllne
planar subhedral dolom¡le leplace matrlx furlhest lrom vugs - more oM
dôh lhÞrÞfñrê llnFr cruslâlsl

o

0

Mcroquartz appears botroldal, Vugs lnlllled with dolomite therefore

leaves only lnlercrystall¡ne PorG¡ty lnslead of vuggy 'dllflcult lo deflne
ñ^"^.iluluñõo êñ'rêa hñ'cÞlÂil hl.rôqtvldllÞç

0

rltrnar subhedrol mslrlx dolomlte, and obundant vug'filllnmg dolomlte'

arge wgs - up lo 1mm x 3mm llned wilh ddomile xllls., Bitumen ln

0

lllumen (occurs at center of vugs llned wlth plsnaar euhedral coaÌsely

:rystalllne dolomite and coarsely crystalllne subhedrsl saddle dolomlte

!o mlcrætylollles, malrix l5% v. flßely crystalllne dolomile. v. coarsely

)ryslslllne anhedrsl calcite cemenl ln sllochems - eady msrine cemenll
im allô.hÊms fl¡brôusl ovrite assocwith OM.

Pyrite (f¡nely crysl6lllne euhexdrsl xllls, v. llnely cryslalllne subhedral

equant Xllls. l¡nely lo medlum crystolllne snhedrsl rsndomly orienled

pydte laths), -5% mal¡x replaced by non'planar anhedral v. l¡nely
.NclrlllnÞ .lôlôclônR

V. abundant læs¡ls, could be event deps¡t wllh wanlng energy

conditìons upward (e. More arglllaceous material elc.), Pyrile (assoc,

w¡th allochems. slngle Xllls, llsmbolds, snd lamlnae psrallel chains)

qnhedral non-planaf v. llnely crys¡sllne u

rrgllllaceous matedal. Pyrite (snhedral, equant, v. llne to coarsely

erystalllne - pyritlzed sllochems), Calc¡le cement zoned (fetroan snd

ñônl lnsl.le ârllcul6led brach.

H
\o
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45
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L

c

70

@t zoned (outslde'v. coarsely

)rystalllne anhedral qlcile cemenl, extremely coafsely crystolllne

lãnhedral ferroan calclle cêment, lnslde - extrmemely coarsely

)rystalllne saddle ddomlte, then coarsely crysìalllne subhedral pyrile l¡
:enle¡ì

45

Comments

0

60

I'im¡ler lo 17 but les fauns'could be ssme setllng þut lncresseo
.ôd¡ñõñlÂl¡^ñ râlÞ

48

-2s7" of slide ls made up of nodulæ del¡ned by mlcrGtylolltes,

lntrapsrllde pors¡ty - lnsìde pelolds, 1o% mlcrsty¡oliles' pelolds

(o.o8mm dlam., ovold, lnfil fsslls, aggregaled ln lntradasls), geopetal

lìll common

0

50

5

;rìlæls bedded faclæ below, PorG¡ty (ocduded by ferroan caldle

)emenl, ln stylollnlds), pyrite (subhedral to anhedrol v. llnely to
:õârcÊtv crusl6lllne €ssoc. w OM. dlssem, or ln f6slls)

0

Argillacegus wacKestone (orown, olsërrr. vtvr' uP tv rv /o rrrrvrr (ve,

m;re pyrite) lnterbedded wlth wsckeslone (stalned plnk, l5%

stylollnids, iss pyrite and olvl). Pyrit€ (onhedrel. v. llnely crysl€lllne,

oócurence - lrambolds, d¡ssem. ln malrix, snd pyr¡llzed slylollnlds)

Fauna par6llel to lBmlnse wlthln beds deflned by oM' more orlented ln
..^ill.^ô^"c mÁlÞdal

0

0

lnlradaéli lsmm x zmm. irregular shape. pyrillzed). Horselall

micrcty¡ollles (o.0lmm lo o.zmm), vug lllllng lerroan caldte (v

coarsely xtlllne), pyrile (v. f¡nely qystalllne, a$oc. with cenler of vugs

and scãtlered ln malrix). Nodules (less dellned and lôrger than
rñtrâdÃctê - ml.¡ôqlvloliles wraD dround lhem

0

mstrix þolVmdal non+lmãr anhedrsl lo subhedrãl medium to very

coarselt cryslêlllne dolomite'llner dol. ls b¡own 8nd lndus¡on rich,

¡¡¡rcer dolnmllc ls coloriess - reDresenls lecrystalllzed qllochems

o

,5"/. d.lwltlzed (unlmodsl nonplsnsr anhedral v llnely cryslalllne

dolomile) - sæltered ln malrix, anhydrlle laths (v. coarsely crystall¡ne
ôt,hôÀrâr\ ñvdle 

^, 
l¡nÞlv ôNctâlllne enhedrãl to sDheflcal)

Ágsl skuctue otruenella, charophytes, caldspheres' mlcr$tyloìiles

concentrate at edges of nodules, lntradssts Pyritlzed,2mm x lmm to

1 scm x 7mm
Very abundant mlcrostyloliles (OM, srglllaceous malerlal' bltumen),

range lrom .ogmm to 5mm lhlck - wrap around 8llæhems, linely

.ruslalllnÊ Anhedral ovrite assoc- wilh OM ln chalns

Ñgal strrcture: ældspheres and chalophyles' lntradasls 2-3mm

dlãmeler, lrregular shape, Pyrillzed dm, zoned ferroan and non-lerroan

^ôl¡lo ^ôñÀñt 
lñ vrrôc

Slrnllar i" l3lntradsst. ?m.1 m diam ltregular oull¡ne, somellmes

ryrltlzed, ONFich mlcrctylollles compress around nodules, slgal

Èlr,rdrrrê - GlrupñÊlla
U
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30

frcctUres ¡nttlleO UV very coarsely cryslslllne saddle dolomlle. Pyrlt€

occurs as sllt s¡ze sphedæl cryslalls - somellmes lramboldal, sssoc

w¡lh mlcrætvlollles

30

Commenls

Oontacl þelween non_oolomlIzeo aoo pEnlally (uP lu 417o usurrilu¿s

wackeslone below. Mcrctylolltes sre more Bbundanl ln lhe portlally

dolomltlzed port - unlmodal planar euhedral medlum cryslalllne

rery abundanl mlcr$tylolltes, finely lo medium crystalline unlmodal

)lanar subhedral dolomlte mslrlx, non-mlmlc replacement ol malrix snd

t0

rolymodal non-planaf onneoral lo plsnaf
'ôlâlô¡ l^ ñ;m.^, lôørr.aÊ

)olymodal planal subhedral medium to very æarsely crysl6lllne

Conlglns aþunOant lgrge Parcnes o¡ annyonle \exlte¡nery codrscry

cryslall¡ne subhedral lalhs lnterlæk ¡n patches -2cm x 1 cm). Malrlx

(colorls materlal b/l Pelolds - could be dolomitlzed csrbonsle

^^ñôñrl Þâldd. /.h"ndânt\ Õt7 laccô^ w¡lh Fnhv.lrllÞì

ñôn,hlânâr ânhprlrâl lo nlanar subhedlsl dolomlte malnx

7

Dllfused whlle llghl ln comDlnalon Hln fellecleq ll9nt feveårs Pealqus
Bilumen (qcdudes por6¡ty, llnæ lnlercrystalllne pores). Pelolds (v.

abundanl. ovold). Anhydrile (a$æ. w¡th larger pores). Mcrstylollles
¿lh¡ñ lr¡Þnrilâr hfil horlTonlal and conllnuousì.

;lmllarto 137, 139. qnd l40butsllghtly more stylolltes. No bllumen

lning pores - only in m¡crctylolltes. McrGtylolllæ (v. thln, brown,

ìuggesls argillaceous matrlx, low ol,/D. Vold{illlng dolomile (planar

rnhedral æarselv crystolllne dolomlle).
ilmllarto 137 snd 139 bul has coarserþed ln mlddle. Voguely beddec

mlcr$lylolltes parallel beddlng. Poræity (dlsolved brach¡opods and

)ther allochems lined w¡lh saddls dolomlte or planal euhedral æarsely
)rystalllne ddomlte and bllumen). Matrix (non-plansr anhedral
.^-.^^h, ^ñ'-lãll;^o dõlññ¡lô\

V. Slm¡lar lo ssmple 137. Mcrslylol¡tes (dellne vogue lamlnatìons)

Looks llke tacies G with some m¡crstylolltes - lransitibnâl b/w F 8nd

Matrix thomógeneous, med¡um crystalllne non-planal anhedral

dolomlle, non-mlmlc sllochem replacement but crinolds slill behave

opllcally as slngle crystol even lhough lhey have lrregular shoPe).

McrGtylolites (rate, dlsænlinuous). Fauno (estlmote ls very d¡lllcull

b/c only allochem ghsts remBln). Ouarlz (mlmlæ anhyd¡ile slruclure
verylateslagesubhedral megaquarlz). Vuggy porclly (develops
u,hôrô .ll^¡hém d¡ccdrrl¡ôn õ.ôlrrrÊd\

H
uJl

l
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t5

¡/.trìx - hwgerìff, not arg¡llsceous. Probably slarted as csrbonale

cemenl lhat held grains logether 'later dolomltlzed lo leqve dear
"malrlx'. Alochems - lorm brown shapes in malrlx Bilumen - occurs

in lntercryslalllne por€. Mcr6ty¡oliles' lorm fainl horizontal laminae

Thls sample could be lransìtlonal belween lades O and F (lhe
lâmlñqlÞd Þôr'lvâlênl lõ Gì

BO

Comments

80

5

Mætly Themnoporld corols '5-8mm dlam (lsrger lhsn coenlles coral

flhlch can look similsl). Malrix' pelo{dal Pockstone. Vold-flll¡ng

dolomile - euhedral coarsely crystalllne saddle doalomile, end coarsely

crystalline plon6r euhed16l dolomlle. Estimals ol launa abundonce -

very poor esl. due to dolomlllzsllon - destroys primsry fobri6

o

Very homogeneous and grainy sppearance. Maldx - non'planar
subhedral coarsely crystalllne dolqmlte Fsuna - whlle card only helps

lo see a lew crinoids, sll other ellochems masked by dolomitlzatlon'

Orslny Matrlx - probably made up of blodasllc materlal' cdnolds'

brachs, blvalves qnd PNibly contains 6tracods, slylolinlds,
ñâqlrõnô.ls elc
non'planal anneulal l¡¡cururrr ury5rdrrrrrs v
sparse, poorly developed saddle dolom¡te, and planar euhedral

medium cryslslllne dolomlte. Anhydrile - exlremely coarsely crystalllne

etongate euhedlal laths ln large vug. Porclly - all Porclty seems

assodaled wilh leached out allochems (probably b/c allochems coaße

cryslalllne lhan suloundlng algillsceous malr¡x, lherefore easler lol
dlss.tul¡on lo occur.

10

gltlÆn {ìdu¿es tnlercryslslllne por$lly. Pyrite - very sparse'

Mcrclylollles - rqnge lrom v. lhln up to o.8mm lhlck, represenl Perlod
h¡âh ñrñd".1¡ülv? I lnhÞÌ I nmlnlle
\¿slmilar to samples 127 and 12a. Suggesllon of allochem dlssoluilon

(le. Elongate brqchloPod'shoped vugs). Large porclly concenlrallon -

could be where a strom fragmenl wEs partlally remov€d (slroms

dolomìtized by coalser cryslslllne dolomlls lhon mslrlx - leads to

preferenllsl leachlng). Bltumen 'Iines vugs. Malrix - non'PlsnEr

-^k^¡r-r hôÀi,'ñ 
^ñ,clÞlll^â 

d^lñm¡lê

o¡âlê.1 whFre slrom lrâoments were dlssolved lo leave spoce

Fauna - ænnot Þe dlsllngulsneo gue to oqomlu¿Buorr' vuuru us

peloldsl. Voldlllllng dolomlte - mlnorsoddle dolomlte (cosrsely

crystalllne), æmmon plsnaf euhedral coalsely crystalllne dolomlls 
.

Matrix - non-planar anhedral coarsely cryslalllne (compriss mæt of

TSt

(¡
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;ãìãlãìî - oltttcult io tell due lo dolomltlzatlon but appesrs lo be'

Malrix- æorselycrystalllne non'Plonsronhedral dolomlte Pyrile'

sparse. v. flne crystallìne pyrlle occurs ln med¡um cryslslline slzed
t.^-L^lr-l i',alor¡

Comments

I

5

ãuñ ;r¡rcld", bre"lfopods/blvslves, cannot esl To ol f aun6 b/c ol

dolomltlzallon. Malrlx' non'plsnaronhedral coalsely cryslslllne

dolomìte. Mnorsaddle dolomite and euhedral Plenar void filllng

to

Ffcatnm trlth prckstom malrlx Quertz - pæt-dales dolomillzallon

zoned, appears bolroidal, megaquartz (pllted b ut subhed ral I 4mm

dl6m). Matrix- dlfficult to descrlbe due to dolomltlzatlon - prob'

oô^LctÃno [ñôr^clvlôlllêc - soâlsê

1

,l

siõmfã!ments Ærsr cryaG¡¡ne, therefore more porous than

malrix, colorless 0nduslon'free). Matrlx - brown. flne crystalllns

dolomlte due lo srglllaceous malerisl, 6bundsnl bltumlnous

mlcrætylolltes weave between strom lragmenls. Bitumen and pyrile'
aceô.1âled ¡n mlcroslvlolites.

t0

Þ¡iã- v. trnety cryslalline, assoc, w micrstyld¡tæ Mcrosty¡olltes'

lhin, oM 8nd b¡tumen, squeezed together b/t slrom fragments'

Anhydrlte - euhedrol ln por$lty developed In lhe stroms Slrom

lÍagments - coalser cryslqlllne lhan malrlx. Mat¡lx - non'plsnEr

anñedral v. llnely cryslslllne dolomlle (brown, more argillsceous, finer

lh.ñ ddñmllÞ flle ln clromsl

0

Ñõãuleremn, hNe rondom orlenlallons' d¡ller lrom m6lrix

because they contEln less oM, srglllaceous materiol, and pyrìte

MclGtyloliles. spsrse and lhin. Por$¡ly'ssoc. w¡th dissolullon of

âll^ñhÞm< Mcrilicmalrix

0

Large ovold struclute ls sillcifled (mlcroqlz) rest ol matrix ls nol slllcllled.

anihas hlgher lnlercryslalllne por6lly. Qlz (llnely crystalllne anhedral

mlcroqualt, p6tdatæ dolomltlzal¡on, sPPears lo eÍode edges ol

dolomite), útdx (plsnar subhedral medlum aryslalllne dolomlte - could

suggæl parllsl d¡ssolution pdor lo dolomltlzatlon or due lo volume

,"iu-.tlon Ou¡ng dolomltlzation), Pyrìte (assoc wlth qlz esp on edge ol

oval, framboids of aphanocrystalllne py¡ite)

õìñìGr t.-:ml" 90 
"nd 

92 but more bltumlnous, oM{¡ch lamlnae (1-

zmm lhlck made up ol ã bundle of o.o4mm thlck mlclstylollles), very

dra¡nv Alsó conl6lns a lao oralnslone (-75% bloclasls)

@inous micrNtylolits (30%

of TS, o.04mm thlck but grouped lnlo l€mìnae 3'5mm thlck -

^^-',ñ'ilÀlôd d"Þ lô aldâl hloomsl

-J
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5

bltuminouilaminae. Aso contolns gralny lag depælls (up to 8o%

blodasts, lack bltum¡nous maledal, conlalns peloids, 8ll@hems, lens'

shaped) McrGtylolltes wrap around lh6e lBg dePslls, Bitumen (¡n

iñtôr^ruclâllinÞ ânîl ¡nlrâDârtlde Dores)

75

Commenls

1

Slm¡lar to sample 87 excepl lwo types of malrlx (medlum crystslllne no¡

planar onhedral m¿lrlx'brwnlsh color, homogeneous, ænlslns more

bltumlnous mlcrætylolltæ Sd coarsely cryslslllne Planar subhedral

dolomlte - colorless, aPpesrs as nodules ln core, could be

recryslsll¡zed slrom lragments or lnlradæts but poofy deflned edges)

90

0

s0

Mas"lre, l]mìrety¡olltes, v. porous, gralny ond homogeneous cìlz

(chalcedonlc snd coarsely crystolllne), Anhydrile (ln lntercryslalllne

iores). Malrlx (ranges from æarsely crystalllne non-planar anhedral

dolomlte to coarsely cryslalllne planar euhedral dolomite ln more
l¡nÞd hv hlhrmÞnl

5 5

5

pm¡tV ttnt"rcrystutllne bul conlrolled by leached slrom frogments),

Ouarl¿(chalcedonlc qlz' o.4mm dlsm. radlal extlncllon, cosrsely

cryslalllne qtz - mlnor, zoned, nol flbrous, eühedral, mlcroqlz), Malrlx

(medlum cryslslllne non-planar anhedr€l brown dolomile, allochems

ieplaced by coarsely crystolllne dolom¡le). Bltumen 0lnes pores), Pyrite
r,ccô. wilh âllônhÊms\

20

5

Very aþundanl horselsll mlcrGlylolites (b¡tumen, oM, arglllaceous'

pydie. range lrom o.o8 lo o.8mm thlck. compless around lens-shâped

nodulæ which mako up matrlx), Malrix (ssddle dolomlle, medlum

crystslllne non-planar subhedral dolomile-oæurs near mlcrætylolltes)

4

'15

õo¡ottoslstol]ryilh ¿olopockstone matrix, v gralny maldx' abundanl

slrom grsgmenls. pGslb¡e lllmground whefe lhln tabular slrom overlles

stylol¡l;, Mcrætylollles (v. lhln. lregular, disconllnuous, o.02mm thlck,

wiap around dolomile xtlls ln mâtrix), Malr¡x (ranges lrom v. flnely

cryslelllne to coarsely crystalllne non-Planat anhedral dolomlte, also

h¡nor coarselv crystalllne dolomlte llnes fraclures)

Very porous 8nd homogeneous, slmllar to sample 79 but more porous

ani no allochems are dlscernable. Malrix (5o% coarsely cryslalllne

saddle dolomlte,50% PlonEr subhedral coarsely cryslslline dolomlte)

,/sy pdN 8nd homogeneous - carbonale ssnd ' maks up lilhofsqe{

F snd o ano matrlxof lllholacies H Prob€bly gralnydu€tosbundanc{

^r ;^r^m¡l¡16d hlñdâclc

õiãrtz 1mrcrcqtz ano chalcedonlc qtz, assoc. wlth pyrlle and porælly)

Mcrslylolltes (oM, bllumen. pyrlle, ond arglllaceous maledel

concenlrallon), Matrix (medlum crystâlllne non-planar anhedlsl t-j

\o
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15

Ouarlz (ãuthlgenic, zoned, euhedral, ln Pores), Anhuydrile (coarsely

cryslalllns, subhedral, ln matrix, nol ln vugs)' Malrix (medlum cryslalllne

non-planar subhedral dolomlte ' nonmlmlc allochem rePlacemenl,
mlnôr qâd.rlp.lôlm¡le ln vuosl

comments

70

V. porous (some pores 8le llke vugs bul are l¡ned wilh dolomlle Klls,

therefore called lnlercryslalllne), Anhydrile (ocdudes lr€cture porælty,

very coarsely cryslalllns euhedral). Chslcedonlc qtz (anhedral globulsr

lo lregulEr, a$oc. wilh ¿llochems). Mcrætylolltes (v lhln ând

dìsconllnuous), Malrlx (m€d¡um crystalllne non-plsnsr anhedral

Strm lragmenls lmore coarsely cryslalline lhan matrjx, more porous,

dllflcult to dlstingulsh, 2cm x zcm s¡ze), Coenlles (brsnchlng tabulate

coral 5mm dlsm), Rugse (solltary, 1cm dlam). Por6lly (lnlercryslolline

in slroms and lnslde vugs llned w v. @arsely crystalllne Planar
euhedral dolomlte, then exlremely coarsely cryslslllne €uhed.8l

anhydrlte, lhen b¡tumen), lntradasls (slmil€r to slrom íÍagmenls bul

ænla¡n ¡dentlllable allochems'v. lrregular, 1,3x lcm sìze), Malrix

(coarsely crystalllne non planar anhedral dolomlle, liner crystals near
qrdillq.Þôrtc Ãhd OM

0

o

Bllumen 0lnes lntercryslslllne por6lly), Malrix (flnely crystalllne non

plansr €nhedral dolomlte replqces mæt arglllaceous molrix, medium

cryslalline non planaÍ anhedral dolomlte replsces mslrix w/o
argillaceous material or OlvD, Void'lilllng dolomlle (æârsely cryslalllne

plsnar euhedrsl - porclly b/l thæe xllls), Chaledonlc qtz palches

ranrlomlv d¡slrlbuted ¡n motrlx - DGldates dolomltlzâllon

0

vlatrix ls micritlc but contslns abundant blodssl¡c debns - graìny

¡ppearance. Pyr¡le snd anhydrite are a$odated wlth lractules snd

^los 
- ocdude DofGllv.

lfalrlxslmllat lo sample 68 - mlcrillcwilh sbundant blodasls. Nodules

'average zmm x 1 mm lregular, ovqid, conlaln less oM. orglllaceous

materlat, and pyrite than lhe malrix. Mcrctylolitæ (o.olmm lo o.16mm

thlck, conlain oM, Pyrile, bltumen, and €rglllaceous material) wroP

around nodules, Pyrlle (flnely crystalllne anhedral ln malrix snd

mo$es ol crystals ln fraclures and lntercryslslllne Pors

Well lamlnated - defined by allgnment ol shell f$lls and oM, Pyr¡le

(concenlrales nesr¡n l$sils, dissem lhroughout malrix. llnely

^^,^r-lrl-- âñhõ¡.âl

N.)
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þ
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H

I

E

20

stiange variallon of l¡lhofades- oncoids (common, ProbBbly æated

nodularstroms, o.6to 1cm dlameter). Ssddle dolomile (very well

deve¡oped saddle shapes, replace oncolds partlally) Mcr$lylolltes
and argillaceous material (wraps around much co€rser gra¡ned

Bllochems). B¡lumen (lnes ssddle dolomite lnlercrystalllne porsiìy ln

onco¡ds). Quartz (megaqusrtzreplaces allochems' psrtlal

Comments

20

o

45

tl. tromogene"us dolõrirudslone. saddle dolomlle (extremely coarsely

crystalllne, non-planaf euhedrsl lllls volds and flaclures).

McrGtylol¡les (very mlnor, some smsll palchs where mlcrGtylolltes
æncenlrate ond f$slls occur, could represenl brecciatlon?). Matrix

(planar subhedral medlum crystallln€ dolomlle. many small

inlercryslalllne pores. all porG¡ty ocduded by bitumGn, v doudy grey
¡^r^ñ¡lô - m'v ¡nd¡.atø ârdlllÞ^Þôl¡s hrÞ.rrrçor

0

'l

t0

/ery mottled, dlsrupted sppearânce, N4alrix (PsêudGpar non-plsnor

rnhedral dolomlle). Anhydrite (coarsely to v. coarsely cryslalllne

rubhedrol anhydrite, occuß ln Palches I -4mm dlam - could be holes

vhere 6llochems wele leached oul). Mcl6lylol¡les (v, sporso,

lo

Matrix (mlcr$par to pseudGpar, dolomudstone). Bltumen (ocdudes

lntrâcrystalllne porGlty). Dlflused whlte llght snd rellecled llght do nol

reveal blodasts or pelolds . looks llke homogenous dolomudslone with

mlcr$lylollle lsmlnse (lrom o.oZ to 'l.6mm thick. lregular but
conllnuous ond horizontsl). spln6e Glracod obserued (0.4mm long).

5

Trânsll¡on b/t lamlnated sxelelal 9ralnslone oelow ano Perqoal
gralnstone above. Slmllar lo lT6 but conlslns abundont lntradasls
r¡pped up íÍom lhe underlylng ldmlnaled unlt. Intrsdasts
(dolomudstone wllhoul lcsìls). Bedding (parsllel beds of

dolomudstone 2-5mm thick, seParated by v. thln Olvl-rich

)artlolly dolomlllzed malrlx (15% of malrix ls plansr subhedral med¡um

;ryslalllne dolomlte scatlered evenly, probâbly represents preferenliolly

Jolomlllzed carbonote cemenls b/w corbonale gralns) Matrix (no reql

nalrix exisls, only cemenl and dolomillzed cement, lsoP€chous rlms

Nodularslroms (1cm dlam). Thln tabularstrom fragmenl (z.scm x

1.3cm lhlck). Alochems (mæl sllochems - esp. Pelolds oPPear blue -

could be v. llny lnlercrystalllne PoÍes or ferroan caldle cemenl - loo fine

to tell). Malrix (o.04mm, f¡nely crystalline. "PseudsPqr' @lcile
U
N)
UJ
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35

E

10

1

¡lge vug llned by éxlremely coarsely crystêlllne (up to 7mm x 3.5cm)

;addle ddomlte. Th¡s t€kes up 40% ol the TS. Matrix (m6tly rePlaæd

)y l¡brous-prismatlc calcile - lealhery sppeârsnce No allochems seen

n fibrous calcite. some allochems remaln between lhese fecrystalllzed

)arts (pelo¡ds, lhln labularstrom). Probably lloalstone vYith packstone

commenls

60

Orolnstone - all ol TS ls carbonale gralns excepl for por$¡ly ano calq(e

cemenl. cemenl (no lrue malrlx exjsts, but all the malerlal between the

carbonale grains lhat ls not matrix dolomlle or pores ls cement,

dolomlte seems to pteferenllqlly rePlace coarse carbonate cemenl)
cnldçnhcres - rare bul oresenl.

50

fuOstom¡Zs'2. ønolds). Matrlx (coarsely cryslalllne Planar subhedral

lolomlle). Por$ity (v. smoll pore at the cenler of crlnolds -

ntrapaflde). V, homogenous, gralny apPearônce'suggests
ünñ^wÞd.ñnôld sâñrls

o

,|

V. slmllar lo sample 170 þul more ddomlllzeo. Alocn€ms lsome ðrc

dolomitlzed by medlum crystalllne non-Planar anhedral dolomlte).

i¡atrix (3o% of mslrlx dolomltlzed' Plsnsr euhedral v flnely crystalllne

and mlnorsaddle dolomlte), Qlz (euhedral mlcroquarlz replsces

allochems and even partlally replaces algal coatlngs on oncolds)

Dìssolution (creates v. small pores' appesr blue due to ths epoxy,

concenlroled in algal æôtlngs and allochems - could be ferroân cslcile

loo l¡ne to lelll.

0

o

,|

Ptimanly oncdos (algally coaleq gralnsr' rvEtrrx uerorrntc W¡örtdr

euhedral medlum crystalllne dolomlte). Void-lilllng dolomite (exlremely

coarsely cryslalline non-planarsubhedral saddle dolomlle). Quarlz
(anhedral chalcedonlc quartz repleces Êllochems even ln the center ol

coated grains). Pyrlto (some oncolds Ptrrtlally Pyritlzed along l6mlnae,

also euhedral v. flnely cryslsll¡ne Pydte a$oc. w¡th sldcifled fN¡ls,
m¡norvery llnely cryslalllne pyrlte ln matrix). Agol slructures

(olNenella and algal coalings on oncolds). onco¡ds (lorm around

crinoids, brachlopods, blvalves, slylollnlds, gastropods). Dolomìtlzatlon

^âlrôrñ /ê"d^ôÊlc hlôht¡hÂll^n\

o

ì¡mllâr to f 80 bul læsils are smaller and les sbundanl, malnx ls more
n¡^dll^ Áñd lhÊrê ¡c môrÞ dôlomll¡7ãllon

i,inrllar to 1eo and 181. SParse cr¡nolds. more obundant b¡valves,

aclrâcods and stvlollnlds. <l% llnelv crystslllne snhedral pyrile.

Half ol the cullln9S reP fesen( lltnolaoes u (s¡mllar (o s6r¡rPres I ou ru
,l82). Thæe culllngs nol described here. olher hall ol cutlìngs

represent l¡thotades A and 8re dæcribed here. Slylollnlds (mGt

abundant fssil, some are parllally pyrillzed). Pyrile (v. flnely

cryslalline euhedral xllls lnslde slylollnlds, assoc. wllh dolomlte crystal
¡ñ<¡dÞ lhÞ <tvlñl¡nlrlsì
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32

Mcrillc matriK Fauna (crinoids. Gtracods, brschs, blvalvs' slylollnlds

repræents carbonate ramp, lherefore lhls ls â true off-reef well).

Comments

Slrom fragmenls and lntradasts primarily (irregular, up lo 3.5cm x

l.5cm). Void.f¡lllng dolomils (planar euhedral coarsely crystalllne

dolomite). Matdx (linely cryslalllne non'plsnar anhedral ddomlte, l¡ner

cryslalllne lhan dolomltlzed atlochems whlch are usually medlum

30

35

0

itrom Fragments (40%, o.scm x O.scm to lcm x zmm' lÍegul84'
)oenltes (20%,2mm dlam avg), Void'fllllng dolomlle (planar euhedrel

)osrsely cryslalllne). Malrix (non-plsnar anhedral v. flnely crystalllne
l^l^m¡tê\ FlôâlclôñÞ ülh nAckçlone matrlx.

Malnx (1oo% anneoral non-Plsnar v. Ilnery crystdr¡ìrrc uurvrrr[or' vu!
filllng dolomlte (subhedral non'planar exlremely æsrsely cryslalllne -

3.5mm sBddle dolomlte - ent¡rely lil¡s lractutes). Dlagenetlc feature -

caddlÞ ddômllÞ llned lraclure nelwoÍk.

0

Dolomlle (non-Planar aPhanocrystslllne oqomlle. mst aoulrsu¡¡r

bllumlnous beds, slso oæurs ss lenses ln calbonole beds)

Bilumlnous beds (3mm to I cm lhlck, lamlnôled hithln each b€d '
deflned by vEriôllons ln Porslty, bllumen. OM,6nd dolomlte)
ndôñitl'âllôn. mÂv nrelerênl¡âllv allack allochems.

0

litumlnous beds (up lo 4mm th¡ck, ænlaln up to 40% sly¡olinlds' uM'
¡nd Bllumen). Stylollnld concenlratlon (bed -1cm lhick. 100%

;emented stylollnids. lnternal snd exlernal prlsmatic cement'dog's
ooth cement, also pod-shaped 6ccumulsl¡ons ol stylollnlds ln OMrich

0

lntradssls ond nodules (les arglllaceous than lhe matdx). saddle

dolomlte (replaces some allochems, le. Replaced gaslropod looks llke ll

could have b€en leached out llrst lhen recrystôllìzed). Matllx (plsnar

subhedral v. line¡y cryslalllne matrlx dolom¡le, more obundanl dolomlte

ln arôillâcÞôrrs narls)

Aveol¡ls (labulale coral, 4cm x 1.4cm). Thln tabularslrom (encrusl

Aveolltæ, 4cm wìde x smm lh¡ck). Pyrlte (sssoc, with lsslls, parllal

pyrillzotlon. v. llne¡y cryslslllne ln lrsmboids). Floalslone wilh
ñn.kclõnÞ mAllx
nlrEdasls (abundant, not well delined, could be lesull ol Þloturosilon

ather than true lnlradasls, v. slmilar lo malrlx, 2cm x'lcm ovg.. randotr

)rientallon. lnd¡sllncl. lregulsr boundarles). Fauna (v. abundant, a
.õrñlÞ ôl lÞñlâcÍl¡ll.lç seenl
ryrite (v. f¡ne crystalllne, assoc. w¡th qusrlz). Qusnz (sllldlleo lssils).
\mphlpora? (branchlng dellæte slrom, Smm diam, some hollow, some

râve lnlernal slruclute)
U
N)*l
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APPENDIX E: ORGANIC PETROLOGY & GEOCHEMICAL TECHNIQUES

E.l Polished Pellet Mount Preparation

The following procedure was used for polished pellet mounts of organic-rich laminite

samples.

1) Samples were crushed using a ceramic mortar and pestle to a size of less than lcm2.

The largest particles for pellet preparation were selected in order to best display features

parallel and perpendicular to bedding. Representative particulate matter was chosen to

pack into the pellet molds around these larger particles in order to maximize the sample

surface available for analysis. Between each sample, the mortar and pestle were cleaned

thoroughly with a damp cloth and compressed air to avoid cross contamination problems.

The finest particulate matter produced during crushing was used for Rock-Eval pyrolysis

(refer to Section E.2).

2) Oneinch "Metaserv" molds were labelled with pellet numbers and coated inside with

thin layer of vaseline in order to facilitate removal of the cured epoxy.

3) Larger sample particles were placed with the face of interest down on the base of the

pellet mold. At least one large particle in each sample was oriented in order to represent

a parallel to bedding view and at least one other large particle in each sample was

oriented in order to represent a perpendicular to bedding view.
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4) Epoxy was mixed (2 parts resin to 1 part hardener) and stirred for 2 minutes. A thin

layer of epoxy was then poured over the oriented sample particles. Sample particles were

lifted and set back down to ensure complete coverage by epoxy.

5) Sample particulate was introduced to the pellet mold and stirred into the epoxy to

ensure complete coverage and removal of air bubbles.

6) The pellet mold was rapped firmly against a hard surface to remove any remaining air

bubbles and to settle the sample particulate to the base of the pellet mold.

7) Epoxy was allowed to set for a minumum of 30 minutes before a second layer of epoxy

was poured into the mold. Epoxy was mixed in the same ratio and stirred agun for 2

minutes. Then epoxy was poured into the pellet molds filling the molds up to 2 mm

down from the top of the mold.

8) This epoxy was allowed to set for a further 30 minutes. The third and final layer of

epoxy was used to seal in a sample label which was placed on the top of the pellet and

then covered with a thin (2 mm) layer of epoxy mixed in the same manner as described

previously.

9) The pellet was then cured overnight before removal from the pellet mold. In order to

remove the pellet from the mold, the base of the pellet mold was first removed, then the

pellet was pushed out of the mold. A hammer and round-headed punch were used to
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push some difficult to remove pellets. However, care was taken that the punch only

contacted the top of the pellet (where the label is) and not the bottom.

l0) The sharp top edges of the pellet were then beveled using a 240 grit wheel. This

removed any loose epoxy and./or sample particulate prior to grinding and polishing.

Samples may be ground and polished by hand or using a Buehler Automet wheel.

Grinding was achieved using 240 gnt paper, then 600 grit paper. The purpose of this

stage was to remove enough epoxy to expose the sample particles. Between every stage

of grinding pellets were rinsed and blown dry using compressed air.

l1) The first step in polishing the pellets was the use of "Texmet" paper or Pelon. During

this stage, 0.3 pm alpha alumina and distilled water were applied to the polishing wheel

periodically using a squirt bottle. The next step involved placing the pellets on a wheel

with two layers of silk attached. 0.05 ¡im alpha alumina mixed with distilled water was

applied to the polishing wheel during this step. Between each stage of polishing, samples

were rinsed with water then with a mixture of distilled water and "Kodak photo flo"

solution. Cotton balls were used at this stage to clean the sample surface because other

materials can scratch the polished sample surface. Care was taken not to touch the

polished surface because oil from skin can stain or even etch samples. Once ground and

polished, samples were stored polished side down on a piece of paper towel to avoid

contact with dust and other atmospheric particles'
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E.2 Rock-Eval Powdered Sample Preparation

The finest sample fraction produced during initial sample crushing for pellet preparation

was further processed in order to produce the powdered sample required for Rock Eval

pyrolysis. The fine material was crushed and ground using a mortar and pestle to produce

a powdered sample of approximately 100 g with a flourlike consistency.

E.3 Rock-Eval Pyrolysis Technique

Values determined using Rock-Eval pyrolysis are useful indicators of source rock

potential, quality, quantity, maturity, and paleoenvironment. The following discussion of

Rock Eval pyrolysis follows that of Hunt (1996). During Rock-Eval pyrolysis, a stream

of helium is passed through 100 mg of pulverized rock heated initially at 300"C. All free

hydrocarbons from the sample (either present from the time of deposition or generated

from kerogen since deposition) are released during this initial heating and analyzed with a

flame ionization detector. Peak Pr represents the measured amount of free hydrocarbons

released during this phase of pyrolysis (Fig. E.1). The temperature is increased at a rate

of - Zl"Clmin to a maximum of 550"C. Between 300 and 390oC, COz is liberated when

carboxyl groups in the kerogen break off. This COz is trapped and analyzed during the

cooling phase using a thermal conductivity detector. Peak P3 represents COz liberated in

rhis manner (Fig. 8.1). Continued heating between 350 and 550'C cracks the kerogen

releasing hydrocarbons until only residual carbon remains in the sample. Any free

bitumen of high molecular weight is also cracked to form smaller molecules during this

phase of heating. Vapours are analyzed with a flame ionization detector and measured as

peak P2 (Fig. E.1).
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The areas under peaks Pr, Pz, and P3 are designated S1, 52, and 53 respectively (Fig E'1)'

S¿ (mg C/g rock) is defined as residual carbon remaining in the sample once pyrolysis is

completed. Total organic carbon (TOC), measured in weight percent, is equivalent to the

sum of pyrolysis carbon (PC) and residual carbon (RC). The following equation can be

used to calculate TOC:

(1) TOC = PC + RC

PC = 0.82 (Sr + Sz)/10 RC = Sy'10

TOC = 0.083 x (Sl + 52) + 0.10 x (S4

Hydrogen Index (HI) is calculated using the following equation:

(2) Iil = (S2/TOC) x 100

Oxygen Index (OI), in turn, is calculated using the following equation:

(3) OI = (S3/TOC) x 100
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Irnriaring T wn anri T errrp eraiure

52 (rng HC/g rock')

Drfuctr.rr
rÊspcfnse

Total orgarúc car¡on (TOC) : Sa (mg C/g rac$ : t$Tp..ly..SJ$. carborr + resiúu':l c-arbcn

Hldrogen IndEß(HI):(üiTOC) ä 10Û

OrÏgen Index(ÛD:(S¡/TOÐ a ltlD

a

'. 53 (rng CO/g roc!")
rt
.J'. *Pr /
'{,\l

".1:,\ /

h*

Figure E.L Schematic diagram of pyrogram showing the evolution of hydrocarbons and

COz from a rock sample Ouring heãting. Important measurements include Sl, Sz' 53' and

calculations are shown for T.r*, TOC, HI and OI (Hunt, 1996)'
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APPENDIX F: ORGANIC PETROLOGY DATA

All data determed from organic petrology undertaken at the Organic Petrology Laboratory

at the Geological Survey of Canada (Calgary) are provided in this appendix in the form of

a spreadsheet. All samples utilized for organic petrology arc organized based on well

location in ascending order, then by sample depth in descending order (i.e. from deepest

to shallowest). The legend is located at the end of the data sheets.

Well Location Sub-basin
Depth Range of
Samples (feet) Page #'s

00/06-32-107-09w6/0 Rainbow 6798.75 - 6951.9 F2

00/04-16-108-07w6/0 Rainbow
6480 - 6500 and

6566.3 - 6572
F2-F3

00/04-09-109-08W6/0 Rainbow 6511.5 - 6700.11 F3

00/06-32-109-08W6/0 Rainbow 6448.5 - 6634.73 F3-F4
00/12-33-109-08w6/0 Rainbow 6487.25 - 6653.25 F4-F5
00/04-30-1 10-09w6/0 Rainbow 6391 - 6403 F5

ool07-07-113-21W5l0 Meander 4534 - 4603 F5

00/04-19-1 16-04W6/0 Zama 5011.5-5169 F5-F6
00/05-36-1 17-06W6/0 Zama 5512.5 - 5526.5 F6



Well

6-32-107-9W6

6-32-107-9W6

Depth(feet)

6-32-107-9W6

6-32-1 07.9W6

6798.75

Sample f

6-32-1 07-9W6

6813

6-32.107-9W6

6815.5

f16

Pellet #

6-32.107-9W6

6837.5

t1r

6-32-107-9W6

6843.3

325/00

Sub-bãsln

110

6-32-107-9W6

6849.5

326100

.109

6-32-107-9W6

Ralnbow

6851,5

327lOO

Lamlnlte

108

6-32-'107-9W6

Ralnbow

6853.8

328/00

t07

4-16-108-7W6

Falnbow

Comments

UFL

6916

329/00

106

4-16-108-7W6

Falnbow

6938.9

330/00

MRL

above mlddle

t05

4-16-108-7W6

Halnbow

6951.9

331/00

PrâçtnoDnnes

MBL

thlck
walled

100

4-16-108-7w6

6480-6490

Falnbow

33AOO

LBL

0098

4-16-108-7W6

6490-6500

Ralnbow

lhln
walled

LFL

Alqlnltes

0096

above lower

4-16-108-7W6

Falnbow

6566.3

333/00

LRL

Coccoldal

184

4-16-l 08-7W6

Relnbow

non0

6566.4

331V00

LRL

185

4-16-108-7W6

Halnbow

none

LRL

6567

365/00

0054

M

Fllamentous

4-16-108-7W6

Flalnbow

none

5568.5

366/00

LRL

0053

Ralnbow

nong

6569.5

298/00

LRL

none

0052

below lower

Ralnbow

Acrltarchs

299/00

6570

LRL

none

0051

below lower

M

nong

Flalnbow

6571

300/00

URL

0050

T?

below lowet

none

.75

Ralnbow

301/00

Sporlnltes

UFL

none

0049

nong

M

Ralnbow

MRL

302y00

0048

non€

Helnbow

303/00

T

MBL

none

non6

Falnbow

305/00

T

MRL

D

Flalnbow

M

M

MBL

T?

non9

M

Flalnbow

none

R

MRL

T?

T

M

T

MFL

nong

B(very.l

D

nong

MFL

nong

R

D

none

none

none

D

non9

T

none

B(very.')

nong

T

n0ne

D

n0n€

F

D

nons

t!4

-f

nong

R

nona

1'?

M

T?

none

T

T

nons

M

none

M

T?

none

1..)



Well

4.16-108-7W6

4-9-109-8w6

Oeplh(leet)

4-9-109-8W6

4-9-1 09-8W6

6572

Sample f

4-9-109-8W6

651 1.5

4-9-109-8W6

6571

0047

Pellet il

4-9-109-0W6

6572.3

0038

4-9-109-8W6

6582.5

306/00

Sub-basln

0044

4-9-109.8W6

292100

6591

0045

4-9-109-8W6

Ralnbow

6593.62

304/00

Lamlnlte

0043

4-9-109-8W6

Flãlnbow

6594

307/00

0023

¡1-9-109-8W6

Ralnbow

660.t.5

Commenls

MRL

308/00

o022

4.9-109-8w6

Flalnbow

6700

309/00

URL

0021

,11

6-32-109-8W6

Falnbow

6511.75

3l 0/00

MHL

0042

thlck
walled

6-32-109-8W6

Balnbow

31 t/00

6601

MRL

003

6-32-109-8W6

Ralnbow

thln
walled

6625.5

313/00

T

LRL

alolnltes

0037

6.32-109-8W6

Ralnbow

6448.5

M

LBL

0019

Coccoldal

above lower

M

6-32-1 09-8W6

Balnbow

6449.25

R

LFL

293/00

00'14

abovê lower

o

6-32-109-8W6

Ralnbow

nong

31UOO

LFL

6463

'Í?

f46

ãbove lower

D

Fllamenlous

Ralnbow

6467.5

R

318100

LRL

none

145

above lower

D

Ralnbow

651 8.75

341/00

T

LFL

none

143

nons

D

Falnbow

Acrltarchs

6537.5

342tOO

T

URL

1',t

142

below lower

nonê

D

tlalntJow

none

343/00

LRL

non6

t36

M

none

Balnbow

M

34400

R

Sporlnltes

LRL

1?

t3r

none

Relnbow

345/00

M

UHL

non€

below lower

none

M

Ralnbow

M

M

346/00

non0

UHL

none

nonê

Ralnbow

nong

M

URL

nonê

f

M

non€

none

Ralnbow

M

URL

B

none

R

M

D

UFL

R?

none

none

R

D

F

URL

1?

non€

o

none

D

R

n0ne

D

ta

none

D

none

D

nong

D

ñone

nono

nons

M

D

T?

n0ne

none

D

none

none

D

none

nong

T

none

R

nong

none

T

none

nons

none

R

f?

nons

nons

T

R

none

nong

tll
u)



Well

6-32{09-8W6

6-32-109-8W6

Depth(feet)

6-32n09-8W6

6-32-109-8w6

6542

Sample #

6-32-109-8W6

6621.8

t2-33-109-8W6

6623.25

t30

Pellet f

f2-33-109-8w6

6624

122

r 2-33-109-8W6

6634.73

347tOO

Sub-basln

121

12-33-109-8W6

6'447-25

348/00

120

t2-33-109-8W6

Flalnbow

349/00

6496

Lamlnlte

il7

12-33-109-8W6

Hâlnbow

350/00

6499

0093

12-33-109-8W6

tlalnbow

6507.25

Commenls

URL

351/00

0092

12-33-109-8w6

Fìalnbow

28U00

6513

MRL

0091

12-33-109-8W6

Flalnbow

6521.75

MRL

289/00

0090

lhlck
walled

I 2-33-l 09-8W6

Falnbow

290too

MFL

6544

0089

12-33-109-8W6

Fìalnbow

thln
walled

6557.75

D

291t00

LHL

0086

1 2-33-1 09-8W6

Flelnbow

661 8.32

29 |OO

T

URL

0084

above lower

coccoldal

D

12-33-109-8W6

Fìalnbow

6620.25

295lOO

URL

0081

D

r2-33-109-8W6

none

Râlnbow

6621.5

296/00

UHL

non€

0073

Fllamentous

Balnbow

6622.25

T

URL

297lOO

non€

oo72

Ralnbow

Þ

314/00

6631.5

URL

0071

D

t?

Acrltarchs

Balnbow

D

6642.5

315/00

UBL

r?

0070

none

Falnbow

D

31 6/00

URL

none

0067

Ralnbow

R

M

Sporlnltes

317t00

URL

none

0066

none

¡,4

Ralnbow

R

M

UFL

31 9/00

none

none

D

Ralnbow

nono

D

MRL

320/00

nong

âbove mlddl(

M

T?

Ralnbow

none

o

MFL

none

M

't?

Falnbow

D

FI

MFL

nong

non6

M

T

R

LFL

1?

none

non€

M

none

FI

î?

LFL

none

above lower

non6

o

none

R

none

above lower

M

nons

FI

M

nons

non9

f?

R

non€

T

none

T'I

none

M

n0ne

D

none

M

f'l

nons

none

M

R

none

non€

M

T?

none

nong

D

none

none

none

none

R

f?

M

D

none

H',l

R

Ìlè



Well

12-33-109-8W6

t2-33-109-8W6

Oepth(feet)

12.33-109-8W6

t2-33-109-8W6

6644,5

Sample fl

4-30-1 10-9W6

6647.96

4-30-110-9W6

6650.2

0065

Pellet fl

4-30.11G9W6

6653.25

0064

4-30-110-9W6

6290-6300

321/00

Sub-basln

0053

4-30-110-9W6

6310-6320

32U00

0062

4-3G110-9W6

6320-6330

Ralnbow

323100

Lamlnlte

188

4-30-l l0-9w6

Halnbow

324/00

6391

187

4-30-110-9W6

Ralnbow

Commenls

6391.5

367/00

LBL

t86

7-7-113-21W5

Falnbow

368/00

6392.5

LBL

above lower

151

Flalnbow

7-7-113-21W5

PfãstnoDnvleS

6393.5

369/00

LRL

thlck
walled

150

above lower

7-7-113-21W5

Ralnbow

336/00

LRL

6403

149

above lowef

7-7-113-21W5

non9

thln
walled

Falnbow

337/00

URL

4534

Alqlnltes

148

4¡9-116-4W6

Halnbow

none

UFL

338/00

4581

147

coccoldal

D

4-19-l1G4W6

Ralnbow

339/00

URL

4585

196

4-19-1 16-4W6

Ralnbow

340/00

MHL

4603

none

193

Fllamenlous

Relnbow

T

MRL

5011.5

354/00

none

192

Ralnbow

T

355/00

MFL

51 54

none

M

191

Acr¡larchs

Meander

R

MFL

356/00

5l s6

178

none

M

nons

Meander

357/00

LBL

non€

169

M

Meandel

D

sporlnltes

358/00

UML

nons

168

above lower

R

none

Meander

D

359/00

LML

none

above upper
(MSKG)

nong

none

T?

Zama

360/00

LML

T?

none

above lower

M

f?

Zama

LML

above lower

none

M

R

T

Zama

uzL

f'?

none

M

LZL

f?

o

nons

R

T

t.zL

non€

D

nong

o

none

nong

M

nong

o

D

none

R

none

nono

D

nong

none

M

-t?

non9

none

R

D

T?

nong

T?

nons

n0ne

M

î?

none

R

none

nong

R

R

1?

R

none

1?

1?

frr



Well

4-19-1 l6-4W6

5.36-f 17-6W6

Depth(feet)

s-36-117-6W6

5-36-t 17-6W6

51 69

Sample f

5512.5

D
M

R

T
none

?

5523

167

Pellet f

5526.5

162

domlnant or malor macerâl
mlnor
rafê
lrace
absence of macerâl
questlonable deta

361/00

Sub-basln

160

362,00

159

363/00

Zama

Lamlnlte

364/00

Zama

not analyzed due lo low TOC or proxlmlty to other

Commenls

Zama

t:,L

Zdme

LZL

below lower

Pfãstnoonvtes

LZL

lhlck
walled

tzL

thln
walled

T

atotnIes

R

Coccoldal

T

D

T

nona

M

Fllãmenlous

T?

D

none

nong

Acrilarchs

T?

none

nong

R

Sporlnltes

none

R

M

none

M

nong

none

nona

Þfl
o\



GI

APPENDIX G: ROCK-EVAL 6 PYROLYSIS DATA

All data determed from Rock-Eval 6 pyrolysis undertaken at the Organic Geochemistry

Laboratory at the Geological Survey of Canada (Calgary) are provided in this appendix in

the form of a spreadsheet. All samples utilized for organic geochemistry are organized

based on well location in ascending order, then by sample depth in descending order (i.e.,

from deepest to shallowest). Pellet numbers correspond to the archived sample set at the

Geological Survey of Canada (Calgary). Note: Neither Rock-Eval nor Organíc Petrology

done for samples 003 and 100. Rock Eval and Organic Petrology was completed for all

for all samples except pellets 365/00 - 369/00.

Well Location Sub-basin
Depth Range of
Samples (feet) Page #'s

00/06-32-107-09W6/0 Rainbow 6798.75 - 6587.9 G2-G4
00104-16-108-07w6/0 Rainbow 6566.3 - 6572 G2-G4
00/04-09-109-08W6/0 Rainbow 6s11.5 - 6625.5 G2-G4
00/06-32-109-08W6/0 Rainbow 6448.5 - 6634.73 G2-G7
00112-33-109-08W6/0 Rainbow 6487.25 - 6653.25 G5-G7
00/04-30-1 10-09W6/0 Rainbow 6391 - 6403 G5-G7
ooloT-07-113-21W5l0 Meander 4534 - 4603 G5-G7
00i04-19-1 16-04W6/0 Zama 5011.5 - 4603 G5-G7
00/05-36-1 17-06W6/0 Zama 5512.5 - 5526.5 G5-G7



SAMPLE

116
111

110
109

LOCAT¡ON

108

6-32-107-9W6

107

6-32-107-9w6

106

6-32-107-9W6

105

6-32-107-9W6

98

6-32-107-9W6

96

DEPTH
lfeet)

6-32-107-9w6

54

6-32-107-9W6

6798.75

53

6-32-107-9W6

6813

52

6-32-107-9W6

68't5.5

51

PELLET #

6-32-107-9W6

6837.5

50

4-16-108-7w6

325lOO

6843.3

49

4-16-108-7W6

326i00

6849.5

48

327100

6851.5

4-16-108-7W6

47

4-16-108-7W6

328/00

6853.8

38

6938.9

329/00

4-16-108-7W6

37

c#

4-16-108-7W6

1l:J(v(x)

6951.9

44

331/00

4-16-108-7W6

6566.3

45

332tOO

4-.t6-108-7w6

6566.4

43

SUB-BASIN

333/00

4-9-109-BW6

6567

23

Rainbow

334/00

4-9-109-BW6

6568.5

22

Rainbow

298i00

6569.5

4-9-109-8W6

21

Rainbow

299/00

4-9-109-Bw6

6570

19

Rainbow

300i00

4-9-109-8W6

6571.75

42

Rainbow

301/00

4-9-109-Bw6

6572

14

Rainbow

302/00

4-9-109-8W6

POSITION

6511.5

146

foreslone

Rainbow

303/00

4-9-109-BW6

6s11.75

145

foreslooe

Rainbow

4-9-109-8W6

305/00

6571

143

foreslooe

Hainbow

306/00

4-9-109-8W6

6572.3

142

loreslope

Rainbow

4-9-109-BW6

292lOO

6582.5

136

loreslope

Rainbow

293/OO

6-32-109-8W6

6591

131

LAMINITE

Rainbow

oreslope

304/00

6-32-109-8W6

6593.62

'130

middle

foreslope

Rainbow

307/00

6-32-109-8W6

6594

foreslope

122

middle

Rainbow

6-32-109-BW6

308/00

6601

121

middle

foreslooe

Rainbow

309/00

6-32-109-8W6

6601.5

Iower

foreslooe

31 0/00

Rainbow

6625.5

6-32-109-8W6

lower

distal foreslope

aty

Rainbow

311i00

6-32-109-8W6

6448.5

distal fores

100.4

lower

Rainbow

31',00

3-32-109-BW6

6449.25

distal toreslope

lower

100.6

Rainbow

313/00

6-32-109-8W6

6463

s1

lower

100

distal foreslope

318/00

Rainbow

6467.5

0.16

lower

distal

100.4

Rainbow

341/00

6518.75

o.2

lope

lower

distal foreslope

ooo

Rainbow

342/00

6537.5

o.41

S2

distal foreslope

middle

100.6

foreslope

0.23

Rainbow

6542

343/00

0.58

middle

distal fo

100.5

o.27

Rainbow

344/OO

6621.8

1.52

foreslope

100.7

m¡ddle

Rainbow

s'2

1.16

345/00

6623.25

0.85

middle

100

foreslope

Rainbow

0.01

1.44

c-405496

346/00

0.05

reslope

middle

100.8

foreslope

Rainbow

5.56

0.01

c-405497

347tOO

P¡

1.51

middle

foresloDe

100.5

Rainbow

0.01

2.74

348/00

o-405498

0.4

0.17

100.7

foreslone

middle

0.1

Flainbow

349i00

0.03

0.41

0-405499

0.85

s3co2

foreslone

100.4

middle

4.46

Rainbow

0.09

0.26

c-405500

o.27

0.5

foreslope

uoDer

100.8

Rainbow

0.38

0.05

c-405so1

0.28

0.34

0.32

foreslope

100

2.06

upper

Rainbow

0.01

c-405502

o.21

o.2

0.96

foreslope

100.7

middle

0.71

Tmax

Rainbow

0.06

c-405503

0.23

015

o.28

middle

foreslooe

100.2

0.01

Rainbow

0.69

c-4cls5r)4

458

0.31

0.31

0.64

above lower

foreslope

100.7

0.58

0.04

Rainbow

449

0.25

0.31

0.37

foreslope

lower

100.2

0.25

Flainbow

0.01

436

0.31

o.24

0.14

lower

foreslope

100.7

0.01

Rainbow

0.42

465

0.29

0.78

0.55

99.9

foreslope

lower

0.01

0.49

Rainbow

459

0.27

o.47

0.18

foreslope

lower

100.1

0.01

0.63

457

0.32

0.18

0.37

lower

foreslope

100.4

0.01

447

1.07

0.25

1.47

0.61

lower

foreslope

.100.6

462

0.01

4

0.37

0.96

0.35

95

foreslope

99.8

uDoer

1.43

461

0.01

o.42

1.16

o.23

foreslope

100.5

UODEf

0.01

457

0.39

0.14

1.21

Ã4

foreslope

100.5

upper

2.06

0.05

454

o.27

2

o.21

100.2

upper

0.02

3.28

458

0.42

0.17

1.72

100

2.42

UDPET

0.01

452

0.09

0.59

o.24

100.6

LIDDET

0.01

10.07

453

0.11

0.38

0.48

uoDer

100.6

5.7

0.02

458

0.37

0.25

0.3

m¡ddle

100.5

2.47

0.02

455

o.28

o.32

0.26

middle

10

0.09

1.28

440

0.26

0.32

0.67

100.3

0-05

1.5

433

0.33

1.59

o.72

100

o.o2

1.41

442

0.16

41.62

0.69

99.9

0.01

448

1.69

0.23

o.35

1.98

100.2

4.2

0.02

426

0.19

o.7

0.39

100.5

427

113.13

0.02

o.23

J.4

0.55

0.02

3,37

447

o.14

0.78

o.74

0.04

5.13

10.79

448

0.16

0.69

1.25

2.28

452

0.16

0.56

1.89

0.04

450

o.27

0.18

'l .48

0.05

454

0.27

0.15

0.02

441

o.37

0.3

0.01

449

o.12

1.18

0

447

0.24

0.51

450

0.29

0.3

445

0.35

o.24

458

0.62

447

0.55

444
448
434
421 til

t.)



SAMPLE

116
11.1

110
109

LOCATION

108

6-32

107

6-32

106

6-32

07-9W6

105

6-32

07-9W6

9B

6-32-

07-9W6

96

DEPTH
lfeetì

6-32-

07-9W6

54

6-32-

6798.75

07-9W6

53

68't3

6-32-

07-9W6

52

6-32-

68.15.5

07-9W6

51

Tpeak

6-32-

6837.5

07-9w6

50

4-1 6-

501

6843.3

07-9W6

49

4-16-108-7W6

492

6849.5

07-9W6

48

479

4-16-108-7W6

s3co

6851.5

0B-7W6

47

4-16-108-7W6

508

6853.8

0.06

3B

502

6938.9

4-16-108-7W6

0.11

37

500

6951.9

4-16-108-7W6

0.17

Pc(%)

44

490

4-16-108-7W6

6566.3

0.04

0.04

45

4-16-108-7w6

505

6566.4

0.06

43

0.04

504

4-9-109-8W6

6567

0.03

0.14

¿,)

TOC

4-9-109-8W6

500

6568.5

0.03

0.17

22

o.2B

4-9-109-8W6

497

6569.5

0.3

0.6

21

0.41

6570

501

4-9-109-8W6

RC%

0.3

o.o2

19

0.5

495

4-9-109-8W6

6571.75

0.01

0.04

42

o.24

1.65

496

4-9-109-8W6

6572

0.51

0.05

o.37

14

4.61

6511.5

s01

4-9-109-BW6

HI

0.05

o.36

146

0.05

2.33

4-9-109-BW6

498

6511.75

B6

o.o7

1.44

145

o.25

o.12

orco

483

4-9-109-8W6

6571

6B

o.o2

4.01

0.08

143

3.06

21

476

4-9-109-8W6

6572.3

234

0.05

2.03

142

0.09

0.61

485

27

4-9-109-BW6

6582.5

B9

0.11

o.o7

0.11

136

2.34

otco2

491

34

6591

6-32-109-8W6

123

0.05

2.55

0.03

131

1

469

2

6-32-109-Bw6

6593.62

179

120

0.05

0.56

0.06

130

0.83

470

7B

6-32-109-8W6

92

65C¿

0.16

2.09

0.07

122

0.57

490

6-32-109-BW6

192

6601

148

0.18

OIRE6

o.92

0.08

121

0.3

25

491

17

6-32-109-BW6

6601.5

64

0.1

0.16

o.74

142

0.56

495

14

10

õ-32-109-8w6

6625.5

90

0.07

0.46

72

0.5

0.68

16

6-32-109-BW6

3

493

6448.5

72

0.14

0.1

159

o.28

0.51

MINC%

2

497

117

6-32-109-BW6

6449.25

B4

o.17

0.5

0.33

14

0.75

0.4

5

484

1B

6-32-109-8W6

6463

0.23

104

0.25

11

0.61

0.5

2.34

30

6

492

6467.5

84

0.07

0.43

0.37

12

0.91

1.1

16

12

490

6518,75

77

0.1

0.59

0.31

99

s4co

0.9

o.7

6

493

61

6537.5

74

0.05

1.02

1.92

19

1

0.74

1.3

I

42

4BB

6542

125

0.06

o.77

o.62

24

1.5

0.8

1.49

501

16

40

6621.8

144

0.04

0.57

0.26

2.4

13

s4co2

0.3

1.41

490

45

6623.25

10

210

0.05

0.14

o.49

47

t-ô

7.3

4.99

1.1

3B

7

487

159

0.24

0.15

1.12

34

19.5

11.3

2.94

0.3

491

25

7

272

2.17

0.14

1.1

,1b

9.3

9.3

0.9

0.62

20

47

477

280

RCcO(%)

0.41

3.97

o.17

36

0.2

0.37

42.9

0.8

464

64

11

221

0.043

0.05

0.49

2.32

oã

12.7

1 16.5

0.53

0.6

I

13

173

0.064

0

0.36

27

13.13

2.9

59.9

1.07

29

0.5

7

204

o.24

0.103

0.46

40

0.23

10.8

3.8

0.3

1.21

74

12

0.19

196

0.313

51

0.49

0.38

4

73.4

0.5

3F,2

97

s4c02

5

402

0.836

0.14

0.93

13

J..t

0.6

15.8

44.77

46

2

7.3

0.399

349

0.23

1.04

¿

4.25

0.7

59.8

25

16

11.3

287

0.009

3.13

60

0.2

27.5

1

2.73

1.1

14

B

9.3

0.544

134

31 .64

76

¿.o

0.5

21.9

1.01

19

42.9

11

141

0.124

3.79

37

J

0.4

15.2

4

1.05

119

116.5

117

0.463

2.24

25

2

8.7

1.1

o73

4

186

59.9

258

0.171

0.87

I

2.5

14.8

1.1

7

3.8

106

80

0.1 41

o.B2

15

9.1

17.B

1

73.4

5

17

190

0.086

0.53

96

r)

0.9

12.8

10

12

15.8

126

0.043

2.2

143

17.6

B

2

59.8

181

0.099

oâ

1.9

56.1

0.8

0

27.5

203

0.129

15

4.1

23.5

0.9

12

23

21.9

0.086

4.5

11

17.5

0.8

26

11

15.2

0.107

10

19.7

15

1.1

24

8.7

0.39

5

11.3

34.7

0.5

59

14.8

0.129

14

2

33.3

0.5

75

17.8

0.094

I

114.7

1.3

0.5

12.8

0.081

17

2.6

67.2

32

17.6

0.176

4.1

56

10

0.8

5b. I

0.193

69

5.2

6.3

0.6

23.5

0.844

15.5

LB

0.5

17.5

0.484

548.9

27.7

1.5

15

1.086

18.9

29.8

1.4

34.7

0.056

10.6

90.5

33.3

0.111

3.7

297.7

114.7

0.176

.a-¿

109.2

67.2

0.223

1.9

65.3

10

0.664

26.1

6.3

23.524

25.2

9.8

0.81

16.4

27.7

0.454

29.8

o.159

90.5

0.137

297.7

0.081

109.2
65.3
26.1

25.2
16.4 o

(j)



SAMPLE

116
111

110
109

LOCATION

108

6-32-107-9W6

107

6-32-107-9w6

106

6-32-107-9W6

105

6-32-107-9W6

9B

6-32-107-9W6

96

DEPTH
lfeet)

6-32-107-9w6

54

6-32-107-9W6

679A.75

53

6-32-107-9W6

681 3

52

6-32-107-9W6

6815.5

51

S5aCO2

6-32-107-9w6

6837.5

50

1.4

6843.3

4-16-108-7W6

49

2.7

4-16-108-7W6

6849.5

48

11.1

4-16-108-7W6

6851 .5

47

3.8

ssbco2

6853.8

4-16-108-7w6

38

0

4-16-108-7W6

6.1

6938.9

37

0

6951.9

6.5

4-16-108-7W6

44

4-16-108-7W6

0.8

10.4

6566.3

45

4-16-108-7W6

0

11.3

6566.4

43

KF¡D

0.6

4-9-109-BW6

34.5

6567

1594.558

23

4-9-10g-Bw6

1.8

6568.5

1B

1594.558

22

4-9-109-BW6

3.5

1594.558

6569.5

4.2

21

4-9-109-8W6

3.2

6570

1594.558

BCCO2(%)

26.6

19

1.9

4-9-109-8W6

6571.75

0.2

4.5

1594.558

42

0.31

4-9-109-8W6

6572

1.5

11.5

1594.558

14

2.7

0.25

6511.5

4-9-109-Bw6

10.1

1594.558

146

3

4-9-109-8w6

6511.75

8.3

1.17

1594.558

145

3.6

6.4

3.18

4-9-109-8W6

6571

1594.558

143

6.9

4.5

6572.3

4-9-109-BW6

1.63

1594.558

TOC <.5 and S1 < 0.2

142

6.2

4-9-109-BW6

2.9

6582.5

0.1

TOC <.5

1594.558

136

6-32-109-8W6

I

8.4

6591

1.7

1594.558

131

7.2

6-32-109-Bw6

8.5

0.43

6593.62

1594.558

130

6.8

6-32-109-Bw6

1.63

14

6594

1594.558

122

6-32-109-BW6

4.7

5.9

6601

1594.558

0.75

121

4.8

4.5

6-32-109-Bw6

1594.558

0.6

6601.5

TOC <.5 and S1 < 0.2

6-32-109-8W6

0

1594.558

13.3

0.41

õ625.5

2.4

6-32-109-BW6

o.24

6448.5

12.6

1594.558

s1 < 0.2

6-32-109-BW6

0.4

6449.25

11.1

14.7

1594.558

6.9

0.49

6463

6-32-109-Bw6

't2.5

1594.558

6467.5

13.3

0.35

23.6

1594.558

2.8

0.48

6518.75

15.5

1594.558

6537.5

2.3

9.3

1.53

TOC <.5 and 51 < 0.2

1594.558

0

6542

0.64

7.9

1594.558

239.3

6621.8

0.48

10.4

1594.558

0

5.8

0.41

6623.25

1594.558

2.3

þ. I

1594.558

0.95

Tmax < 435

1.9

5.9

1594.558

0.91

Pl < 0.1

I

401.2

3.13

1594.558

s1 < 0.2

6.8

6.4

1Ai

Tmax < 435

1594.558

o.27

6.2

1594.558

Tmax < 435

5.8

0.17

1594.558

o.27

14.5

1594.558

0.76

13.8

1594.558

0.81

1594.558

2.47

1594.558

8.12

1594.558

roc <.5

2.98

1594.558

1.78
0.71
0.69
0.45

TOC > 10

Tmax < 435
Tmax < 435 L,Iè



SAMPLE

120
117

93
s2
91

LOCAT¡ON

6-32-109-8W6

90

6-32-109-8W6

B9

12-33-109-BW6

B6

12-33-109-BW6

B4

12-33-109-BW6

B1

DEPTH
lfeetì

12-33-109-BW6

73

12-33-109-BW6

6624

72

12-33-109-BW6

6634.73

71

12-33-109-8W6

6487.25

70

PELLET #

12-33-109-BW6

6496

67

350/00

12-33-109-8W6

6499

66

12-33-109-BW6

351i00

6507.25

65

2BB/00

12-33-109-BW6

651 3

64

289/00

12-33-109-BW6

6521 .75

fi:.t

12-33-109-8W6

290/00

6544

62

c#
c-405505

291/00

6557.75

12-33-109-8W6

151

12-33-109-8W6

6618.32

294lOO

c-405506

150

12-33-109-8W6

6620.25

295/00

149

SUB-BASIN

6621.5

296/00

12-33-109-8W6

148

Rainbow

12-33-109-8W6

6622.25

297lOO

147

Rainbow

4-30-110-9W6

31 4i00

6631.5

196

Rainbow

31 5/00

4-30-110-9W6

6642.5

193

31 6/00

4-30-1 10-9W6

6644.5

Rainbow

192

Rainbow

317100

6647.96

4-30-110-9W6

191

Rainbow

319/00

4-30-110-9W6

6650.2

POStTtON

178

foreslope

320lOO

Rainbow

6653.25

7-7-113-21W5

169

fore.qlone

32tlOO

Rainbow

6391

7-7-113-21W5

't68

foreslope

Rainbow

322lOO

7-7-113-21W5

6391.5

167

foreslooe

Rainbow

323i00

7-7-113-21W5

6392.5

162

foreslope

Ba

324100

4-19-116-4W6

6393.5

160

foreslope

LAMINITE

Ra

4-19-116-4W6

336/00

6403

nbow

1s9

middle

Ra

foreslope

337lOO

4-19-116-4W6

4534

nbow

foreslope

lower

Ra

4-19-116-4W6

338/00

4581

nbow

foreslope

Ra

5-36-117-6W6

UODET

33SiO0

4585

nbow

Ra

loreslope

5-36-117-6W6

UDDEf

340i00

4603

nbow

foreslope

Ra

tJnner

5-36-117-6W6

Qty

501 1.5

354/00

c-405491

nbow

foreslope

Ra

100.8

unoer

c-405492

355i00

51 54

nþow

foreslope

UDNET

356i00

100.5

51 56

c-405493

Ra
nbow

foreslope

S1

100.2

UDDET

51 69

357/OO

Rainþow

c-405494

nbow

1.09

foreslooe

Ra

358/00

100.1

UODET

5512.5

c-405495

1.19

toreslooe

Ra

5523

359/00

100.8

UODET

nbow

3.08

S2

foreslooe

99.7

Ra

midd

5526.5

360/00

2.O7

nbow

0.31

foreslope

midd

99.8

361/00

Ra
nbow

2.32

0.48

midd

362/00

100.6

oreslope

Ra

s'2

nbow

11.49

0.22

foreslope

e

midd

100.4

Meander

363/00

0.01

4.14

nbow

o.72

foreslope

e

lowe

364/00

100.5

Meander

4.28

0.02

0.37

PI

e

torê-qlônê

lower

99.9

Meander

o.12

1

0.34

0.78

foreslope

lowe

Meander

22

100.1

5.67

0.04

0.34

s3co2

1

lowe

Zama

loreslope

100.3

32

0.04

3.43

o.21

0.65

0.84

foreslope

lowe

Zama

100.6

4.21

0.02

0.07

1.31

off-reef

0.35

lowe

99.7

¿ama

2.21

0.04

0-85

0.'l

0.82

middle

oll-reêl

Zama

100.3

1.77

Tmax

0.03

1.13

c.15

0.35

99.9

o11-reel

Zama

middle

5.08

0.04

326

0.11

0.9

off-reef

0.48

Zama

middle

100.2

1.92

0.03

451

0.1

2.07

0.26

foreslooe

Zama

100.5

middle

1.65

0.02

450

2.62

0.15

0.29

foreslope

lower

99.9

1.21

t.06

2.8

0.37

445

0.47

loreslooe

uoper

100.8

0.01

4.94

o.26

0.57

443

0.52

foreslope

lower

100.6

0.01

5.8

450

0.68

o2

0.54

lower

toreslonê

100

7.09

0.01

442

0.31

0.54

0.38

foreslooe

lower

100.5

0.91

0.05

0.41

447

0.46

o.4

toreslone

99.8

UDDET

0.05

1.71

449

0.42

0.64

0.9

lower

100.6

1.83

0.07

452

0.29

0.6

0.81

lower

100.4

1.16

0.01

451

0.31

0.14

0.66

lower

100.9

o.o2

1.29

451

0.28

0.22

0.37

Iower

100.1

1.22

430

U.O:J

0.38

o.2

0.43

lower

100.5

0.01

0.21

419

0.28

0.26

0.72

lower

100.1

3.23

0.01

444

0.22

5.38

0.25

100.7

1.81

0.02

453

0.28

0.49

0.79

100.9

2.18

0

453

0.33

1.12

0.38

100

44.69

0.02

452

0.33

1.44

0.38

100.3

3.95

0.01

451

1.6

0.39

0.28

100.4

0.01

12.43

437

0.06

1.1 3

o36

20.62

o.22

0.1

461

1.26

o.14

17.62

0.02

446

0.11

t.15

0.25

5.87

o.05

447

0.11

0.33

4.54

0.09

450

0.11

0.59

0.08

16.96

445

0.08

o.54

o.12

440

0.07

0.35

0.08

441

0.08

0.34

o.21

431

0.34

0.38

o.22

441

0.41

434

0.15

0.34

441

0.33

439

o5

441
454
451
448

l¡J
L¡¡



SAMPLE

120
117
93
ot

LOCATION

91

6-32-109-BW6

90

6-32-109-BW6

B9

12-33-109-8W6

86

12-33-109-BW6

84

12-33-109-BW6

81

utsP I Ft

lfeet)

12-33-109-8W6

t\)

6624

12-33-109-BW6

72

6634.73

12-33-109-8W6

71

12-33-109-BW6

6487.25

70

Tpeak

12-33-109-8W6

6496

67

12-33-109-8W6

369

6499

66

494

12-33-109-8W6

6507.25

65

493

6s13

12-33-109-8W6

s3co

64

488

6521.75

12-33-109-BW6

63

t.1 I

12-33-109-BW6

6544

486

0.'l

62

493

12-33-109-BW6

6557.75

0.38

PC(%)

151

485

12-33-109-8W6

6618.32

0.19

150

0.27

490

12-33-109-BW6

6620.25

0.07

149

0,3

492

12-33-109-8W6

6621.5

144

0.1 1

1.24

TOC

495

12-33-109-8W6

6622.25

o.2

147

0.38

0.91

4-30-110-9W6

494

6631 .5

o.21

196

o.4

1.38

4-30-110-9W6

494

6642.5

0.16

RC%

0.13

193

8.57

4-30-110-9W6

473

6644.5

0.13

0.54

192

0.64

2.17

462

4-30-110-9W6

6647.96

0.11

191

0.33

1.08

2.56

487

4-30-110-9W6

6650.2

HI

0.2

0.42

178

7.33

496

1.09

7-7-113-21W5

6653.25

0.16

229

0.3

169

1.79

otco

3.61

496

7-7-113-21W5

6391

170

168

o.21

o.o2

2.16

2.16

7-7-113-21W5

495

6391.5

21

0.02

135

0.54

167

0.96

3.49

494

7-7-113-21W5

6392.5

7

193

0.01

0.24

3.07

162

2.13

otco2

4-19-116-4W6

480

6393.5

4

0.07

169

0.23

160

1.83

1.72

4-19-116-4W6

504

92

I

6403

0.08

114

159

0.18

3.07

4-19-116-4W6

3.32

489

4534

3

25

0.59

0.02

158

1.83

0.9

4-19-116-4W6

490

4581

10

10

0.04

160

0.71

OlRE6

1.51

1.08

493

4585

16

5-36-117-6W6

þ

122

0.02

2.78

0.83

79

1.12

4BB

5-36-1't7-6W6

4603

10

19

105

0.05

0.66

0.12

22

2.83

483

5011.5

5-36-117-6W6

5

24

104

0.01

0.2

0.85

10

3.38

MINC%

484

51 54

B

6

155

o.o2

o.2

0.94

17

51 56

3.9 /

1.5

474

22

6

214

0.02

2.24

0.14

16

0.67

0.8

484

51 69

6

15

o.22

154

0.16

2.67

23

0.5

477

25

1.4

5512.5

18

109

0.06

0.15

9

s4co

t.14

0.95

484

0.5

5523

2

22

176

0.03

0.03

0.55

22

2,4

0.58

0.4

482

5526.5

z

12

173

0.29

0.3

0.3

14

4.8

0.67

484

0.3

0

100

180

0.2

0.17

0.75

22

34.7

s4co2

0.77

0.6

497

¿

75

0.18

137

o.2

0.44

19

9.2

0.3

19.7

0.6

494

59

2

346

0.24

4.19

0.51

12

10.9

0.95

32.'l

1

491

13

J

196

0.18

0.38

0.62

B3

4.3

0.65

214.3

0.9

I

13

202

0.31

0.27

1 .14

RCCO(7")

56

15.2

1

0.7

51 .2

2

1B

0.06

194

0.65

44

1.85

t_103

8.9

13.84

0.9

62.2

37

I

161

0.39

0.48

1.61

0.206

o

13.5

28.3

1.5

1.4

158

1

70

0.8

o.77

11

1.487

8.7

3.58

88.6

1.7

J

40

342

9.65

0.394

0.49

14

7.7

5.5

53.2

1.2

7

66

s4c02

2AO

0.467

1.12

29

1.7

4.73

12.6

91.2

aa

1

42

219

19.7

2.44

0.184

119

2.7

4.63

53.3

0.8

I

47

324

32.1

3.65

30

0.651

2.9

43.4

0.9

J

\)

47

265

214.3

3.12

0.381

53

3.7

0.4

82.3

9.61

2

26

349

51.2

0.579

3.86

31

10.6

20.1

0.9

51

13

377

62.2

0.373

2.51

36

13.4

26.5

5

1.2

59

28.3

374

0.33

3B

7.91

28.5

14.7

4

0.9

4

88.6

129

0.54

32

2.4

65.4

¿ó

4

154

53.2

0.1 16

42

76.8

1.7

1.1

o

7

91 .2

179

o.124

45

5.1

92.2

0-5

2

7

53.3

0.159

4

2.8

0.6

16.3

I

4

43.4

0.454

24

3

8.2

0.6

7

82.3

0.574

I

3.4

19.4

1.4

11

20.1

0.63

7

0.7

1 1.8

1.3

5

26.5

0.103

I

2.9

0.4

14

28.5

I

0.073

1.1

17.5

0.7

65.4

0.219

I

2.7

8,7

0.6

76.8

0.12

b

55.1

19

0.8

92.2

0.129

5.7

4
15.8

0.8

16.3

0.146

25.1

12.1

0.3

8.2

0.03

267.3

1B

0.7

19.4

o.124

14.8

31.9

11.8

0.047

22.8

70.5

14

0.1 16

14.4

105.6

17.5

2.361

41 .7

91

8.7

0.244

105.6

19.4

0.519

69.4

15.8

0.771

224.4

25.1

0.634

267.3

0.977

31.9

0.617

70.5

1.787

105.6
91

105.6
69.4
224.4



SAMPLE

120
117
93
92

LOCATION

91

6-32-109-BW6

90

6-32-109-8W6

89

12-33-

86

12-33-109-BW6

84

12-33-

81

DEPTH
lfeet)

0g-BW6

12-33-

73

12-33-109-8W6

6624

72

o9-8W6

12-33-

6634.73

71

09-BW6

12-33-

6487.25

70

S5aCO2

12-33-109-8W6

6496

67

09-8W6

8.1

12-33-

6499

66

09-BW6

12-33-109-8W6

6507.25

4.8

65

12-33-

0

651 3

64

09-BW6

3.5

12-33-109-8W6

6521.75

s5bco2

63

o.2

12-33-109-BW6

3544

15

62

09-BW6

0.5

6557.75

12-33-

1 t.9

151

0

12-33-

6618.32

11.4

150

2.7

6620.25

12-33-109-BW6

6.8

149

KFID

09-BW6

0

6621.5

12-33-109-8W6

4.8

148

1594.558

09-8W6

3.3

6622.25

12-33-

3.9

1594.558

147

4-30-

1.9

7.1

6631.5

1594.558

196

4-30-

0

6642.5

6.9

RCCO2(7.)

1594.558

193

09-8w6

4-30-

7.8

6644.5

9.3

0.54

1594.558

192

0-9w6

4-30-

8.4

6647.96

7.5

0.88

191

1594.558

0-9w6

4-30-

6.3

6650.2

8,4

1594.558

5.84

178

0-9w6

5.6

6653.25

16.5

1594.558

1.4

169

0-9w6

7-7-1

0

6391

14.2

1594.5

1.7

168

0-9w6

7-7-113-21W5

0

6391.5

3-21W5

o.77

15.9

1594.558

167

Tmax < 435

7-7-1

2.1

6392.5

3-21W5

13.8

2.42

1594.558

162

5B

4-1 9-

I

6393.5

1.45

17.8

1594.558

160

4-19-

6403

17.3

3-21W5

2.49

16.1

1594.558

159

Pl < 0.1

7.7

4-',t9-

4534

1.45

19.8

1594.558

6-4W6

4-'t9-

8.7

4581

5.5

1594.558

1.18

6-4W6

8.1

5-36-

4585

8.7

2.24

1594.558

6-4W6

5-36-

4603

1.7

14.4

0.55

1594.558

6-4W6

5-36-

3.5

5011.5

9.7

0.72

1594.558

7-6W6

3.1

5154

12.5

0.78

1594.558

7-6W6

6.4

51 56

13.3

r 594.558

1.78

7-6W6

0

51 69

5

2.O9

1594.558

1.1

5512.5

8.9

2.51

1594.558

fmax < 435

5523

3.5

7.9

0.44

1594.558

Imax < 435

5526.5

3.6

11.1

o.22

1594.558

5.3

23.6

1594.558

0.53

2.3

4.9

1594.558

0.32

1.8

10.5

1594.558

0.38

0

10.2

'1594.558

0.48

14.2

0.24

1594.558

7.3

0.53

1594.558

4.7

0.43

1594.558

0.68

12.9

1594.558

7.29

1594.558

0.87

1594.558

TOC <.5 and 51 < 0.2

1.92

1594.558

Pl < 0.1

2.88

1594.558

2.48

fmax < 435

2.88

TOC > 10

1.89

Tmax < 435

6.12

Pl < 0.1

Pl < 0.1
Pl < 0.1

o
-l




























