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ABSTRACT

The Artinskian to Kungurian Sequence of the Oto Fiord area is dominated by the
Great Bear Cape. Raanes and Trappers Cove formations in addition to the upper portions
of the Nansen and Hare Fiord formations. The Great Bear Cape Formation (10 - 300 m),
in the Otto Fiord area. is a yellowish-weathering. cliff-forming. packstone to grainstone
dominated by echinoderms. bryozoans. and brachiopods. The Raanes Formation (10 - 225
m) is greenish-weathering. recessive to resistant. shaly to silty. variably cherty wackestone
to packstone dominated by brvozoans. brachiopods. crinoids. and sponge spicules in
addition to resistant. massive. very fine-grained. bryozoan-lime mud wackestone forming
bioherms. The Trappers Cove Formation (55 - 1000 m) is black to dark grav spiculitic
chert that is interfingered with thinly-bedded. black. recessive shales and siltstones.

The Artinskian to Kungurian Sequence of the Ono Fiord area. best resembles a
Transgressive-Regressive (T-R) Sequence consisting of a lower sequence boundary (LSB).
transgressive systems tract (TST). maximum flooding surface (MFS). regressive systems
tract (RST). and upper sequence boundary (USB). The LSB and USB are subaerial
unconformities on the shelf that become correlative conformities basinward. The MFS is
characterized by silty sediment in shelfal areas and by papery black shales in basinal
regions in addition to concentrations of pyrite and phosphate. The TST is subdivided into
an early transgressive systems tract (ETST) and a late transgressive systems tract (LTST).
The ETST records the initial deepening phase and is represented by the uppermost Nansen
Formation on the shelf and by the Hare Fiord Fosmation in the basin. The LTST records a
phase of significant deepening that is represented by the entire Raanes Formation. In the
basin the LTST is a condensed section merging with the MFS at the top of the Hare Fiord
Formation. The RST is represented by: i) shallowing upward. progradational. cool-water
shelf carbonates of the Great Bear Cape Formation. and ii) laterally equivalent slope and
basinal cherts and shales of the Trappers Cove Formation.

The facies of the Artinskian to Kungurian Sequence in the Otto Fiord area represent
four distinct facies associations. identified on the basis of their biotas as the Chloroforam
Facies Association. Bryonoderm-Extended Facies Association. Bryonoderm Facies
Association, and‘l-lyalosponge Facies Association. Eleven facies within these associations
were identified and distinguished on the basis of the dominant depositional texture:



Chloroforam Grainstone: Chloroforam Wackestone to Packstone: Bryonoderm-E xiended
Grainstone: Bryonoderm-Extended Packstone: Bryonoderm-Extended Reefal Limestone:
Bryonoderm Grainstone: Bryonoderm Wackestone to Packstone: Bryonoderm Spiculite:
Hyalosponge Mudrock: Siliceous/Spiculitic Shale: and Debrite/Turbidite. These facies
represent irner to outer shelf. shelf margin. and slope-to-basin depositional settings of an
open-marine, distally steepened shelf.

The distribution of facies across the shelf and slope was complex as. not only did
the facies change spatially with water depth. but they also changed temporally. The spatial
distribution of the facies was controlled by the location of the fair-weather wavebase,
resulting in grainstones and packstones dominating shelf regions and wackestones and
mudstones dominating the shelf margin. slope and basin regions. The spatial distribution
of facies was also dictated by depth- or upwelling-related temperature changes. The
Bryonoderm Association occupied decper water environments or shelf environments
exposed to upwelling currents while the more diverse and tropical Chloroforam
Association was restricted to shallow. warm-water shelf environments.

The temporal distribution of facies through the Artinskian to Kungurian Sequence
indicates that the facies association dominating the shelf was dependent on the existing
climatic conditions. shelfal sedimentation rates. and shelfal accommodation space. Facies
associations indicate that early in the sequence the shelf was exposed to tropical-like
conditions while at the end of the sequence cool-water conditions prevailed. Shelfal
sedimentation rates increased from the early portions of the sequence to the later portions
as shelfal production and sedimentation rates during Great Bear Cape time exceeded
sedimentation rates of the older Raanes Formation. Major changes in shelfal
accommodation space occurred through the Artinskian to Kungurian Sequence. indicated
by the changing depositional style of sediments on the shelf. During the TST. in the early )
portion of the sequence. an overall increase in shelfal accommodation space occurred while
during the RST, in the latter portion of the sequence, shelfal accommodation space
decreased. The long term fluctuation in relative sea-level and accommodation space was
tectonically driven by intermittent rifting during the Artinskian,
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RESUME

La Séquence d'dge Artinskien-Kunguricn de la région d'Otto Fiord comprend les
formations de Great Bear Cape. de Raanes et de T rappers Cove ainsi que le sommet des
formations de Nansen et de Hare Fiord. La Formuation de Great Bear Cape (10-300 m) dans
la région d'étude forme des escarpements rocheux bien distinets de couleur jaunitre en
surface altérée. Cette formation est principalement composée par des packstones/
grainstones 3 crinoide, bryozoaire et brachiopode. Lu Formation de Raanes (10-225 m) est
verditre en surface altérée, récessive i résistante en affleurement. et composée de
wackestones/packstones argileux & silteux. parfois cherteux. 3 bryozouire, brachiopode,
crinoide, et spicules d'éponge. On y retrouve aussi plusicurs biohermes & boue calcaire
riches en bryozoaire. La Formation de Trappers Cove (53-1000 m3 oxt composde de chert &
spicule de couleur noir & gris foncé en surface altérée et interlité avee des shales et siltstones
de couleur foncée.

La Séquence d'age Artinskien - Kungurien de la région d'Ouo Fiord forme une
succession transgressive-regressive (T-R). Cette séquence. délimitée par des discordances
majeures 3 la base (LSB) et au sommet (UBS). comprend un system tract transgressif
(TST) et un system tract régressit (RST) sépards pur une surtace d inondation maximale
(MFS). Les discordances i la base et au sommet de I séquence ont une origine subaérienne
3 Ia marge du bassin mais passe graducliement i une surface concordante vers le centre du
bassin. La surface d’inondation maximale est caractérisée par des sédiments silteux en
milieu de plate-forme et par des shales noirs avec des concentrations de phosphate et de
pyrite en milieu de bassin. Le system truct transgressit est subdivisé en un sous-systéme
transgressif  précoce (ETST) et un sous-systéme transgressif taedit (LTST). Le ETST
représgntc le lent début de I'inondation de I plate-forme par une hausse relative du niveau
marin. Le sommet de la Formation de Nunsen a préservé cet événement en milieu de plate-
forme tandis qu'en milieu de bassin on le retrouve au sommet des strates de [a qumatioh
de Hare Fiord. Le LTST, associé aux strates de la Formation Raanes. représente
F'inondation rapide de Ia plate-forme par une importante hausse relative du niveau marin.

Dans le milieu de bassin, le LTST représente une période de sédimentation condensse
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correspondant 4 la surface d'inondation maximale (MFS) au sommiet de la Formation de
Hare Fiord. Le system tract regressit (RST) comprend les caleatres de la Formation de
Great Bear Cape déposés sur une plate-forme en milicu froid ot les cherts et shales de la
Formation de Truppers Cove déposés en milicu plus protond de pente et/ou de bussin.

Quatre grands assemblages de faciés sédimentaires ont &€ identifiés dans la
Séquence d'dge Artinskien-Kungurien de la région d¢'Otto Fiord : 1) assemblage de facies &
Chloroforam; ii) assemblage de facigs i Bryonoderme-Etendu: iif) assemblage de faciés i
Bryonoderme; et iv) assemblage de facics i Hyalosponge. Ces assemblages sont constitués
de 11 faciés distincts comprc:n.mt' grainstone i Chloroforam: wackestone/wackstone i
Chloroforam; grainstonc & Bryonoderme-Etendu: packstone 3 Bryonoderme-Etendu;
bioherme 2 Bryonoderme-Etendu: grainstone i Bryonoderme: wackestone/packstone i
Bryonoderme; chert spiculitique 3 Bryonoderme: mudrock 3 Hyalosponge; Shale
spiculitique; et Debrite-Turbidite. Ces fucits représentent des milicux sédimentaires formant
un continum de la plate-forme ouverte au bassin délimité par un bris de peate en milieu
relativement profond (distally steepened. open-nirine shelf).

La distribution des facis de cette ancienne plate-forme est complexe parce que leur
distribution a changé dans l'espace .un\: quavec le temps. La distribution spatizle montre
des packstonw'grmn.stonc.\ sur la pl.uc forme interne/médiane au-dessus du niveau d'action
des vagues mais des wackestones/mudstones sous ce piveau sur la plate-forme externe. La
distribution spatiale de facids est aussi lide & dautres facteurs de contrdle comme les
changements de température avec la profondeur et les phénomenes locaux d'upwelling.
L’assemblage 4 Bryonoderme a occupé les milicux de plate-formeplus profonde et froide
ou encore les régions de la plate-forme soumises aux effets d'upwelling tandis que
I"assemblage 3 Chloroforam €tait limité aux milicux de plate-forme intcri;c/médianc, peu
profonde et 3 eau chaude. =

La distribution temporelle des fucies de lx Séquence d'iige Artinskien & Kungurien
indique que les assemblages des fuciés de la plate-forme ont §té controlés par les
chagements climétiqucs. les taux d'accumulation sédimentaire. et espace
d’accommodation. La distribution temporelie des fuciés de plate forme indique qu'elle était

sous une influence climatique relativement chaude au début mais qu'on a assisté 3 une



détérioration climatique qui a permis L déposition de calcaires de milieu froid sur Ja plate-
forme 2 Ia fin de la séquence.  Le tux daccumuiation sédimentaire sur la plate-forme a
augmenté avec la déposition des calcaires de lu Formation de Great Bear Cape qui a suivi
celle des shales et cherts de la Formation de Ruanes. L'espace disponible pour accommoder
la sédimentation s'est grandemen: modifié au cours de L déposition de la séquence d'age
Artinskien-Kungurien dans Ia région d'élude. Au début de Ia déposition (TST), I"espace
d’accommodation sur la plate-forme s'est accru puis u diminué lors de la déposition du
system tract régressif (RST). Ce changement i long terme de Fespace d'accomodation a été
probablement controllé par la fluctuation du niveau nirin et par la subsidence tectonique

périodiquement active dans le bassin i cette époyue.
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CHAPTER 1: INTRODUCTION

1.1 Study objectives

The Artinskian to Kungurian (Early Permian) Sequence of the Otto Fiord arca.
northwestern Ellesmere Island. is part of the upper Paleozoic strata that were deposited in
the Sverdrup Basin (Figures 1 and 2). This particular sequence is of great interest and was
chosen as the focus of this study for two main reasons: 1) The Antinskian to Kungurian
Sequence has been studied. in terms of stratigraphy and depositional environments. along
the southern and eastern margins (Beauchamp and Henderson. 1994: Scott et al., 1991) of
the Sverdrup Basin but relatively little is known about its northwestern margin, and 2) the
Artinskian to Kungurian Sequence recorded part of a dramatic climatic cooling event that
occurred over the circum-Arctic region during Permian time (Beauchamp, 1994).

The study by Scott et al.. (1991) focused on Artinskian to Kungurian strata that
were deposited in the Fosheim-Hamilton subbasin of west-central Ellesmere Island.
Shallow-water carbonate sedimentation in this subbasin was stressed because of extensive
terrigenous clastic input and episodes of restricted circulation and elevated salinities. In
addition. Beauchamp and Henderson (1994) indicated that there was a significant
siliciclastic influx at the time of carbonate deposition along the southern margin. Therefore.
the present study of Artinskian to Kungurian strata from the northwestern margin of the
Sverdrup Basin is important as it will provide: 1) information about a carbonate platform,
that was unstressed in terms of siliciclastic influx, and 2) tectonic and depositional
information about the northwestern margin of the Sverdrup Basin exposures showing
facies transition from platform to basin.

The dramatic climatic cooling trend recorded in Artinskian to Kungurian strata in
the study area has also been documented in other circum-Arctic regions including Northern
Alaska, North Greenland, Svalbard. Bjornoya, Barents Sea and Siberia (Beauchamp. 1994:
Stemmerik and Worsley, 1989: Ustritsky, 1973). In the Sverdrup Basin, this event is
evident from the skeletal and non-skeletal associations, and mineralogy in the strata from
Serpukhovian (late Early Carboniferous) to Kazanian (Late Permian) time (Figure 2). The
highly diverse, disparate fauna of the late Early Carboniferous became a low diversity,
cool-water biotic association in Late Permian time (Bryonoderm-Extended Association of
Beauchamp, 1994).
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Figure 2 Upper Palcozoic stratigraphic chart of the Sverdrup Basin (from Beauchamp.
1994). The present study focuses on the Artinskian to Kungurian Sequence.
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Warm-water biotic associations existed in the Sverdrup Basin  throughout
Serpukhovian to Sakmarian time. Evidence for such a climate is the biota of the
Chloroforam Facies Association (Beauchamp. 1994) which includes various green algac.
foraminifera (including fusulinids, and encrusting and small benthic foraminifera).
bryozoans. echinoderms. brachiopods. pelecypods, gastropods. solitary and colonial
rugose corals, red algae and incertae sedis (Tubiphyvtes and Palueoapivsing). In addition to
skeletal grains. various non-skeletal grains such as ooids. pelods and oncoids. and the
presence of algal reefs. mixed reefs and bryozoan reefs are also indicative of a warm
climate. Mineralogy within this stratigraphic interval is dominantly aragonite and high-Mg
Calcite which are also commonly found in warm-water settings (Lees, 1975: Beauchamp.
1994).

The Artinskian is characterized by the Bryvonoderm-Extended Facies Association
(Beauchamp. 1994). This association tvpically includes bryozoans. ecchinoderms,
brachiopods. minor amounts of solitary and colonial rugose corals, fusulinacean and 2
limited range of small benthic foraminifera. Red algae. Tubiphytes, pelecvpods. and
gastropods are also present. The Artinskian is characterized by low Mg calcite with various
proportions of high Mg calcite and very rare occurrences of aragonite. Ooid or botryoidal
cements are not present. According to Lees (1975) and Beauchamp (1994) this tvpe of
assemblage is transitional between warm- and cool-water carbonates.

Further information provided from this study on this cooling trend is expected to
add to the data from previous studies to help broaden our understanding of such large scale
occurrences.

The specific purposes of this study are to:

1) document lithostratigraphic boundaries. sequence stratigraphic boundaries and systems
tracts of the Artinskian to Kungurian Sequence in the Otto Fiord arca of northwestern
Ellesmere Island.

2) describe and interpret the depositional facies assemblages and devise a depositional
model showing facies location on the shelf during Artinskian to Kungurian time.

3) compare these observations with those of the previous study of Beauchamp and

Henderson (1994) of the Artinskian to Kungurian Sequence on southwestern Ellesmere
Island.
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4) compare and contrast results of the study to other recently published studies of cool-

water carbonate shelves in the Ordovician, mid-Tertiary and Holocene.

1.2 Geologic Setting

The Sverdrup Basin, a northeasterly trending rift basin approximately 1000 km
long by 400 km wide and containing more than 12 km of sediments and minor volcanics,
represents a major depocenter that was active during Carboniferous through to Tertiary
times (Thorsteinsson, 1974: Balkwill, 1978; Beauchamp et al.. 1989a). The basin formed
in the Early Carboniferous during 80 Ma of intermittent nifting of underlying Precambrian
to Devonian rocks, following the Late Devonian to Early Carboniferous Ellesmerian
Orogeny (Thorsteinsson, 1974; Beauchamp et al., 1989a:; Thénault, 1991). The Sverdrup
Basin was created as part of an extensive rift system that extended from northern Alaska to
northern Greenland. Svalbard and the Barents Sea (Beauchamp, 1994). The basin itself
was a largely landlocked narrow seaway that bordered land masses to the northeast and
southwest (Figure 3). Due to rifting, the paleolandscape of the Sverdrup Basin was
tectonically controlled by extensional half grabens. forming a series of parallel subbasins
separated by linear highs (Thériault and Beauchamp, 1991; Théniault et al., 1995). The half
grabens, such as those occurring along the basin margin, were infrequently active during
the deposition of the upper Paleozoic sediments, affecting sedimentation and rates of
accumulation (Morin, 1992: Thériault and Beauchamp, 1991: Scott. 1992: Reidiger and
Harrison, 1993).

Rifting ended with a short but dramatic tectonic event called, the Melvillian
Disturbance. in early Permian time (Figure 2). The Melvillian Disturbance was a period of
folding and faulting that affected Upper Carboniferous to Lower Permian and older strata
(Beauchamp. 1994). In general the disturbance created structural inversions, local uplifts,
transtensional growth faulting and net subsidence throughout the basin. It was followed by
a period of passive thermal subsidence in mid-Permian time (i.e. post-Kungurian).

Sedimentation style of the Sverdrup Basin changed from carbonate-dominated to
clastic-dominated during late Paleozoic time. In the Carboniferous and Early Permian
carbonate sedimentation predominated in shallow platformal areas but changed in Late

Permian and Mesozoic time with major influx of siliciclastic sediments from continental
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landmasses to the south and east and from Crockerland to the north (Figure 3: Beauchamp
et al.. 1989b: Embry, 1992; Beauchamp, 1994).

The present day exposures of the upper Paleozoic succession on Ellesmere Island
and across the High Arctic are the result of uplift. deformation and subsequent erosion
associated with the Tertary Eurckan Orogeny (Thorsteinsson, 1974: Trettin, 1989). that
created superb exposures along mountain ranges and coastal fiords.

The paleoclimatic indicators (e.g. Chloroforam Association of Serpukhovian-
Sakmarian time and Bryonoderm Association of Artinskian-Kungurian time) indicate that
the late Paleozoic climate of the Sverdrup Basin evolved from a tropical sub-humid climate
in the Early Carboniferous to a tropical semi-arid to arid climate in the Late Carboniferous-
Early Permian, followed by a temperate sub-humid climate in the middle Permian. and
finally to a sub-polar to polar climate in the latest Permian (Beauchamp et al.. 1989a:

Beauchamp. 1994). These climatic changes paralleled the northward drift of the landmass

from approximately 10°N in the Early Carboniferous to 40 to 50°N in the Late Permian
(Zeigler. 1988). Evidence of this cooling trend is not restricted to the Sverdrup Basin but is
also present in Northern Alaska, North Greenland. Svalbard. Bjormova. Barents Sea and
Siberia (Beauchamp, 1994; Stemmerik and Worsley. 1989: Ustritsky. 1973).

The upper Paleozoic succession of the Sverdrup Basin has been divided into eight.
low-order, transgressive-regressive, unconformity-bounded sequences (Beauchamp and
Henderson, 1994). These unconformity-bounded sequences pass basinward into
correlative conformitics. The sequences represent 5 to 50 million vear time intervals
(Beauchamp et al.. 1989b). Of these low-order sequences the Artinskian to Kungurian
Sequence. representing 5 -10 million years. was the last succession to occur during the
rifting phase before the onset of the Melvillian Disturbance. This sequence is represented in
the uppermost Nansen and Hare Fiord formations. by the entire Raanes Formation and
most of the Great Bear Czpe and Trappers Cove formations in the study area (Figure 2:
Beauchamp and Henderson, 1994).

1.3 Previous work

Samples of the Artinskian strata. although their age was unknown at that time, were
first collected in 1901 by a2 Norwegian geologist, Per Schei, from Great Bear Cape in the
southwestern comner of Bjorne Peninsula. These samples were later examined by a number
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of palconiologists who established that they were of Permian age (Tschermnvshew and
Stepanov. 1916: Troelson, 1950:; Dunbar, 1955: Minato, 1960; Gobbet, 1963: Nassichuk
and Wilde, 1977).

McLaren (1963) described about 30m of vellowish weathering, medium-bedded.
bioclastic rock belonging to the Great Bear Cape Limestone on the Bjorne Peninsula and
collected two suites of brachiopods. On the west side of Blind Fiord on the Raanes
Peninsula, Tozer (1963) also described Permian rocks as the Grey Beds and the Dark
Beds.

Thorsteinsson (1974) examined the Bjorne and Raanes peninsulas and assigned
formation names to the upper Paleozoic succession at these locations. The Grey Beds and
Dark Beds of Tozer (1963) were assigned to the Nansen and Van Hauen formations.
respectively, and the Great Bear Cape Limestone was assigned to the Degerbols
Formation.

Beauchamp and Henderson (1994) revisited the Raanes and Bjorne peninsulas and
measured more than 30 stratigraphic sections and collected 400 conodont samples from
this arca. Other areas of the Sverdrup Basin were also visited. including northern Axel
Heiberg Island. northwestern Devon Island and west-central and northwestern Ellesmere
[sland. Based on this extensive field work. the previous nomenclature of Schei (1901) and
Thorsteinsson (1974) was altered considerably. Beauchamp and Henderson (1994)
formally defined. dated. and put into a sequence stratigraphic context three new mappable
formations: Great Bear Cape. Raanes and Trappers Cove formations, comprising the

majority of the Artinskian to Kungurian Sequence.

1.4 Methodology

Extensive field work was completed by the author in the Otto Fiord area of
northwestern Ellesmere Island in the summer of 1994, and included the measuring and
describing of 15 sections composed mainly of Artinskian strata. These sections in total
represent 5100 m of measured strata and are grouped into northern (sections 1 to 7) and
southern (sections 8 to 12) shelf-to-basin cross-sections (figure 1). These cross-sections
include the upper and lower boundaries of the Artinskian to Kungurian Sequence of
Beauchamp and Henderson (1994), and display the shelf-to-basin facies transition within
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the Artinskian to Kungurian Sequence. From these sections over 700 lithologic hand
samples were collected and of these. approximately 400 small thin sections were made and
stained with alizarin red and potassium ferricvanide according to Dickson (1966). These
thin sections were examined under the petrographic microscope for facies analvsis, Thirty-
seven conodont samples from key horizons in the Artinskian to Kungurian Scguence were
collected from the region for examination and age dating by Dr. Charles Henderson at the

University of Calgary.
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CHAPTER 2: STRATIGRAPHY

This chapter is divided into three parts addressing the lithostratigraphy.
biostratigraphy and sequence stratigraphy of the Artinskian to Kungurian Sequence
exposed in the Otto Fiord area and adjacent areas. In each part. results are compared with
other recent studies from the Blind Fiord area (Beauchamp and Henderson. 1994) where

type sections for these stratigraphic units are well exposed.
2.1 Lithostratigraphy
2.1.1 Raanes Formation

Blind Fiord Area

The type section of the Raanes Formation is located on the Raanes Peninsula and
the formation is well developed along the southern and eastern margins of the Sverdrup
Basin (Beauchamp and Henderson, 1994).

The Raanes Formation in the Blind Fiord area has been divided by Beauchamp and
Henderson (1994) into two units having distinct lithotypes. The first of the units is a
medium-bedded. recessive, greenish-weathering, shale to siltstone and argillaceous
limestone that passes upward into a thickly-bedded. packstone to grainstone containing
fossils including dasycladaceans, phylloid and red algae, Palaeoaplysina, encrusting
foraminifers and fusulinaceans. In some areas this unit is capped by an echinoderm-.
bryozoan-, brachiopod-rich wackestone to packstone with argillaceous and silty
components (Beauchamp and Henderson, 1994). This unit locally shoals upsection,
however, the overall trend is one of deepening. The second unit is similar to the first, but
does not contain the varied fossil assemblagé that is present in the first unit. Bryozoans,
echinoderms and brachiopods are the main biotic components characterizing the second
unit. Differences between these units are interpreted to be the result of a growth fault that
was active only during the deposition of the second unit, resulting in a thicker succession
with deeper- and cooler-water facies (Beauchamp and Henderson. 1994).

In the Blind Fiord area. the Raanes Formation conformably overlies the Nansen
Formation. This contact is easily mapped, as resistant thickly-bedded Nansen Formation
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gives way 1o recessive, shaly and argillaccous limestone of the Raznes Formation., creating
a prominent break in slope. Closer to the basin margin. this contact is a minor
unconformity as indicated by evidence of karstification. calichification and erosion in the
Belcher Channel Formation. where the Raanes Formation overlies the Nansen-correlative
Belcher Channe! Formation (Figure 2). Overlying the Raanes Formation are the Trappers
Cove or the Great Bear Cape formations. In distal areas. dark. spiculitic chert of the
Trappers Cove Formation conformably overlies the shaly carbonate of the Raanes
Formation. In proximal sections. the contact between the Raanes and the Great Bear Cape
formations is generally conformable and places spiculitic and silica-rich carbonates of the
Great Bear Cape Formation over shale-rich. spicule-poor carbonates of the Raanes
Formation (Beauchamp and Henderson, 1994),

The Raanes Formation is interpreted to be of Antinskian age based on the presence
of the following species of conodonts: Adetognathus paralautus. Sweetognathus inormatus

and Neogondolella bisselli (Beauchamp and Henderson, 1994).

Otto Fiord Area

The Raanes Formation is well exposed in the Otto Fiord area of northwestern
Ellesmere Island where the formation ranges from 10 m to 225 m thick, suggesting
faulting during deposition (Figures 4A and 5A: Appendix 2).

The Raanes Formation of the Otto Fiord area consists of three distinct lithotypes,
two of which are similar to the two units described from the Blind Fiord area by
Beauchamp and Henderson (1994). The first and most geographically abundant lithotype
of the Raanes Formation is a greenish-weathering. dominantly recessive, locally resistant,
thinly- to medium-bedded. shaly to silty and variably cherty wackestone to packstone
(Plate 1), containing bryozoans. brachiopods. crinoids. and sponge spicules (small and
large). This unit is similar to the second unit of Beauchamp and Henderson (1994) and is
located in sections 4, 5, 6 and 11 (Figures 4A and SA: Appendix 2). The second lithotype
of the Raanes Formation is very similar to the first with the addition of less abundant,
resistant, light-grey weathering, thickly- to very-thickly bedded. very fine grained unit.
These units are similar to the first unit described by Beauchamp and Henderson (1994)
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containing a diverse fossil assemblage (Section 7: Figures 4A and 5A: Appendix 2). The
third unit is ight-gray weathering, resistant. massive. very fine-grained bryozoan-lime mud
wackestone forming bioherms that may also contain Tubiphyvtes (sections 4 and 7:
Appendix 2). These mounds range in height from {0 m to 60 m at section 7. Red
weathering colour is often associated with the base of these buildups: the origin of this
weathering colour is unknown but the irregular distribution suggests a post-depositional
origin.

The Raanes Formation of the Otto Fiord area is lithologically slightly different than
the Raanes Formation in the type area. The formation in the study area contains a reduced
siliciclastic component. being only slightly argillaceous to silty compared to the formation
of southern Ellesmere Island. This difference reflects the close proximity of a siliciclastic
source on southern Ellesmere Island whereas no proximal source was probable or close at
the time of deposition of the Raanes Formation now outcropping on northwestern
Ellesmere Island.

In the Otto Fiord area the Raanes Formation conformably overlies the light-grey.
thickly bedded. resistant Nansen Formation. This lower contact is easily mapped as it is
similar in character to that in the type area. and is marked by an abrupt change in lithologic
character. Light-grey, thickly-bedded, resistant unit of the Nansen Formation is succeeded
by a more recessive, greenish weathering, thinly- to medium-bedded., silty limestone of the
Raanes Formation at a break ia slope.

Proximal to the basin margin, the Raanes Formation is conformably overlain by
the Great Bear Cape Formation. This contact is gradational and occurs where the greenish-
weathering, shaly-silty wackestone to packstone of the Raanes Formation is succeeded by a
yellowish-weathening, vanably cherty. resistant. crinoid-bryozoan packstone to grainstone
of the Great Bear Cape Formation. However, two anomalies regarding this transition exist
in the Outo Fiord area. For example, at location 7 (Figure 4A; Appendix 2) the Trappers
Cove Formation separates the Raanes and Great Bear Cape Formations. The contact
between the Raanes and the Trappers Cove Formation is conformable and sharp with
recessive, shaly-silty limestone of the Raanes Formation succeeded by dark, resistant
spiculitic chert of the Trappers Cove Formation. This transition has only been documented
at this location in the Otto Fiord area. The second anomaly involves an unconformable
contact between the Raanes and the Great Bear Cape formations at location 6 (Figure 4A;
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Appendix 2). Evidence suggesting an unconformiiy includes the presence of an erosional
surface truncating bedding. in addition to hematite staining. pyrite. and rip-up clasts
incorporated in the basal Great Bear Cape Formation. At this location the Raanes
Formation is argillaccous. medium bedded. cherty. and contains Zoophyeos and
brachiopods. This is unconformably overfain by pink-weathering. finely- to medium-
bedded. coarse-grained crinoidal grainstone with pyrite and rip-up clasts up to 1.5 cm.

The age of the Raanes Formation in the Otto Fiord arca is loosely constrained as
early to mid-Artinskian (Irginian to lower Sarginian substages) based on the presence of
the following conodonts: Neogondolella bisselli and Hindeodus (C. Henderson, pers.

comm.: Beauchamp et al.. 1989a).
2.1.2 Great Bear Cape Formation

Blind Fiord Area

The type section of the Great Bear Cape Formation is located on the Ruanes
Peninsula, seven kilometres northeast of the head of Blind Fiord. southwestern Ellesmere
Island. This formation was defined by Beauchamp and Henderson (1994) as a resistant.
chff-forming, vellowish-weathering unit that is variably cherty. locally sandy and highly
fossiliferous. Beauchamp and Henderson (1994) subdivided the Great Bear Cape
Formation into three units based on lithologic character and position within the sequence: a
lower, middie and upper unit. The lowest urit consists of large carbonate bryozoan-sponge
mudmounds. These bioherms are 50 to 100 m thick and occur locally at the base of the
Great Bear Cape Formation (Beauchamp and Henderson. 1994). The middle unit is a
yellowish-weathering. thick succession of medium-bedded. silty and cherty. spiculitic
wackestone to packstone also beginning at the base of the Great Bear Cape Formation and
grading upward into medium- to thickly-bedded. locally cherty. highly fossiliferous
packstone with abundant echinoderms. bryozoans. brachiopods and sponge spicules. The
top of this succession is dominantly a medium- to very thickly-bedded. locally cross-
stratified, calcareous grainstone with abundant bryozoans. echinoderms. brachiopods,
common to scarce nodosariid foraminifers and scarce fusulinaceans (Beauchamp and
Henderson. 1994). The third unit occurs at the top of the Great Bear Cape Formation and is

represented by a few meters of red-weathering, silty wackestones and floatstones with



21
large ramose bryozoans. However, this unit also occurs as vellowish-weathering, cherty
limestone and calcarcous chert. The Great Bear Cape Formation kecomes locally verv
sandy near the margins of the basin (Beauchamp and Henderson. 1994).

The Great Bear Cape Formation is underlain by the Raanes or Trappers Cove
formations and is overlain by the Van Hauen. Trold Fiord. Assistance. Sabine Bay or
Esavoo formations (Figure 2). The lower contact of the Great Bear Cape with the Raanes
Formation is sharp and usually conformable. but locally non-conformable where erosion
preceded deposition of the Great Bear Cape Formation. The conformable contact between
the Great Bear Cape Formation and the underlying Trappers Cove Formation is
gradational. as dark. cherty beds of the Trappers Cove Formation arc interbedded with
light-coloured carbonate beds of the Great Bear Cape Formation. The lateral relationship
between the Great Bear Cape Formation and the Trappers Cove Formation is also
gradational (Beauchamp and Henderson. 1994). The top of the Great Bear Cape
Formation. in the type area. is a widespread unconformity which becomes conformable in
distal sections (Beauchamp and Henderson. 1994).

The Great Bear Cape Formation in the type area has yielded fourteen species of
conodonts. including Adentognathus paralautus, Sweetognathus inormatus, Sweetognathus
whitei, Sweetognathus adjunctus. Sweetognathus bogoslovskajae, Neostreptognathodus
clarki,  Neostreptognathodus  pequopensis.  Neos'reptognathodus  ruzhencevi,
Neostreptognathodus prayi, Neogondolella bisselli, Neogondolella gujioensis. and

Neogondolella intermedia indicating an Antinskian age (Beauchamp and Henderson,1994).

Otto Fiord Area

Spectacular exposures of the Great Bear Cape Formation are present in the Otto
Fiord area and adjacent areas of northwestern Ellesmere Island. In this region. the Great
Bear Cape Formation generally ranges from a few meters thick (section 12) at the basin
margin to more than 300 m in mid-shelf (section 5: Figures 4A and 5A: Appendix 2). the
latter being related to the infilling of an embayment (see below). This formation is idertical
to that described by Beauchamp and Henderson (1994) in the Blind Fiord area of
southwestern Ellesmere Island in that it is a yellowish-weathering, cliff-forming. medium-
to very-thickly bedded. packstone to grainstone (Plate 1). with abundant echinoderms,

bryozoans, brachiopods, sponges and various amounts of chert. Disseminated chert is
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abundant in the lower part of the formation but less so in the upper part, where it is
commonly in nodular form. and eventually disappears toward the top. The middle and
upper units of the Great Bear Cape Formation described by Beauchamp and Henderson
(1994) in the Blind Fiord area are recognized in the Otto Fiord arca. The lowest unit
recognized in the Great Bear Cape Formation of the Blind Fiord area. was not recognized
in the Otto Fiord area. Instead the upper portion of the Raanes Formation in the Otto Fiord
area is coeval with the lowest unit of the Great Bear Cape Formation of the Blind Fiord
region (discussed further in the Sequence Stratigraphy section of Chapter 2). However. the
basal part of the Great Bear Cape Formation described in the Otto Fiord Area is similar to
the middle unit of the Great Bear Cape Formation in the Blind Fiord arca discussed above,
The top of the Great Bear Cape Formation. where present. is very similar to the upper unit
of Beauchamp and Henderson (1994) in that it is a vellowish-weathering.  slightly
recessive. medium- to thinly-bedded. cherty wackestone to packstone and calcareous chert.
This part of the Great Bear Cape Formation. however. represents the transgressive systems
tract of the overlying sequence and will be discussed in greater detzil later in the chapter.

In the Otto Fiord area. the Great Bear Cape Formation is underlain by Raanes or
Trappers Cove formations and. in both cases, the contact is conformable and gradational.
The contact between the Raanes Formation and the Great Bear Cape Formation occurs
where greenish-weathering. shaly-silty wackestone to packstone of the Raanes Formation
is overlain by a yellowish-weathering. variably cherty. resistant. crinoid-bryozoan
packstone 1o grainstone of the Great Bear Cape Formation. However. this contact is
unconformable at location 6 (Figure 4A: Appendix 2) and is evident from hematite
staining, and the presence of pyrite and rip-up clasts {up to 1.5 cm) within the basal unit of
the Great Bear Cape Formation.

The contact between the Great Bear Cape and Trappers Cove formations is
gradational and conformable at all locations as black. spiculitic chert of the Trappers Cove
Formation eventually becomes fossiliferous near the top of the formation (Figures 4A and
5A). The Trappers Cove Formation becomes the Great Bear Cape Formation where
carbonate becomes the predominant lithology. The same lithological change occurs in the
lateral transition from the Great Bear Cape Formation to the Trappers Cove Formation.
Glauconitic fine-grained sandstone of the Assistance Formation unconformably overlies

the Great Bear Cape Formation in sections proximal to the basin margin in the Otto Fiord
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arca (locations 11 and 12: Figures 4A and 5A: Appendix 2). In more distal sections
(Sections 3. 4.5, 6. 7. 10) the Great Bear Cape Formation is conformably overlain by the
black spiculitic chert of the Van Hauen Formation.

The Great Bear Cape Formaticn in the study area vielded the conodonts
Adetognathus paralautus, Hindeodus. various ncogondolellids including Neogondolella
bisselli. Neostreptognathodus clarki??, N. pravi. Sweetognathus inornatus. S. whitei?
indicating an early Artinskian (Irgtnian substage) to late Kungurian age (C. Henderson.

pers. comm: Beauchamp et al.. 1989a).

2.1.3 Trappers Cove Formation

Blind Fiord Area

The type section of the Trappers Cove Formation is located on the Raanes
Peninsula. southwestern Ellesmere Island., approximately 1.5 km west of the head of Blind
Fiord (Beauchamp and Henderson. 1994). This formation is predominantly composed of
chert. however, carbonate or shale accompany the chert. depending on proximity to the
basin margin or centre. respectively. The shale:chert ratio increases basinward while the
carbonate:chert ratio increases toward the basin margin (Beauchamp and Henderson,
1994).

Beauchamp and Henderson (1994) recognized two units in the Trappers Cove
Formation on the Raanes Peninsula: a) a lower unit and b) an upper unit. The lower unit. is
a succession of spiculitic chert rhythmically interbedded with shale-siltstone and
interfingering with minor lenses of limestone. The shale:chert ratio decreases upward in
this succession. The dark-brown, dark-grey or black chert is thinly- to thickly-bedded and
interbedded with thin layers of black siliceous shale and siltstone. Bioturbation. dark
otganic marizar, dolomite rhombs and silt-sized quartz grains are also present (Beauchamp
and Henderson, 1994). Carbonate lenses make up part of the lower unit. These lenses are
vellowish-weathering, medium- to very thickly-bedded. fine- to very coarse-grained.
graded, locally dolomitic and variably cherty. fossiliferous limestone (Beauchamp and
Henderson, 1994). The biotic elements of these carbonates include echinoderms,

bryozoans. brachiopods and sponge spicules. The lenses pinch out laterally and range in
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thickness from 10 em to more than 3 m. Some larger lenses comprise stacked smaller
lenses (Beauchamp and Henderson, 1994).

The upper unit of the Trappers Cove Formation is spiculitic chert interbedded with
shale and silistone. The shale:chent ratio increases upward within this unit and carbonate
lenses occur rarely (Beauchamp and Henderson. 1994).

The Trappers Cove Formation conformably overlies the Nansen. Raanes or Hare
Fiord formations and is overlain by the Van Hauen Formation or the Great Bear Cape
Formation (Beauchamp and Henderson. 1994). The contact between the Raanes and
Trappers Cove Formation is sharp and conformable where black chert overlies the greenish
silty limestone of the Raanes Formation. In distal sections the base of the Trappers Cove is
a highly condensed section that is correlative with the Raanes Formation and conformably
overlies the Hare Fiord Formation (Beauchamp and Henderson. 1994). In sections
proximal to the basin margin. the upper contact of the Trappers Cove Formation with the
Great Bear Cape is conformable and gradational where dark cherty beds of the Trappers
Cove Formation are interbedded with light-coloured carbonate of the Great Bear Cape
Formation. In distal sections the resistant black chert of the Trappers Cove Formation is
conformably overlain by the recessive. black shales of the Van Hauen Formation.

The age of the Trappers Cove Formation is based on stratigraphic correlation as
well as conodonts found within this formation. The Trappers Cove Formation is correlative
with the Great Bear Cape Formation and is therefore Early Permian in age. The following
conodonts yielded by the Trappers Cove Formation indicate an Artinskian age for the
formation: Sweetognathus whitei, S. bogoslovskajae. Neostreptognathodus pequopensis,
N. ruzhencevi, Neogondolella gujioensis, and N. intermedia {Beauchamp and Henderson,
1994). The Trappers Cove Formation has also viclded the ammonoid Paragastrioceras
which also indicates an Artinskian age (Nassichuk et al.. 1963).



Otto Fiord Area

The Trappers Cove Formation is well exposed in the Otto Fiord area and ranges
from a few metres thick at section 7 (Appendix 2) in the east of the study area to almost
1000 m thick at Degerbols Island (section 3; Plate 2: Figures 4A and 5A: Appendix 2).

The Trappers Cove Formation in the Otto Fiord area is very similar to the Trappers
Cove Formation described by Beauchamp and Henderson (1994) in the Blind Fiord area.
The formation is predominantly composed of medium- to thickly-bedded. black to dark
gray. spiculitic chert that is interbedded with thinly-bedded. black recessive shales and
siltstones. As in the Blind Fiord area the shale:chert ratio decreases up-section and closer to
the margin of the basin. The chert becomes more pure and gravity-driven deposits of
carbonate appear and become more frequent upsection. The fossil content of the chert also
increases with the introduction of brachiopods followed by bryozoans. The lenses of
carbonate range from 1 cm to 2 m in thickness by 3 to 4 m wide. Near the base of the
Trappers Cove Formation and near the top of the formation where transgressive units are
present, the shale:chert ratio increases and carbonate lenses become less common and
disappear.

In the Otto Fiord area the Trappers Cove Formation conformably overlies the
Raanes, Nansen, and Hare Fiord formations (Figure 2). The Trappers Cove Formation is
overlain in proximal to basin margin sections by the Great Bear Cape Formation and in
distal areas by the Van Hauen Formation.

In the Ouo Fiord area, the age of the Trappers Cove Formation is based on
stratigraphic correlation as well as the conodont fauna. The Trappers Cove Formation is
correlative with the Great Bear Cape Formation and is therefore early Artinskian (Irginian
substage) to Kungurian in age. Two conodonts yielded by the Trappers Cove Formation
indicate an Artinskian age for the formation in the study area: i) Neogondolella, represents
a deeper water biofacies, as the characteristic Sweefognathus was not present, and ii)
Diplognathodus stevens, typically associated with S. inormatus in mid-west USA,
represents the first occurrence of this - :cies in arctic North America (C. Henderson, pers.
comm.: Beauchamp et al., 1989a).



2.2 Conodont Biostratigraphy

The biostratigraphy used in this study is based on the conodont zonation that was
formally defined and documented for the Canadian Arctic by Beauchamp and Henderson
(1994) using conodonts from type sections of the Great Bear Cape. Raanes and Trappers
Cove formations in the Blind Fiord arca. Conodonts in the present study area were
identified by Dr. Charles Henderson at the University of Calgarv. The definitions and
detailed descriptions of conodont assemblages can be found in Beauchamp and Henderson
(1994: see Table 1).

Conodont Data - Blind Fiord
In the Blind Fiord area several assemblages have been identified within the Great
Bear Cape. Raanes and Trappers Cove formations and are summarized in Table 2

(Beauchamp et al., 1989a; Beauchamp and Henderson. 1994).

Conodont Data- Otto Fiord Area

In the Oto Fiord area the conodont assemblages PS. P6a. P6b. P7. P8, and P10
have been identified within the strata encompassing the Nansen. Hare Fiord. Great Bear
Cape, Raanes and Trappers Cove formations (Figures 4B and 5B: Appendix 4).
Corresponding ages are assigned to the assemblages and presented in Table 3.

In the study area, two conodont species previously unrecognized in arctic North
America are reported for the first time: S. sulcatus (zone P5b) and Diplognathodus stevens

(zone P6: C. Henderson, pers.comm.).

Comparison of Blind Fiord Area with Otto Fiord Area

The conodont assemblages established first in the Blind Fiord area for the Raanes.
Great Bear Cape and Trappers Cove formations are quite similar to those of the Otto Fiord
area. The conodont assemblages that are present in both areas. occur at comparable
stratigraphic levels within the various formations. The assemblages P6b, P7. P8. and P10

are consistently in the lower, mid-. upper and uppermost Great Bear Cape Formation,
respectively, in both areas.



Table I Age ranges for conodont assemblages - Sverdrup Basin (from Beauchamp et al..
1989a).
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Table 2 Conodont assemblages - Blind Fiord area: assemblages from the Great Bea

Cape, Raanes and Trappers Cove formations (after Beauchamp and Henderson,
1994).



IAssemblage Assemblage Name | Location of Assemblage | Age Assignment

Pi0 Neogondolella idahoensis :  uppermost Great Bear Cape upper Kungurian
- Neostreptognathodus [ Formation
praxi l
P9 Neostreptagnathodus | uppermost Great Bear Cape - upper Baigendzhinian to
pravi - N. muzhencevi and mid-upper Trappers Cove ; Kungurian
; Formation
P8 Neastreptognathodus  * upper Great Bear Cape and ‘ lower Baigendzhinian
pequopensis - N. clarki mid-Trappers Cove formation \
P7 Neogondolella bisselli- mid-Great Bear Cape | lower Baigendzhinian
Sweetopnathus whitet | Formation and carbonate |

tongue of Trappers Cove

1
'
|
'
'
|
t

Formation
Péb Sweetognathus inoratus - | upper Raanes and lower Great upper Aktastinian
P6a Neogondolella bisselli - | lower 10 mid-Raanes Formation lower Aktastinian

Aderognarthus paralautus

|

! I
Adetognathus paralaurns l Bear Cape formations l

| |

1 ;

| |




Table 3 Conodont assemblages - Otto Fiord area: assemblages from the Great Bear Cape,
Raanes. Hare Fiord and Trappers Cove formations (Appendix 4).
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Assemblage i Assemblage Name Location of - Age Assignment
i Assemblage
P10 i Neogondolella idahoensis | uppermost Great Bear Cape upper Kungurian
L ! - Neostreprognathodus ‘ Formation
|| : prayi
P3 Neostreprognathodus upper Great Bear Cape lower
pequopensis - N. clarki Formation Baigendzhinian
P7-P3+ various Neogondollelids - | mid-Great Bear Cape  lower
N. clarki? I Formation Baigendzhinian
P7 Neogondolella bisselli- | mid-Great Bear Cape ‘ lower
Sweetognathus whitei \ Formation lower Trappers B;zigcndzhinian
| Cove 1
P6 -P7+ Neogondolella bisselli- | upper Hare Fiord and mid- | upper Aktastinian to
Hindeodus minurus Raanes formations (lower 1 lower
Trappers Coved } Baigendzhinian
P6b Sweetognarhus inornatus - lower Great Bear Cape | upper Aktastinian

Adetognathus paralautus

Formation

* Nol a recognized assemblage but a combination of two. In this case the

P6a Neogondolella bisselli - | upper Hare Fiord Formation ;|  lower Aktastinian
Adetognathus paralautus
P5 Streprognathodus mid- to upper Hare Fiord Sterlitamakian
Elongarus Formation

of the table will indicate only the range of conodonts present.

*Assemblage Name® section
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2.3 Sequence Stratigraphy

The Artinskian to Kungurian Sequence of the Otto Fiord arca, best resembles and
therefore has been defined using the Transgressive-Regressive (T-R) sequence stratigraphic
model by Embry (1993). This sequence stratigraphic model consists of five main
components. which are as follows (Plate 3): lower sequence boundary (LSB).
transgressive systems tract (TST). maximum flooding surface (MFS), regressive systems
tract (RST). and upper sequence boundary (USB). In contrast to the depositional sequence
stratigraphic model (Posamentier et al.. 1988: Van Wagoner et al.. 1990) which uses
subaerial unconformities and their correlative conformities as the sequence boundaries. the
T-R Model uses transgressive surfaces as sequence boundaries (that may or may not
coincide with subaerial unconformities). This type of boundary is preferred as it has
lithologic character and therefore can be objectively determined. whereas. sequence
boundaries for the Depositional Model (Posamentier et al.. 1988) cannot be objectively
determined as they do not always have distinct lithologic character (Embry, 1993).

The upper Paleozoic succession of the Sverdrup Basin is characterized by eight,
long-term, transgressive-regressive sequences bounded at the basin margin by major
unconformities that pass basinward into their equivalent conformities (Figure 2:
Beauchamp et al.. 1989b: Beauchamp and Henderson, 1994). This study focuses
exclusively on the Artinskian to Kungurian Sequence in the Otto Fiord area. This sequence,
that was described earlier on southern Ellesmere Island (Beauchamp et al.. 1989b:
Beauchamp and Henderson, 1994), represents a 5 to 10 million year duration, spanning the
latest Sakmarian and Kungurian. The Artinskian to Kungurian Sequence is represented by
the following formations: the uppermost Nansen and Hare Fiord formations: the entire
Raanes and most of the Great Bear Cape and Trappers Cove formations (Beauchamp and
Henderson.1994).

In the Orto Fiord area. major sequence stratigraphic surfaces, such as the upper and
lower sequence boundaries and the maximum flooding surface, are easily recognizable
(Figures 4C and 5C; Plates 3, 4). Unconformities are present and represent the upper and
lower sequence boundaries of the Artinskian to Kungurian Sequence in sections proximal
to the basin margin (sections 4, 6, 11, 12: Appendix 2) while the more basinal equivalent
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strata are bounded by conformable contacts (Sections 1. 2. 3.5, 8. 9. [0: Appendix 2). The
internal transgressive and regressive packages that have been identitied by Beauchamp ot
al. (1989a) on southern Ellesmere Island. are also recognized in the Otto Fiord arca. The
transgressive phase of the sequence in the Otto Fiord area is represented by greenish
weathering. deepening-upward shales and mixed siliciclastic-carbonate facies of the Raanes
Formation in sections proximal to the basin margin (Plate 3) and by the Hare Fiord
Formation in more basinal sections (Plate 4). The regressive phase of the sequence is
represented by the fossiliferous limestone of the Great Bear Cape Formation in sections
proximal to the basin margin (Plate 3) and by cormrelative black chert and shale of the
Trappers Cove Formation in the more basinal sections (Plate 4: Beauchamp et al.. 1989b:
Scott et al., 1991; Beauchamp and Harrison, 1994).

The following sections discuss in detail the criteria and characteristics of the lower
sequence boundary. upper sequence boundary. maximum flooding surface. transgressive
systems tract and regressive systems tract of the Artinskian to Kungurian Sequence of the

Otto Fiord arca.

2.3.1 Lower Sequence Boundary (LSB)

Close to the margin of the Sverdrup Basin and at locations of paleohighs. the LSB
is a subaertal unconformity within the uppermost Nansen Formation (locations 4. 6, 11,
12 Appendix 2: Plates 3. 4). except at location 12 where the sequence boundary coincides
with the lithostratigraphic contact between the Great Bear Cape and Nansen formations.
The unconformity separates shallow water grainstones of the Nansen Formation below
from slightly recessive. muddier packstones of the Nansen Formation above (Figures 4C
and 5C). Field evidence for subacrial exposure at these sections includes: sharp erosional
surfaces that truncate beds. nredominantly thin zones of terra rosa material at the
unconformity and terra rosz material incorporated of into the basal part of the overlying
strata (Plate 4). The magnitude of the unconformity at the LSB is not known as samples
collected for age dating were barren of conodonts. The unconformity representing the LSB
at the basin margin and at paleohighs changes to a cormelative conformity toward the basin
centre (locations 1. 2, 3, 5, 8. 9. 10: Appendix 2). This sequence boundary occurs in the
basin within the uppermost Hare Fiord Formation at the top of a shallowing upward

succession. This succession is often capped by a very thickly-bedded debris flow (Plate 4).
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The shallowest water facies in the basin is represenied by medium-bedded. calcareous
mudrock to slightly fossiliferous. thickly-bedded wackesione Iving directly below the
debris flow. The thick debris flow is overlain by 2 deepening-upward succession of
mudstone and shale representing the basal part of the transgressive svstems tract of the

Artinskian Sequence.

2.3.2 Upper Sequence Boundary (USB)

The upper sequence boundary (USB) is manifested in two ways: i) as a subaerial
unconformity on the shelf in a proximal position. and ii) as a conformable surface on the
outer shelf and in a distal position. In proximity to the shelf margin. the USB is a regional
subaerial unconformity occurring within the uppermost Great Bear Cape Formation in the
casternmost part of the study area (locations 4. 6. 11. 12: Appendix 2). Evidence for
subaenal exposure includes: 1) erosional nature of the contact at locations 11 and 12. i)
incorporation of soil derived materials into the rocks lying above and below the
unconformable surface (locations 4. 6. 11, 12). and iii) the presence of terra rosa clay at
location 12.

Below the subaerial unconformity, at locations 11 and 12, is a shallowing-upward
succession of carbonates that is capped by coarse-grained. crinoidal limestone of the Great
Bear Cape Formation. Above this surface a deepening-upward succession (i.e.
transgressive sysiems tract of the overlying sequence) of finer grained. crinoidal packstone
to wackestone of the Great Bear Cape Formation succeeds the grainstones.

In the outer shelf section. within the Great Bear Cape Formation, the USB becomes
a conformable surface basinward. as evidence for subaerial exposure disappears (locations
3,5.7.10: Appendix 2; Plate 4). The trend below the sequence boundary is of shallowing
to a coarse-grained crinoidal grainstone that is overlain by finer grained wackestone to
packstone, recording the initial stages of a deepening trend. '

In the distal basin the USB is a conformable surface and can be traced from the
Great Bear Cape Formation into the correlative basinal facies of the Trappers Cove
Formation (Figures 4C and 5C). Below the sequence boundary are the chert-dominated
facies of the Trappers Cove Formation. Above the sequence boundary the lithologic units
are dominated by the shaly chert facies of the Trappers Cove Formation, representing
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deepening (locations 1. 2. 8. 9: Appendix 2). and the initial stages of the transgressive
systerns tract of the overlying sequence.
Depositional facies present tn strata between these sequence boundaries will be

described in greater detail in a later section.

2.3.3 Maximum Flooding Surface (MFS)

The Maximum Flooding Surface (MFS) is the surface in the rock representing the
deepest water facies of the sequence and separates the transgressive systems tract from the
regressive systems tract (Embry, 1993). In the Ouo Fiord arca. concentrations of pyrite.
are phosphate and silty to shaly sediment characterize the MFS.

In sections proximal to the basin margin (locations 4. 5. €. 7. 11: Appendix 2) the
MFS coincides with the lithostratigraphic boundary separating the Great Bear Cape (or
basinal equivalent Trappers Cove Formation) from the underlying Raanes Formation (Plate
3). At these localities, the MFS is a silty wackestone unit that is rich in pyrite and silt-sized
quartz grains. indicating that slow deposition occurred in a reducing environment
associated with decper-water environments. At the feather edge of the basin margin
(location 12). finely laminated. and bioturbated facies immediatcly above the basal
sequence boundary show a shallowing-upward trend into fossiliferous grainstone to the
USB. indicating that the MFS and the transgressive systems tract has been eroded and the
regressive systems tract juxtaposes the LSB (Figures 4C and 5C). In areas of palechighs
(lecation 6) more than one episode of subacrial exposure occurred during the deposition of
the Artinskian to Kungurian Sequence. eroding most of the strata deposited prior to the
MEFS event (Plate 3a).

In the areas of the slope and basinal facies (locations 1. 2. 3. 8. 9. 10: Plate 4) the
deepest water facies is represented by an abrupt change from green shales of the Hare
Fiord Formation to "papery” black shales of the base of the Trappers Cove Formation.
accompanied by high concentrations of pyrite and locally of phosphate. Conodonts present
indicate that the age of the MFS ranges from late Aktastinian to early Baigendzhinian (i.e.
mid- to late Artinskian, see Table 1).
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2.3.4 Transgressive Systems Tract (TST)

The stratigraphic succession between the LSB and the MFS is the Transgressive
Systems Tract (TST) and represents the deepening-upward succession resulting from a
relative rise of sea level (Embry, 1993). This systems tract is represented by the uppermost
Nansen and correlative Hare Fiord formations and by the entire Raanes Formation (Figures
4C and 5C: Plate 3). The TST is a deepening-upward succession that onlaps the subaerial
unconformity at the basin margin and locally at areas of paleohighs, and thins into a
condensed interval basinward. The TST is subdivided into two parts: a) an Early
Transgressive Systems Tract (ETST) and b) a Late Transgressive Systems Tract (LTST:
Figures 4C and 5C). Conodonts from samples collected in the study area are from zones
P5b to P7. indicating that the age of the TST is late Sterlitamakian to early Baigendzhinian
(see Table 1).

The ETST represents the initial deepening phase with relative rise of sea-level. This
episcde of deepening was gradual and is represented by subtle changes that occur upsection
in the uppermost Nansen and Hare Fiord formations. Shallow-water grainstones grade
upward into slightly muddier packstones and eventually wackestones. The ETST lies
between the lower sequence boundary and a flooding surface which corresponds to the
sharp Nansen-Raanes contact at the basin margin (locations 4, 5, 6, 11: Appendix 2:
Figures 4C and 5C). Toward the basin centre evidence of gradual deepening is more
difficult to distinguish in the field, however it is expressed by an increase in green shale
within the Hare Fiord Formation (locations 3, 8, 9. 10; Appendix 2: Plate 4).

The LTST represents a period of significant deepening and is only present in
sections proximal to the basin nargin (locations 4, 5, 6. 7, 11 Appendix 2: Figures 4C and
5C). An extremely sharp flooding surface. corresponding to the Nansen-Raanes
formations contact, represents the start of the extreme deepening phase recorded in the
LTST. The deepening terminated at the MFS, and the LTST encompasses the entire Raanes
Formation and equivalent condensed basinal strata of the Hare Fiord Formation (Figures
4C and 5C).

Beauchamp and Henderson (1994) concluded that the TST of the Artinskian to
Kungurian Sequence in the Blind Fiord area contains a number of higher-order,
shallowing-upward cycles which could be grouped into four subdivisions, documenting
distinct stages of the transgression. These subdivisions are based upon differential
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thickness of strata. conodonts. and lithostratigraphic relationships. Within the study area.
based on lithostratigraphic relationships only. packages of higher order T-R cveles are also
recognized in the TST of the Artinskian 1o Kungurian Sequence in the Otto Fiord arca and

are discussed in Chapter 3.

2.3.5 Regressive Systems Tract (RST)

The stratigraphic succession between the MFS and the USB is the regressive
systems tract (RST) (Figures 4C and 5C: Plates 3, 4). This package of rock records
progressive relative sea-level fall (Embry. 1993). This systems tract is represented by: 1)
shallowing upward. progradational. temperate shelf carbonates of the Great Bear Cape
Formation. and i) laterally equivalent slope and basin deposits of black shale and chert of
the Trappers Cove Formation (Figures 4 and 5). Samples collected from the RST in the
study area yielded conodonts from zones P6b to P$ indicating that the age of the RST is
late Aktastinian to late Baigendzhinian (see Table 1).

The regressive systems tract of the Artinskian sequence in the Blind Fiord area was
documented by Beauchamp and Henderson (1994) to contain a number of higher-order T-
R cycles within the Great Bear Cape Formation. Similar higher order T-R cycles are also
recognized in the Great Bear Cape Formation of the Otto Fiord arca and are discussed in
Chapter 3.

2.3.6 Comparison: Blind Fiord - Otto Fiord Areas

Prior to this study. extensive geologic work was carried out by Beauchamp and
Henderson (1994) in the Blind Fiord area of west-cenwral Ellesmere Island. They
documented a low-order. transgressive-regressive sequence of latest Sakmarian to earliest
Kungurian age in this area. This sequence can be compared directly to the low-order latest
Sakmarian to earliest Kungurian Sequence presently being studied in the Otto Fiord area
(referred to as the Artinskian to Kungurian Sequence throughout this study for reasons of
simplicity).

The lower sequence boundary of the Artinskian to Kungurian Sequence in the Gtto
Fiord area is similar to that in the Blind Fiord area in its relation to the surrounding
lithostratigraphy. In both the Blind Fiord and Otto Fiord areas, the LSB is usually within

the uppermost Nansen Formation at the basin margin, and in the uppermost Hare Fiord
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Formation in the more basinward areas. However, locally in the Otto Fiord area (location
12: Figure 5}, the LSB corresponds with the Nansen-Great Bear Cape formational contact.
The LSB in both the Blind Fiord and Otto Fiord areas shows significant evidence for
subaerial exposure at the basin margin, and basinward the LSB becomes a correlative
conformity. However, the magnitudes of the unconformities in both areas cannot be
compared as the magnitude of the sequence boundarv in the Otto Fiord area is not vet
determined. .

Like the LSB, the USB in each area is a significant unconformity at the basin
margin and passes laterally into a correlative conformity basinward. However, the
unconformity in the Otto Fiord area is not as widespread and profound as the
unconformity documented in the Blind Fiord area, which extends to the Great-Bear Cape-
Trappers Cove transition (Beauchamp and Henderson. 1994). The lithostratigraphic
position of the USB is similar in both areas and coincides with the Great Bear Cape-
Assistance lithostratigraphic contact at the basin margin. Toward the outer shelf and basin
centre the USB 1s contained within the Great Bear Cape and Trappers Cove formations,
respectively. Conodont evidence indicates that the age of the USB is Baigendz.hinian (see
Table 1) in both areas.

The MFS is similar in the Blind Fiord and Otto Fiord areas. coinciding with the
Raanes-Great Bear Cape lithologic contact near the basin margin. Further basinward in the
Blind Fiord area, the Raanes Formation is believed, by Beauchamp and Henderson (1994),
to become a highly condensed, thin interval of pyritic shale and siltstone. In the Otto Fiord
area the MFS, however, is coincident with the lithologic contact between the uppermost
Hare Fiord green shales and the black shales of the Trappers Cove Formation. At this
contact an abundance of pyrite and occasionally of phosphate resembles that described in
the Blind Fiord area by Beauchamp and Henderson (1994). Locally (location 7: Appendix
2) in the Otto Fiord area, the MFS is coincident with the lithologic contact between the
Trappers Cove Formation and the underlying Raanes Formation which has also been
documented in the Blind Fiord area (Beauchamp and Henderson. 1994). Conodont
evidence indicates that the age of the MFS ranges from late Aktastinian to early
Baigendzhinian in the Otto Fiord area, whereas in the Blind Fiord area the age is better
defined to late Aktastinian.
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The TST in boun the Blind Fiord and Otto Fiord areas is composed of a number of
higher order T-R cycles. However. four subdivisions of the TST were recognized in the
Blind Fiord area and not in the Otto Fiord area. The difference in the frequency of the
subtidal cycles between the two locations is possibly due to differential subsidence of the
basin margin or autocyclic processes acting on the shelf (discussed further in Chapter 3).
Samples collected in the Blind Fiord area vielded conodonts that indicate an age of
Aktastinian (assemblages P6a-P6b) whereas conodont assemblages from the TST of the
Otto Fiord area (assemblages P6-P7) provide a less well constrained age of Aktastinian to
early Baigendzhinian.

The RST of the Artinskian to Kungurian Sequence is very similar in both the Blind
Fiord and Otto Fiord areas. containing a number of higher-order T-R cycles within the
Great Bear Cape Formation. Con»donts from both areas belong to assemblages P6b to PS.

indicating a late Akastinian to Baigendzhinian age (see Table 1).
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CHAPTER 3: SEDIMENTOLOGY AND DEPOSITIONAL ENVIRONMENTS
3.1 Terminology

3.1.1 Modern Setting

In modern settings. carbonate environments are found in a variety of geographic
locations and under a variety of environmental conditions in both tropical and temperate
waters (Chave. 1967: Lees and Buller, 1972; Lees. 1975). As a first order division.
reflecting the tropical and temperate and polar climates of growth, carbonates are divided
into the following four groups. based on differences in biotic associations: a) the
Chlorozoan Association, b) the Chloralgal Association. ¢) the Foramol Association and d)
the Hyaiosponge Association (Lees and Buller, 1972; Lees. 1975: Beauchamp, 1994).
These divisions are based upon the main biotic components present and represent warm-
water, hypersaline warm-water, cool-water, and cold-water conditions, respectively. The
following is a description of each association:
a)_The Chlorozoan Association, dominated by hermatypic corals, calcareous green algae,

and a non-skeletal grain association (pellets. ooids and aggregates). mainly occurs between
the 30th parallels (30° N and 30° S), in normal to hyperzaline. carbonate-saturated to
supersaturated waters that have mean temperatures greater than 23°C. Aragonite is the
dominant mineralogy and dominan: lithotypes include a complete textural spectrum
ranging from mudstone through to boundstone (Lees and Buller, 1972 Lees, 1975;
Nelson. 1988; Nelson et al., 1988).

b) The Chloralgal Association is similar to the Chlorozoan Association in most aspects. It
differs primarily in having a skeletal association dominated by calcareous green algae and
lacking corals. This association occurs in hypersaline environments where corals cannot
exist (Lees, 1975).

¢) The Foramol Association (also called Bryomol Association), dominated by molluscs,
benthic foraminifer, echinoderms. and bryozoans, mainly occurs at latitudes higher than
30° N and 30° S, in waters that are saturated to undersaturated with respect to carbonate,
have normal to reduced salinities, and exhibit 2 mean temperature of less than 20°C. Low-
Mg and high-Mg calcite are the dominant mineralogies with common glauconite grains.
The dominant textural lithotype is grainstone to packstone with micrite being less common
(Lees and Buller, 1972; Lees, 1975; Nelson, 1978; Nelson et al., 1988).

d) The Hyvalosponge Association, dominated by siliceous sponge spicules and minor
components of the foramol association, occurs in polar regions and in deep and very cold
water below the photic zone. The mineralogy dominating this association includes biogenic
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silica with minor amounts of low-Mg calcite. glauconite. manganese. and iron oxides
(Beauchamp. 1994: Van Wagoner ¢t al., 1989)

The geographic distribution of these sediments is mainly dependent on water
temperature and to a lesser degree salinity (Lees, 1975). Since temperature is the dominant
factor, the distribution of the associations changes not only with latitude but also with
depth. Consequently shelf sediments with the Cluorozoan Assemblage are likely to
dominate in the warm- and shallow-waters of the shelf and vield to the Foramol
Association at greater depths where water temperatures are lower (Tait. 1981 Brookfield.
1988 Beauchamp. 1994). Siliciclastic influx also controls the distribution of carbonate
development. Where siliciclastic influx is high. carbonate sediments are absent. In the
absence of high siliciclastic input carbonate sediments may be formed even at mid- to high
latitudes (Chave, 1967).

3.1.2 Late Paleozoic Setting

In the late Paleozoic, five distinct biotic associations have been identified, described
and named by Beauchamp (1994). These associutions include: a) the Chloroforam
Association, b) the Chlorosponge Association. ¢) the Bryonoderm Association. d) the
Bryonoderm-Extended Association and ¢) the Hyalosponge Association (Figure 6). The
following is a description of each association:
a) IThe Chloroforam Association is similar in character to modern-day, tropical
assemblages in that it has a highly diverse biotic assemblage. dominated by phylloid and
dasycladacean algae, benthic and epibiotic foraminifers and fusulinaceans: and an abiotic
assemblage including ooids, peloids, oncoids and micrite. The mineralogy is dominated by
aragonite and high-Mg calcite and early marine cements are present.

hlorosponge Association includes the biotic components of the Chloroforam
Association in addition to calcisponges (inozoans and sphinctozoans)., making it a more
diverse association. An example of this association is present in the Permian Reef Tract of
West Texas (Wahlman. 1985).
¢) The Bryonoderm Association is similar to modern. cool-water associations. as follows:
i) itis dominated by a sparse biota comprising bryozoans. echinoderms, brachiopods and
spicules: ii) it lacks an abiotic assemblage and lime mud: iii) the mineralogy is dominated
by low-Mg calcite with abundant biogenic silica and glauconite: and d) it lacks early marine
cements.
rvonoderm-Exten Association 1s more diverse than the Bryonoderm
Association as it additionally contains solitary and colenial rugose corals, small benthic
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foraminifers, and fusulinaceans. Nevertheless. this association is distinct from the
Chloroforam Association as it is less diverse and lacks green algac and the abiotic
component (00ids, peloids and oncoids) that are an important part of the Chloroforam
Association.

¢} The Hyalosponge Association is dominated by sponge spicules with rarely occurring
bryozoans, echinoderms. brachiopods and molluscs. The mineralogy of this association is
dominated by biogenic silica with glauconite and low Mg-calcite present. This association
is similar to the modern Hyalosponge Association. representing a cold-water. polar
environment.

Beauchamp (1994) suggested that the change in grain associations, in the late
Paleozoic, from the Chloroforam Association to the Hyalosponge Association was a direct
result of temperature change (Figure 6), similar to the tramsition from the modern
Chlorozoan/Chioralgal Association to the Hyalosponge Association, as a result of
decreasing temperatures due to either climatic cooling or increasing water depths (Lees.
1975: Tait. 1981: Brookfield. 1988: Beauchamp. 1994),

A note of caution must be issued about using biotic facies associations alone to
determine climatic conditions at the time of deposition, since fluctuating water levels also
result in fluctuating temperatures that can alier facies associations (Rao. 1981, 1988).
Therefore, in determining climatic conditions, other paleoclimatic indicators must be
considered in addition to observing the biotic components. For example, the biotic
association of the shallowest water grainstones are a reliable climatic indicator since the
biotic components would not have been affected by temperature changes associated with
depth.

.2 Facies Description

The different facies of the Artinskian to Kungurian Sequence exposed in the Otto
Fiord and adjacent areas are defined, described and interpreted in the following section. The
facies are grouped into four distinct facies associations, identified on the basis of the biotic -
associations, namely: The Chloroforam Facies Association: The Bryonoderm-Extended
Facies Association; The Bryonoderm Facies Association; and the Hyalosponge Facies
Association. The individual facies within these facies associations are distinguished on the
basis of the dominant depositional texture. Tables 4 and 5 summarize various attributes of
each facies, including the main biotic and abiotic components, lithotype, bedaing,
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bioturbation. cyclicity. and sequence stratigraphic context. Figure 7 summarizes he
distribution of facies from shelf to basin.

3.2.1 Chloroforam Facies Association

The Chloroforam Facies Association is characterized by a highly diverse biotic
‘asscmblagc dominated by green calcareous algae and foraminifers. This association occurs
only in the early parts of the TST of the Artinskian to Kungurian Sequence and is present
within the uppermost Nansen and lowermost Raanes formations. In the study area. this
facies association has been divided into two distinct facies based on their depositional
textures: the Chloroforam Grainstone and the Chloroforam Wackestone to Packstone
(Plate 5).

Chioroforam Grainstone

This facies consists of light to medium gray. thickly- to massively-bedded
grainstone. The prcdominant biotic components of this facies include phylloid algae,
dasycladacean algae. Tubiphytes. small benthic foraminifers, and fusulinids. Other biotic
components present include Palacoaplysina. red algae. bryozoans. ecchinoderms.
brachiopods. solitary and colonial rugose corals and ostracods. These allochems are
subangular to subrounded yet abraded and broken (Plate 5 c. d). Grains are poorly sorted
and ro~ge from 0.01 to 0.5 cm in size. Primary porosity is occluded by iron-poor equant
spar and ferroan saddle dolomite

This facies has two distinct stratigraphic occurrences: i) in the uppermost Nansen
Formation forming the early parts of the TST in the shelf section (Table 6: section 7:
Appendix 2); and ii) in the Raanes Formation forming the later parts of the TST in the shelf
sections. This facies is typically present within decameter-scale subtidal carbonate cycles
forming the bulk of the Nansen cycles (i.e. mid-/upper portions) but thinner caps in the
Raanes cycles (sections 4. 7, 13: Appendix 2).

Interpretation

The Chloroforam Grainstone represents sediments deposited in a high energy
environment and under relatively warm-water and open marine conditions. A relatively
high-energy and inner to mid-shelf environment above wave base is evidenced by the well-
winnowed depositional texture. and abundant evidence of grain fragmentation and
abrasion. Water restriction was low as shown by the abundant and diverse. stenohaline
biotic assemblage (Flugel, 1982). In addition. the conspicuous presence of biotic elements
associated with the Chloroforam Facies Association here indicated that relatively warm-
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water tropical conditions (Beauchamp, 1994) existed in shelf environments above wave
base during the early parts of the TST.

Chiloroforam Wackestone to Packstone

The Chloroforam Wackestone to Packstone consists of light to medium gray,
thickly- to very-thickly bedded wackestone to packstone. The biotic assemblage of this
factes is identical to that in the Chloroforam Grainstone facies. The biotic fragments are
subangular, poorly sorted. unabraded and range from 0.01 t0 0.5 c¢m in size (Plate 5 a, b).
In addition. this facies comprises abiotic components including micrite. peloids. and
calcispheres. Primary porosity. mainly intragranular, is occluded by iron-poor equant spar
and ferroan saddle dolomite.

This facies has two distinct stratigraphic occurrences: 1) in the uppermost Nansen
Formation forming the early portion of the TST in the shelf sections (Table 6; section 4. 7.
13: Appendix 2): and ii) in the Raanes Formation forming the lower portion of the ST
and becoming scarce in upper portions (sections 7. 13: Appendix 2). This facies is typically
present within decameter-scale subtidal carbonate cycles forming the bulk of the lower to
mid-portion of the Nansen shelf cycles and the mid- to upper portion of Raanes shelf
cycles. This facies also occurs in grabens in block-faulted regions of the Nansen shelf.

Interpreration

The Chloroforam Wackestone to Packstone represents sediments deposited in a
relatively quiet environment below wave base but within the photic zone under relatively
warm-water and open marine conditions. This shelf environment is evidenced by the
muddy and poorly-winnowed depositional texture. lack of evidence of grain fragmentation
and abrasion and the presence of calcareous algae. This facies has a stenohaline biotic
assemblage similar to that in the Chloroforam Grainstone indicating that water restriction
was low (Flugel. 1982) and that relatively warm-water, tropical conditions (Beauchamp,
1994) :xisted in the mid- to outer shelf environments below wave base during the early
TST.

3.2.2 Bryonoderm-Extended Facies Association

The Bryonoderm-Extended Facies Association is characterized by a less diverse
biotic assemblage than the Chloroforam Association, dominated by bryozoans,
echinoderms and brachiopods together with fusulinids and Tubiphytes. This association
occurs within the uppermost Nansen and entire Raanes formations, forming the later parts
of the TST of the Arinskian to Kungurian Sequence. In the study area, this facies



association has been divided into three distinct facies based on depusitional textures: the
Bryonoderm-Extended Grainstone, the Bryonoderm-Exiended Packstone and the
Bryonoderm-Extended Reefal Limestone.

Bryonoderm-Extended Grainstone

The Bryonoderm-Extended Grainstone Facies consists of buff to yellowish
weathering, medium- to very thickly-bedded fossiliferous grainstone. The main biotic
elements in this facies include echinoderms. fenestellid and ramose bryozoans. and
brachiopods. Subordinate allochems include Tubiphytes (encrusting bryozoan fragments).
fusulinids. large sponge spicules. gastropods. dasycladucean algae. solitary and colonial
rugose corals, red algae and ostracods. The bioclastic grains are typically subangular to
subrounded. disarticulated. abraded. moderately sorted, and range from 0.01 to 0.5 ¢cm in
size. In addition, these grains, especially bryozoans. fusulinids and Tubiphyves. display
evidence of post-burial mechanical compaction (i.e. fragmentation) indicating that the
compaction occurred prior to any significant pore-filling cementation (Plate 6 a. b).
Primary porosity is occluded by i) syntaxial overgrowth cement. and i) iron-poor bladed
and equant spar with the bladed spar adjoining the bryozoan zooecia. and the equant spar
infilling the remaining intergranular porosity.

This facies has two distinct stratigraphic occurrences: i) in the Raanes Formation.
throughout the TST in shelf sections (Table 5: sections 4. 7. 13: Appendix 2); and ii) in the
Great Bear Cape Formation forming the iower portion of the RST in shelf sections
(sections 3, 5. 11). This facies is typically present and forms the mid- to upper portion of
decameter-scale carbonate shelf cycles within both formations.

Interpretation

The Bryonoderm-Extended Grainstone represents sediments deposited in a high
energy environment and under relatively temperate and open marine conditions. A
relatively high-energy, most likely inner- to mid-shelf environment above wave base is
evidenced by the well-winnowed depositional texture, and abundant evidence of grain
fragmentation and abrasion (Jones and Desrochers. 1992). Water restriction was low as
shown by a relatively diverse stenohaline biotic assemblage (Flugel, 1982). In addition, the
decrease in fossil diversity and the change in namre of biotic elements from the
Chloroforam Association to the Bryonoderm-Extended Association indicate that relatively
cool-water, temperate conditions existed in shelf environments above wave base during the
late TST and early RST (Beauchamp, 1994). Although the change in temperature  was
significant enough to eliminate the majority of the tropical biota. the presence of
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Tubiphytes, fusulinids and calcarecous algae indicates that conditions were most likely

transitional between warm and cold conditions {Beauchamp. 1994).

Brvonoderm-Extended Packstone

The Bryonoderm-Extended Packstone is very similar in biotic composition,
bedding and colour to the Bryonoderm-Extended Grainstone but differs by the presence of
2 lime mud matrix and other abiotic components. including iron-poor dolomite rhcmbs.
peloids. and silt-size quartz grains. The allochems are subangular to subrounded but show
litile sign of abrasion: they are moderately sorted and range from 0.01-0.5 cm in size. The
presence of peloids and well define™ burrows indicates some bioturbation. Primary
porosity is occluded by iron-poor bladed and equant spar with the bladed spar adjoining the
bryozoan zooecia and the equant spar infilling the remaining intergranular porosity.

This facies has three distinct stratigraphic occurrences: i) in the Nansen Formation,
in the early TST in shelf sections (Table 5: section 7. 11. 12. Appendix 2): ii) in the Raanes
Formation, throughout the TST in shelf sections (sections 4, 7, 13; Appendix 2): and iii) in
the Great Bear Cape Formation, in the RST in shelf sections (sections 3, 5. 13: Appendix
2). This facies typically occurs in the mid- to upper portion of decameter-scale subtidal
carbonate shelf cycles in the three formations.

Interpretation

The Bryonoderm-Extended Packstone represents sediments deposited in a lower
energy environment than the related grainstone and under relatively temperate and open
marine conditions. A relatively low-energy and mid- to outer-shelf environment below
wave base for this facies is evidenced by the muddy depositional texture, and minimal
grain fragmentation and abrasion (Jones and Desrochers, 1992). Similar to the
Bryonoderm-Extended Grainstone, water restriction was low as shown by the abundant
stenohaline biotic assemblage (Flugel. 1982), and relatively cool-water, temperate
conditions (Beauchamp, 1994) existed in shelf environments below wave base, but within
the photic zone, during the TST and RST, as is evidenced by the biota.

ryvonoderm- imeston
The Bryonoderm-Extended Reefal Limestone occurs in skeletal mounds (James
and Bourque, 1992) that are 10 m to 366 m thick within the study area (Plate 7). The
mounds tend to be roughly circular in section. These skeletal mounds are present within the
Raanes Formation in the lower portion of the TST in mid- to outer-shelf environments
(Table 7; sections 4, 7, 13; Appendix 2). The Bryonoderm-Extended Reefal Limestone
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Facies, occurring within the Raanes Formation (late TST). is divided into the genetically
related Core and Flank Subfacies.

The Core Subfacies is a massive, light gray weathering, boundstone-bafflestone
composed mainly of abundant micrite. with feriestellid and ramese bryozouans in life
position, encrusting Tubiphytes, rare sponge spicules, benthic foraminiters, silt-sized quartz
and open-space stromatactoid? cavities. The allochems are angular, showing no signs of
abrasion. Poorly sorted grains range from 1.5 to 0.5 cm in size. Primary porosity is
eliminated by 1) early marine fibrous cements rimming pore spaces and ii) low -iron equant
spar occluding remaining porosity. This facies dominates and comprises the cores of the
reef mounds (Plate 8a. b).

The Flank Subfacies is a light gray weathering, medium- to thickly-bedded
wackestone composed of abundant micrite, crineid plates. large sponge spicules (up to 20
c¢m long). and silt-sized quartz grains. The allochems are angular to subangular and rarely
show sign of abrasion. The grains range from 0.1 to 20.0 cm in size. Primary porosity is
occluded by iron-poor equant spar. This facies is subordinate to the core facies. is
distributed preferentially on the sides of the mounds and dominates near the base (Plate Sc.
d).

Interpretation

The Bryonoderm-Extended Reefal Limestone facies represents sediment deposition
in a low energy environment under cool-water. temperate and open marine conditions
where delicate reef builders acted as baffling agents during reef growth. A low energy.
below wave base. mid-shelf environment is demonstrated by the abundance of mud and
the lack of evidence of grain abrasion and fragmentation within these mounds. In addition,
the presence of biotic elements associated with the Bryonoderm-Extended Association
indicates that deposition occurred in relatively cool-water. temperate conditions on the outer
shelf environments below wave base during the TST.

The shape of the mounds and the fact that these mounds survived in the early TST
and not in the late TST suggests that vertical growth dominated over lateral growth and that
they grew as accommodation space was provided (i.e. analogous to keep-up reefs: James
and Bourque, 1992). Eventually the water depth was too great for the mound constructors
to survive and the bioherms drowned (i.e. give-up reefs: James and Bourque, 1992).
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3.2.3 Bryvonoderm Facies Association

Tk: Bryonoderm Facies Association. is characterized by a less diverse biotic
assemblage than the Chloroforam Association or even the Bryonoderm-Extended
Association, and is dominated by bryozoans, echinoderms. brachiopods and sponge
spicules. This facies association is dominant in the late TST of the Raanes Formation and
the RST of the Great Bear Cape Formation in the Artinskian to Kungurian Sequence. In the
study area, the Bryonoderm Facies Association has been divided in.0 two distinct 14cies
based on their depositional textures: the Bryonoderm Grainstone and the Bryonoderm
Wackestone to Packstone.

Brvanoderm Grainstone

The Bryonoderm Grainstone is a yellowish to buff weathering. medium- to thickly-
bedded grairstone. The abundant biotic components include echinoderms and bryozoans
with common brachiopods and large sponge spicules (Plate 9a, b). Gastropods, small
foraminifers, solitary rugose corals and ostracods are present but scarce. The bioclastic
grains are subangular to subrounded. commonly disarticulated. and show signs of
abrasion. Grains are moderately well sorted ranging from 0.01 to 0.5 cm in size. Primary
porosity is occluded by syntaxial overgrowths. and iron-poor bladed and equant spar. The
bladed spar dominanily occurs in the bryozoan zooecia and equant spar occludes
intergranular porosity.

This facies occurs in three stratigraphic positicns: i) in the Nansen Formation, in the
early TST in shelf sections (Table 6; sections 6, 11, 12: Appendix 2): ii) in the Raanes
Formation, in the upper portion of the TST in shelf sections (sections 4. 7. 13; Appendix
2); and iii) in the Great Bear Cape Formation, dominating the upper portion of the RST in
shelf sections (sections 3. 5. 11: Appendix 2). This facies typically occurs in the upper
portion of decameter-scale subtidal shelf cycles in the three formations.

Interpretation

The Bryonoderm Grainstone represents sediment deposition in a high energy
environment and under relatively cool-water and open marine conditions. A relatively high-
energy, inner- to mid-shelf environment above wave base for this facies is demonstrated
by the welt-winnowed depositional texture, and abundant evidence of grain fragmentation
and abrasion (Jones and Desrochers, 1992). Water restriction was low as shown by the
abundant stenohaline biotic assemblage. The greatly reduced diversity of biota and the
obvious similarity to the modern Foramol/Bryomol (Nelson, 1988) Association indicate
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that temperate-cool and temperate-cold conditions existed on the shelf above wave buse
during the TST and RST (Beauchamp, 1994).

Bryvonoderm Wackestone-Packstone

The Bryonoderm Wackestone-Packstone Facies is a greenish-gray weathering.,
thinly to medium bedded. argillaceous cherty wackestone to packsione. The dominant
allochems are identical to those of the Bryonoderm Grainstone Facies with the addition of
abundant large and small sponge spicules. In addition to the abundant micritic matrix. the
abiotic elements present in this facics which are not present in the Bryonoderm Grainstone.
include green clay. chert. silt-sized quartz, and local iron-free dolomite rhombs (Plate 9).
These grains are angular to subangular and show little sign of abrasion. however. some are
broken. Grains are poorly sorted and range from 0.05 to 0.4 c¢m in size. Original porosity.
although limited. appears to have been occluded by post-depositional chertification. and
iron-rich equant spar diagenetically replaces all large and some small sponge spicules.
Evidence of intense bioturbation can be seen in the outcrop as Thalassinoides-like burrows
are preserved by preferential silicification (Plate 9¢).

This facies occurs in two stratigraphic positions: i) in the Raanes Formation
throughout late TST in shelf sections (Table 7: sections 4. 5. 7. 13: Appendix 2): and ii) in
the Great Bear Cape Formation within the RST in shelf sections (sections 3. 4. 5. 10. 11:
Appendix 2). This facies typically dominates the lower portion of subtidal decameter-scale
shelf cycles in both formations.

Interpretation

The Bryonoderm Wackestone to Packstone represents sediments deposited in a
low energy environment under cool-water and open marine conditions. A low-energy and
outer-sheif/shelf margin environment below wave base for this facies is demonstrated by
the presence of fine-grained material, and lack of grain fragmentation and abrasion or
sedimentary structures indicative of agitation (Jones and Desrochers, 1992). Open shelf
conditions and therefore normal salinities are indicated by various stenohaline biotic
elements (Nelson, 1988). The greatly reduced diversity of biota and nature of biota
associated with the Bryonoderm Association indicate that cool-water conditions
(Beauchamp, 1994) existed on the outer shelf/shelf margin below wave base during the
TST and RST. This facies, however, being deposited in the outer shelf/shelf margin setting,
may reflect cooling associated with a greater water depth rather than climatic cooling (Tait,
1981; Brookfield, 1988), especially its occurrence within the Raanes Formation.
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3.2.4 Hyalosponge Facies Association

The Hyalosponge Facies Association. is characterized by a greatly reduced biotic
assemblage of sponge spicules with rare bryvozoans. echinoderms and brachiopods. This
facies association occurs in the TST of the Hare Fiord Formation but dominates in the RST
of the Trappers Cove Formation. This facies association comprises two distinet facies
including: i) Hyalosponge Mudrock and i) Siliceous/Spiculitic Shale (Plate 10).

The Hvaloxponge Mudrock

This facies is a dark-gray to black. vellowish-weathering. thinly- to medium-
bedded. resistant mudrock composed of calcarcous to chenty fine-grained material, mainly
siliceous shale, with sparse bioclastic material but abundant sponge spicules (Piate 10a. b).
Cement is limited to ihe biomoldic filling of former opaline sponge spicules by iron- poor
calcite cement and/or microcrystalline chert giving the mudrock its calcareous or cherty
nature, respectively. This facies is thoroughly bioturbated. with the Nereites trace fossil
assemblage abundant in outcrop. Abundant metre-scale truncation features observed in
outcrop are also identified with this association.

This facies occurs in two stratigraphic positions: 1) in the Hare Fiord Formation,
dominating throughout TST in slope sections (Table 8: sections 8., 9. 10: Appendix 2): and
1) in the Trappers Cove Formation, throughout the RST in slope sections (sections 1, 2. 3.
8. 9. 10: Appendir. 2). Within the Trappers Cove Formation. this facies is interbedded on a
centimeter scale with the Siliceous Shale Facies.

Interpretation

The Hyalosponge Mudrock represents sediments deposited in a low energy, deep-
water environment under celd and open marine conditions. A deep-water, low-energ}.r
environment well below the photic zone for this facies is demonstrated by the presence of
fine-grained material with monospecific sponge spicules, and the general absence of other
biota. Further evidence to support this interpretation includes the abundance of metre- to
decameter-scale truncation features. The prolific growth of siliceous sponges is commonly
favoured by a combination of cold temperatures, absence of lizht (Beauchamp, 1994) and
nutrient-rich environments (Van Wagoner et al., 1989). This supports the fact that cooi-
water and likely very cold conditions (Beauchamp, 1994) existed on the deeper shelf
margin / lower slope during the TST and RST.
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Siliceous/Spiciditic Shale

This facies is a dark gray to black. siliceous, commonly fissile shale that weathers
recessively. It is composed dominantly of siliceous shale with minor sponge spicules and
silt-sized quartz (Plate 10c. d). This facies is moderately bioturbated with distinct Nereites
horizontal burrows evident in outcrop.

This facies occurs in two stratigraphic positions: i) in the Hare Fiord Formation,
late in the TST in basinal sections (Table 8: sections 3. 8. 9. 10: Appendix 2): and it) in the
Trappers Cove Formation. in the lower portion of the RST in the basin (sections 2. 3. 8. 9.
10: Appendix 2). Within the Trappers Cove Formation. this facies is interbedded on a
centimeter scale with the Hyalosponge Mudrock.

Interpreration

This facies represents the deep-water background sedimentation that existed in the
basin well below storm wave base and the photic zone. A deep-water. low-cnergy and
lower slope/basinal environment is suggested by the dominance of finer grained stliciclastic
material and the absence of most biota except for a few organisms able to survive under
dysaerobic conditions. This sedimentation was intermittently interrupted by shelf-derived
sediment gravity flow deposits.

3.2.5 Mixed Facies Association

The Mixed Facies Association includes facies that combine the characteristics of
two or more previously described facies. In the study area. this association inciudes two
distinct facies that show characteristics from two or more of the above mentioned facies.
These facies are: i) the Bryonoderm Spiculite facies. that is clearly transitional in
composition with the Hyalosponge Mudrock: and ii) the Debrite/Turbidite Facies. Both of
these facies are found within the TST and the RST of the Artinskian-Kungurian Sequence
in the Otto Fiord area (Plates 11, 12).

onoderm Spiculir

The Bryonoderm Spiculite Facies is greenish-gray weathering. thinly- to medium-
bedded, argillaceous to calcareous chert. Major components of this facies include bryozoan
fragments, large sponge spicules ranging from 0.5 - 1.0 c¢m in size. and small sponge
spicules ranging from 0.01 to 0.05 cm in size (Plate 11). Minor components include sparse
brachiopods and echinoderms. The biotic grains are subangular to subrounded and show
lide sign of abrasion and fragmentation. Abiotic elements include green clay, silt-sized
guartz, and rarely occurring iron-free dolomite rhombs. Grains are poorly sorted and range
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from 0.02 ecm 10 0.4 ¢m in size. Cement includes iron-rich calcite (equant spar), replacing
usually large and some small sponge spicules. Chert fills the origina! porosity in the
bryozoan zooecia. Buitows have been preserved by preferential silicification. Grain flows
with scoured bases are common in this facies (section 15: Appendix 2).

This facies occurs in both the TST and RST of the Hare Fiord and Trappers Cove
formations forming part of the upper slope (Table 7: sections 2. 3. 8. 9. 10. 15: Appendix

2).

Interpretation

The Bryonoderm Spiculite, with its mixed Bryonoderm-Hyalosponge biotic
association. represents sediments deposited in a low energy environment under cool and
open marine conditions on the upper slope. An upper-slope environment of deposition is
evidenced by the presence of limestone debris flow beds having irregular basal contacts
truncating the underlying beds. A low-energy environment below wave base for this facies
1s demonstrated by the presence of fine-grained material. angular to subangular texture of
the grains and lack of grain fragmentation and abrasion (Jones and Desrochers. 1992).
Open shelf conditions and therefore low water restriction, is indicated by the stenohaline
biotic assemblage. The greatly reduced diversity of biota indicates that cool-water
conditions existed on the upper slope below wave base during the RST (Beauchamp.
1994). This facies developed on the upper slope. therefore the cool, possibly very cold
temperatures may have been a function of the water depth rather than climatic cooling (Tait,
1981 ; Brookfield, 1988).

Using the modemn cool-water Otway Shelf, southeastern Australia (Boreen and
James. 1993) as an analog for the Artinskian to Kungurian Sequence, the Bryonoderm
Spiculite Facies would be equivalent to the extensive bryozoan/sponge sediment blanket
that occurs in the deep outer shelf/upper slope setting of the Otway Shelf.

Debrite/Turbidite Facies

This facies includes all the gravity driven deposits that are present in the study area
from massive polymictic breccias to classical crinoidal turbidites (Plate 12). These deposits
vary in thickness from 2 cm to 0.5 m, are laterally discontinuous and can occur in
amalgamated units up to 20 m thick.

The breccia is typically composed of a crinoid-bryozoan grainstone matrix with
various clasts, including: a) green laminated siltstone, b) dark-grey to black carbonate
mudstone to wackestone containing small echinoderm fragments, and ¢) spiculitic chert.
The clasts range from 3 to 6 cm but can reach up to 15 cm in size. Large-scale, low-angle



cross-stratification is locally present. In general these deposits are laterally discontinuous.
occurring within the TST of the Hare Fiord Formation (Table 8: sections 8. 9. 10:
Appendix 2).

Two distinct types of turbidites exist in the study area including: a) crinoidal
wrbidite. early in the RST of the Trappers Cove Formation (Plate 12). and b) carbonate
urbidite. in the ecarly TST of the Hare Fiord Formation. The crinoidal turbidites
predominantly include crinoidal material and sponge spicules. The turbidites consist of
packstone at the base and grade upward into wackestone and mudstone that contains a
spiculitic matrix. The echinoderm grains are angular and locally broken and rang: ‘rom 0.1
to 1.0 cm in size. These deposits range from 2 cm to more than 30 c¢m thick. The bases of
these crinoidal deposits locally fill scours into the siliccous shale. From the base. these
deposits fine upward. They are laterally discontinuous and occur at the base of the RST
within the Trappers Cove Formation. The carbonate turbidites are dark-coloured. grevish-
green weathering, resistant. with sharp erosional bases and grade into siliceous shale and
aphanitic cherty limestone. These turbidites consist of a variety of cool- and warm-water
biota in a calcareous matrix and range from packstone at the base to mudstone at the top.
These deposits are generally medium-bedded ranging from 5 cm to 40 ¢m thick and are
laterally continuous. Packages of these turbidites up to 20 m thick occur in the carly TST of
the Hare Fiord Formation.

Interpretation

The Debrite/Turbidite Facies, with its mixed Chloroforam-Brvonoderm-
Hyalosponge biotic assemblages. represents gravity-driven. shelf-derived sediments
deposited on the lower slope and in the basin. The scoured bases and normal grading
within these deposits indicate that they were gravity driven (Walker., 1992). interrupting
ambient basinal sedimentation (Hyalosponge Association) and forming discontinuous
sheets. The sediments were derived from the adjacent shelf and therefore provide a
window to shelf margin sedimentation at the time of the gravity flow, essentially recording
temporal change in biota living at or near the shelf margin, throughout the Artinskian to
Kungurian time interval in the study area. That is. the Chloroforam Association is more
common in the Debrite/Turbidite Facies within the ETST. while during the RST. the
Bryonoderm Association dominates this facies.
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3.3 Depositional Model

The facies defined and interpreted in the above section represent inner-to-outer
shelf. shelf margin. and slope-to-basin depositional settings. The majority of the inner shelf
facies are not present as they were removed. by erosion, especially along the basin margin.
following uplift during the Melvillian Disturbance (Beauchamp et al.. 1989a). The
distribution of facies across the shelf and slope is quite complex as not only did the facies
change with water depth but they also changed through time.

The following section describes o depositional model in terms of the spatial and
temporal distribution of the facies on the shelf. Spatial distribution addresses the controls
affecting the position of facies on the shelf at a particular point in time and temporal
distribution addresses the change in the location of the facies on the shelf through time.
Figures 8. 9. and 10 provide models showing diagrammatically the distribution of facies
across the Nansen. Raanes and Great Bear Cape shelves (ETST to RST).

3.3.1 Spatial Facies Distribution

The spatial distribution of facies is dependent on several interrelated factors that
include: i) biologically-driven sediment production and extrabasinal sediment influx, ii)
oceanographic conditions such as water depth. restriction. photic levels, temperature,
agitation and upwelling. iii) tectonics. involving block faulting of the shelf, and iv) initial
depositional profile. As mentioned above, the facies of the Artinskian to Kungurian
Sequence characterize three distinct zones: the inner to outer shelf, the shelf margin, and
the slope-to-basin region. The following section discusses the spatial facies distribution
across these zones.

Inner to Quter Shelf

Throughout the Artinskian to Kungurian Sequence. abundant sediment was
deposited in the inner. mid- and outer regions of the shelf. The spatial distribution of
sediment on the shelf is affected by all the elements mentioned above and is discussed in
detail in the following sections.

The first element controlling spatial facies distribution on the shelf was the type of
sediment production and/or the influx of sediment delivered to the shelf. The Artinskian to
Kungurian shelf was carbonate-dominated and hosted a wide array of biotic facies ranging
from the warm-water Chloroforam through to the cool-water Bryonoderm associations.
The asscciation dominating the shelf at any one time depended on the ambient climate
and/or ocean temperature. Through the majority of the Artinskian to Kungurian Sequence



-

MNP ALIC- L ‘S AMndtdgrsnoadips

-§§ auospiiy dRuodsoAy-f ‘annoid g wapouoig-£ g OUOISUIRID ULIPOUOLIE- | §] *DUOISHIL] 0] DUOISIYIBM

PAPUNX [-ULIIPOUOKIE]-ZH[¢] *DUOISUIRID PIPUIXH-ULIIPOUOLIE- | 51€] ‘DUOISHIR] 0] JUOISIYILAL WLIOJOIONYD-7D)

DUOISUNL) TIRIOJOIOR|D- 1 ) 1218 pajudsardar saraw) aty |, “sean paddoip-umop ul souoisayarm pur souoisyaud o) oFuryd sy ui

Aunnsas payneg Yoo seas Jiays o) Jo wed 2wl sy JIYs A1 GO SUOTIRIDOSSE $IIOE] IDRM-UWLIEM PUE 00D JO 2IUISIX50D

A imepdxo pinoay g wdew jjags oy e Funpomdn pajoadioiu Y1 910N 2o pIoL] 0N *daudnbag urunIuny o) ueiysuIy
ay Jo1oen stwasks datssardsuen £ped oyn unnp Jays ayp uo sarary jo vonisod sy Funensafr wiesdep yoojq snvwoydg g 2ndy|



L
4

eray
aaa

L sW L IL
11, Aj1eqg
:omcﬂwmcf
tosmozmmo
AS
1S
SUId
2
100




1

DUPRYNLNUGAC- L *djeys Mmdrdgsnoadiig
*SS "AUOIpNEY dFuodsoRAL - *0no1dS HLAPOUOKIG-CE] ‘AUOISYIN 01 ICISIYIAL PAPUIIKT]-ULIPOUOKIE-Z §] ‘auosuiLIn
RLISPOUOLIE]- | ¢ *DUOISIWL| 1)2DY] POPUIIXG]-WLIIPOUOAIE-¢ ]§] "AUOISYI ] 0) IUOISIYIL AL PapuoIXi-udpouoAIg
“CHY AUOISUIRIE PAPUALKG]-WLAPOUOLIL]- [1[§] *DUOISYI] 0F JUOISIYANAN WIEIOJOIONY)-ZD) ‘DUOISUIRIN WILIOJOIO[)
“1L) ISMOJ[0) St PAUDSIIAN 21 SHUIEY AL, HOHRIIOSSY $D1,] ULAPOUOLIE] [0od-onadwat Y1 A pARUILIOP sia wdnu
IS QU A UORLIIOSSY S| PAPUILK:[-WtdpouoLig] wes-antiadwd o Aq pawunuiop £jagiey seas jjaus i) awm sigt 1y
"LS.LH 41 oy pamdwiod 15171 ayn u saiaeg ayy jo daisyarg ay) Ao e piokf ong ‘oauanbag ueLnduny| o) uerysuIuYy

A Jo AN SWASAS darssaudsung o a1 Bunnp Jlags Y o s ay jo vomsod ap Tunensayp wiadeip yoofq onewaydg 6 ondeg



4 (16

g
//ﬁmmm
N

ISLE] DALAN JOUILOM-SIE, |

INETEG RIS

JI9US soueey
ORI, SWIISAS QAISSAIISUBI], 7L

1o

(zad)zd

1D

(ra)ia4




UPIUN [ - 1A oS Aol gsnoadg

"SS PUOISPHIY dRuodsoRALE-[] NS WIAPOUOLIG-g g DUOISYIN] 01 DUO)SIYIM POpuUdX:-ULdpouokIgl-Z g *suoisumIn

WLAPOUOKIE]- [ ] *DUOISHULT [E[2DY PAPUINXS-ULDPOUOKIE-£3]6] ‘HUOISYI] 0) AUOISINITA, PIPUI)XI]-ULIIPOUOKIST-ZH €]

UOISUIEI PIPUNN:[-WIAROUOLIE- | ] *UOISYIR ] 01 AUOISIYINAY WIIOJOIO[YD-TL) *UOISHIRIE WRIOOIO[D- 1D :SMOJ{0]

st pajuasardar ane saloey oy, “rordossy afuodsoeAr] oy £q pareuruop anm urseq pue adofs ay |, ‘uoneossy wiopouokis

[0oa-apeiaduwa) oyl £q pajeunuop o IR jroys puk Jloys Ay 1wy) AON B pIoL] oNo ‘2auanbag uennGuny o1 uerysuiy
g Jo aen SWasAs aatssaudar oy Fuunp jroys a1 uo satoey jo vonisod ayy Junensng weageip Yoo snrwoydss o andig



 H {2
e 144 1D
LCU/SSIH

Sé =

LR

(13160 1491 \
a Pt RS HY RIS RITTRRS TN

Y-y

JI9yS ade) 1eag 1eaIn)
JORI], SWAISAS QAISSAIZTN €L




76

the temperate-warm Bryonoderm-Extended and temperate-cool Brvonoderm associations
prevailed in shallow-water shelf grainstones. indicative of a cooling climate. Throughout
this time. siliciclastic input to the shelf was minor and periodic, with the maximum
stliciclastic influx occurring during the TST comprising approximately 107 in volume of
the sediment. It is postulated that siliciclastic influx was relatively higher during this period.
compared to the other periods, due to tectonic uplift of the adjacent land creating a source of
siliciclastic sediment while at the same time the shelf was submerged during relative rise in
sea-level. The hinge zone of this tectonic tilt is presumed to be at or near the basin margin.
Another possible cause for the relative increase in siliciclastic sediments during the TST
could have been sea-level rise. resulting in decreased production of carbonate sediment and
a decreased carbonate:siliciclastic ratio. Therefore. the increase in « ficiclastic sedimentation
may be only apparent and the absolute influx could have remained the same or decreased
slightly.

The second control on spatial facies distribution on the shelf was oceanographic
conditions. including water depth. restriction. photic levels, temperature,  agitation and
upwelling. The array of facies existing on the shelf throughout the Artinskian to Kungurian
time period ranged from the Chloroforam to the Bryonoderm facies associations. The
presence of the Chloroforam Association, including calcarcous green algae, suggests that
the sea floor was within the photic zone. The continual occupation of the shelf by a
stenohaline biotic assemblage attests to unrestricted circulation. The majority of the shelf
was above or very close to the fair-weather wavebase. The abundance of abraded
grainstones and packstone in shelf areas, indicates that energy levels were moderate to high
on the shelf, agitating the bioclasts and winnowing away fines. Upwelling of coc! waters
onto the outer shelf apparently occurred in the carly part of the Artinskian to Kungurian
Sequence. altering biotic associations on the shelf and resulting locally in the coexistence of
the cool-water Bryonoderm Grainstone Facies with the warm-water Chloroforam
Grainstone and Wackestone to Packstone Facies (e.g. Ono Fiord Embayment). In regions
of upwelling. the Bryonoderm Association (B1) became established {sections 2. 10, 14) on
the outer shelf where cool and nutrient-rich waters from the deep invaded the warmer
waters of the shelf. The influx of nutrient-rich. cool waters to the shelf would have
inhibited the developmemt (Hallock and Schlager, 1986) of the typically warm-water
Chloroforam Association by: i) substantially decreasing the temperature (<20°C). and/or
i) increasing the nutrient availability. thereby inhibiting the growth of the Chloroforam
Association by decreasing clarity and the photic zone. As a result, the facies existed as
"haloes’ around regions of upwelling. At distances farther from the upwelling is gained, the
facies associations became more diverse as warmer temperatures prevailed and nutrient



levels decrewsed. For example the Brvonoderm Grainstone Fucies (B1) in an arez of
upwelling would grade laterally into the Bryonoderm-Extended Grainstone Facies {BE1),
and in turn into the more diverse Chloroforam Grainstone Facies (C1) farther away from
the upwelling (Figure 8). The presence or absence of the Chioroforam Association (C1/C2)
at mid-shelf focations. early in the sequence. would have been a result of upwelling of
cooler, nutrient-rich waters along the Nansen shelf edge at this time altering the faunal
associations. A modern analog illustrating the response of biota to upwelling is provided
by the Otway continental margin of southcastern Australia. Boreen et al. (1993)
documented nutricnt-rich. upwelling currents along the Australian shelf margin  that
support the “prolific growth of deep-water organisms dominated by bryvozoan. sponges and
azooxanthellate corals™. In addition. in regions of upwelling primary warm-water
carbonate-sediment producers (zooxanthellate corals and calcarcous algae) are unable 10
survive as they only flourish in nutrient-deficient waters. Any increase in available nutrients
duc to upwelling 1) inhibits the growth of the chlorozoan carbonate factory by reducing
water clanty and depth of the photic zone. and i) stimulates the growth of competitive
aphotic organisms, displacing hermatypic algae and corals (Hallock and Schlager. 1986).

Complicating the spatial distribution of facies. block faulting of the shelf early in the
sequence. resulted in regions of the sca-floor dropping below the fair-weather wavebase.
Therefore, in addition to the abundance of grainstones on the shelf. deeper locations of the
shelf were dominated by packstones and wackestones. In regions of block faulting {section
15). the Chloroforam Wackestone to Packstone (C2) or the Brvonoderm-Extended
Wackestone to Packstone (BE2) facies prevailed in the tectonic lows. below fair-weather
wave base where energy levels were substantially less (Jones and Desrochers. 1992). while
Chloroforam Grainstone (C1) or Bryonoderm-Extended Grainstone (BE1L) facies
dominated the highs where energy levels were greater. Anomalously thick successions of
shelf strata dominated by packstones and wackestones (section 15) corroborate this.

The underlying Nansen shelf and slope acted as a template partially controlling the
spatial facies distribution of the sediment deposited early in the Artinskian to Kungurian
Sequence. The underlying Nansen Shelf was highly sinuous {Beauchamp et al., 1995) and
the sedimentation of the carly Artinskian to Kungurian Sequence mimicked the
geographical positioning of the Nansen shelf. That is. the Raanes shelf very closely
matches the paleogeography of the Nansen Formation. However. by the end of the
Artinskian the shelf of the Great Bear Cape Formation extended far bevond the
progradational extent of the Nansen Formation.



Sheif Mareain

The shelf margin lay in an open marine setting. below fair-weather wave base. in
modcrate to low energy conditions extending below the photic zone. Carbonaic sediment
production was restricted to the Bryonoderm Asscciation or a combination of the
Bryonoderm-Hyalosponge associations throughout the Artinskian to Kungurian Sequence.
Fine-grained siliciclastic material and micrite combined with bioclastic elements (mainly
bryozoan. echinoderm and sponge spicule) dominated this setiing with the addition of
bryozoan-Tubiphytes skeletal mudmounds present at the shelf margin during the TST.
These mounds grew as accommodation space was provided.

The second control on spatial facies distribution on the shelf margin was the
oceanographic conditions. including water depth. restriction. photic levels, temperature.
agitation and upwelling. The facies occupying the shelf margin throughout the Artinskian
to Kungunian Sequence ranged from the Bryonoderm to the Hyalosponge associations.
The presence of these associations suggests that the shelf margin extended below the photic
zone and that cool-water temperatures existed on the sea-floor at the shelf margin. The
shelf margin lay below fair-weather wavebase, and as a result. facies (B2, B3, H) are
dominated by fine materials. The only buildups present at the margin were sparsely
occurring relatively small skeletal mounds of bryozoans and Tubiphyvies. The bryozoa
behaved as baffling and trapping instruments. collecting lime mud and bioclastic debris.
The mounds werc the only buildups present on the outer shelf and at the shelf margin and
were relatively small and discontinuous. With few buildups at the shelf margin, the shelf
took on an open-shelf morphology (Jones and Desrochers. 1992), with the shelf margin
characterized mainly by a change in the angle of slope. Therefore the sheif was subjected to
unimpeded wave energies and unrestricted circulation. Upwelling of cool waters onto the
outer shelf occurred in the early part of the Artinskian to Kungurian Sequence altering
biotic associations on the shelf and maintaining cool-. to cold-water assemblages (facies
B2, B3, H) at the shelf margin and on the upper slope.

The third factor controlling the distribution of facies at the shelf margin was the
underlying Nansen shelf edge. The underlying Nansen Shelf edge was highly sinuous,
with a massive reef tract that included a number of deeper-water embayments with a more
gradational shelf-to-basin transition (Beauchamp et al.. 1995). As mentioned above it
appears as though the early shelf edge of the Artinskian to Kungurian Sequence mimicked
the geographical positioning of the Nansen shelf edge (Chapter 4). However, by the end of
the Artinskian the shelf edge had prograded into the basin 10 km to 30 km beyond the
Nansen shelf edge. The Otto Fiord Embayment, present in the Nansen shelf edge and still
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present in the Raanes shelf edge was later infilled by the progradation of the Greai Bear

Cape Formation (section 3) at the end of the Artinskian.

Slope/Basin

Sedimentation in the slope/basin environment was largely dominated by gravity
flow sediments interrupting the ambient basinal sedimentation. During the carly portion of
the Artinskian to Kungurian Sequence. slope/basin sedimentation was dominated by
biogenic siliceous material on the upper slope and fine grained siliciclastic material
mterrupted by debris flows (DT facies) on the lower slope and basin. In the late Artinskian.
sedimentation was largely controlled by sponges (Hvalosponge Mudrock) providing
abundant spicules to the slope and basin within turbidites and debns flows. The lower
slope and basinal scdimentation was dominated by fine materials (Spiculitic/Siliceous
Shale Facies) settling out of suspension. punctuated by frequent spiculitic turbidites
originating from the upper slope. As a result, the slope/basin setting is dominated by
calcareous shale / shaly limestone and spiculitic chert

The slope/basin environment was well below the photic zone and cool temperatures
prevailed on the upper slope, resulting in the occurrence of the Bryonoderm Association
(Facies B2) in this region. The cool temperatures were the result of greater water depth in
addition to upwelling along the slope during the late Sakmarian to early Artinskian. By the
end of the Artinskian the temperatures were relatively cold and the upper slope was
dominated by bryozoans and sponges producing the Bryonoderm Spiculite Facies (a
combination of the Bryonoderm and Hyalosponge associations). In the lower slope-to-
basin setting the conditions were dysaerobic and cold inhibiting the growth of all biota
except sponges and producers of the Nereites Ichnofacies (Hyalosponge Association).

A slope setting is indicated by the presence of slump-related features, carbonate
debris flows with sharp erosional bases. and incomplete turbidites exhibiting graded
bedding. The slope sctting onto which sediments of the Artinskian to Kungurian Sequence
were deposited was relatively steep. resulting from the massive phylloid algal buildups
rimming the edge of the Nansen shelf. This is evidenced by clinoforms averaging 20° to
40°, representing the Nansen-Hare Fiord transition (Beauchamp et al.. 1995). As a result.
slope sedimentation of the Artinskian to Kungurian Sequence was influenced by this early
gradient resulting in numerous turbidites and debris flows throughout this time period.
This slope gradient. was considerably less by the end of the Artinskian to Kungurian
Sequence, a result of prolific sedimentation on the slope and lowered sedimentation rates
on the shelf (further discussed in the Sediment Production/Accumulation section of this
chapter).
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3.3.2 Temporal Facies Distribution

Temporal facies distribution addresses the response of facies to: 1) climatic
detertoration. ii) sediment productivity. iii) local oc -anographic conditions. and v} changes
in shelfal accommodation governed by changes in sca-level and styles of tectonic
subsidence. through time. The following section discusses the temporal facies disiribution
on the shelf and slope and how facies change in response to the above-mentioned variables
throughout the Artinskian to Kungurian Sequence.

Climatic Deterioration

During the Artinskian to Kungurian. climatic deterioration in the Sverdrup Basin
altered the existence and distribution of biotic assoctations on the shelf, as evidenced by the
biota present in the shallow-water shelf grainstones. In the early portion of the sequence the
shallow-water shelf grainstones are dominated vy the Chloroforam Facies Association,
indicating a wopical climate (Beauchamp. 1994). At the end of the sequence, however. the
Bryonoderm Facies Association dominated. indicating that the climate had considerably
cooled (Beauchamp. 1994). The following section describes the facies changes from the
ETST. ETST to LTST. and LTST to RST of the Artinskix. to Kungurian Sequence of the
northeastern shore of the Sverdrup Basin, as a result of changing climate. To eliminate the
possibility that temperature changes were related to increasing depth. thereby altering the
facies associations, only the shallowest water shelf grainstones were examined (Figures 8.
9. 10).

The ETST (upper Nansen Formation) is dominated by the tropical Chloroforam
Association (sections 4, 7. Appendix 2). The shelf of the ETST was dominated by the
Chloroforam Grainstone (C1), above fair-weather wave base. and by the Chlorofcram
Wackestone to Packstone (C2) facies below fair-weather wave base. indicating that the
ambient climate was tropical (Beauchamp, 1994).

A change of facies in the shallow-water shelf grainstones occurred across the
ETST/LTST surface implying that the climate had cooled. Evidence of the climatic
deterioration is found by comparing the shallow-water grainstones below and above this
surface. The ETST Chloroforam Association is succeeded by the Bryonoderm-Extended
Grainstone in the LTST where crinoids, bryozoans, infrequent Tubiphytes and fusulinids
existed for the majority of the LTST in the inner to mid-shelf environment. The absence of
the diverse Chloroforam Facies Association cn the mid-shelf and the presence of the less
diverse Bryonoderm-Extended Facies Association indicate that the climate had become
temperate throughout the LTST (sections 4, 5, 6, 7. 11, 13: Appendix 2).
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The less diverse Brvonoderm Assemblage dominated late in the KST. replacing the
Bryvonoderm-Extended Association that dominated the shallow waters of the LTST and
carly RST on the shelf. This is evidence that c¢limatic cooling continued throughout the
RST.

Sediment Productivin/Arcumulation

This section addresses the sediment productivity of. and accumulation from. the
biogenic carbonate and silica factories forming the open shelf. slope and basin during
deposition of the Artinskian to Kungurian Sequence. The shelf was initially dominated
very briefly by the warm-water carbonate factory and subsequently mainly by the cool-
water carbonate factery during deposition of the mid- and latter parts of the sequence. The
slope/basin environment was largely dominated by the silica factory throughout. although
more so during the RST. Precise production rates for the shelf carbonate factory and the
slope/basin silica factory are difficult to cstablish., however, accumulation rates can be
estimated when averaged over the scale of the sequence.

Nelson (1978) estimated that the rate of accretion for cool-water carbonates is
approximately 5 cm kyr' in contrast to some warm-water carbonates within the photic zone
which accrete at 100 cm kyr: (Schiager, 1981). Cool-water carbonate shelf sedimentation
_rates for the Artinskian to Kungurian Sequence are estimated to have been less than haif of
the accretion rate for modern cool-water carbonates. This estimation is based on: i) the
average thickness of the Great Bear Cape Formation across the shelf between the MFS and
the USB, representing the average thickness of the RST on the shelf (85 m): and i) the
average thickness of the Nansen, Raanes and Great Bear Cape formations within the USB
and LSB. representing the average thickness of the whole Artinskian to Kungurian
Sequence on the shelf (200m). Both of these values, 85 m for the RST and 200 m for the
whole sequence. were then divided by various sedimentation rates to obtain the
corresponding lengths of time required to deposit 85 m and 200 m of sediment on the shelf
assuming continuous deposition. The results are outlined in the table below:

Sedimen.ation Rate (cm kyr')  Time Interval Required (Ma) Time Interval Required (Ma)

for Entire Sequence (200 m) for RST (85 m)
1 20 8.5
2 10 4.25
3 6.7 2.8
4 5 2.1
5 1.7



According to the geologic time scale (Harland et al.. 1990), the Artinskian Stage
spanned approximately 9 Ma. Conodont assemblages collected in the study area. P35
through PS8 inclusive. indicate that the Artinskian to Kungurian Scquence spans roughly the
same period of time. In addition. the RST represented by conodont assemblages P6
through to P8 inclusive, indicate that deposition of the regressive systems tact spanned
roughly 5 million vears. Based on this. the sedimentation rate on the shelf for both the
whole Artinskian to Kungurian Sequence and the RST is estimated to be at least 2 ecm Kyr.
It must be noted that this rate is a minimum value as strata have been removed by erosion
at the sequence boundaries and in some instances within the systems tracts. Addittonally,
embayments such as the Ouo Fiord embayment were sinks for sediment deposition
especially during the RST. indicating that the average estimated sedimentation rate was
higher locally. Other factors to consider in estimating sedimentation rates include i
compaction. i) time iatervals of non-deposition. and i11) resedimentation. Considerable
thickne~se - of strata are potentially lost through compaction while intervals of non-
deposition or resedimentation common to open shelves represent periods of unrecorded
time. When considering these factors. in addition to the estimated sedimentation rate of 2
cm kyr'. the sedimentation rate of the Artinskian to Kungurian Sequence would
approximate the sedimentation rate of modem cool-water shelves.

However, regardless of the above-estimated sedimentation rate. the production rate
of sediment on the shelf during Great Bear Cape time was high enough to cause
progradation of the bioclastic sediments toward the outer shelf and also into offshore areas,
as is evidenced by the complete filling of the Otto Fiord Embayment.

In the slope-to-basin environment. sediment production and accumulation rates
from the silica factory greatly exceeded the cool-water carbonate sediment production and
accumulation rates on the shelf. This is evident in the thicknesses of the slope-to-basin
sections containing up to 800 m of siliceous shale and spiculitic chert. This supports the
point made by Wright (1986) that sediment accumulation rates below storm wave base are
much higher than on the shelf. a consequence of relative sea-level fluctuations decreasing
shelfal accommodation space. lowering wave base and eroding sediment. In contrast, sea-
level fluctuations do not affect the deeper water environments, therefore resulting in greater
rates of accumulation and thicker deeper-water successions. Overall, this style of
sedimentation dominated during accumulation of the latter part of the Artinskian to
Kungurian Sequence and resulted in extensive progradation of the Great Bear Cape shelf
and slope, 10 km to 30 km into the basin (see Chapter 4).



This siyle of sedimentation resulting in open-shelf progradation can be contrasted to
the sedimentation style of rimmed shelves where rapid sedimeni wccrction within the
shallow water areas results in the steepening of the shelf edge (Wright and Fauikner.
1990). Perhaps it was this stvle of sediment accumulation that occurred in the upper
Nansen Formation of the previous sequence. resulting in a less extensive progradation of
the shelf edge than that of the Great Bear Cape shelf edge.

Local Oceanographic Conditions

Superimposed on the long-term. sequence-scale migration of facies belis due to
climatic deterioration, shown by the lithologic change from the Nansen Formation to the
Great Bear Cape Formation, a shorter-term facies migration is locally evident through the
Raanes and Great Bear Cape Formations. This is similar in scale to metre- 1o decametre-
scale cyclicity, resulting from high-order relative sea-level fluctuations. However. the short-
term facies migration discussed here was not a result of relative sea-level changes, since the
depositional textures remain the same. Only the biota changed and this is thought to have
been due to shorter term oceanographic processes. For example. the following facies
changes are noted locally within the Raanes and Great Bear Cape Formations (sections 4,
5. 7: Appendix 2): i) Brvonoderm-Extended Wackestone to Packstone. 2 temperate-warm
water assemblage is succeeded by the Chloroforam Wackestone to Packstone. a warm-
water assemblage; i) the Bryonoderm-Extended Grainstone. a temperate-warm
assemblage. is succeeded by the Bryonoderm Grainstone. a temperate-cool assemblage:
and i1) the Bryonoderm Packstone. a temperate-cool assemblage is succeeded by the
Bryonoderm-Extended Packstone. a temperate-warm assemblage. In each example. only
the biotic elements change. while the depositional textures remain the same, indicating that
relative changes in sea-level were not the cause. Such changes in facies. throughout the
Artinskian to Kungurian time period. may reflect periodic fluctuations in i) light penetration
and i) temperature that could have locally altered the distributions of facies, as discussed
below. Other factors affecting carbonate production. including oxygen stratification.
circulation. and salinity fluctuations, are not considered here as it is expected that they
would affect a broader area of the shelf. whereas, such facies changes observed in this
study are only local occurrences.

The presence or absence of key biotic elements of the Chloroforam Association
was dependent on light penetrating to the sea-ficor. If enough light became available at the
sea-floor this association may have replaced other associations. Conversely. reduction in
light penetration, associated with a reduction in water clarity. would have had the opposite
effect with light-independent associations succeeding associations that are light-dependent.
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Changes in temperatures at the sea-floor. caused by the initiation or cessation of
upwelling curments and/or temperature  stratification. may have allowed warm-water
asscciations to be replacad by temperae-warm or temperate-cool associations and vice
versa. without changing depositional textures.

An analog. supporting these observations. is provided from research on the
Abrakurrie Limestone of southern Australia. James and Bone (1991) stated that cool-water
and warm-water carborates do not exist in isolation. These two provinces may i) coexist as
laterally adjacent facies on the shelf, and/or i1) vertically change from warm-water to cool-
water biota and vice versa. resulting from subtle variations in ocean water temperature
brought about by laterally shifting water masses of different temperature or upwelling of
cooler waters onto the shelf (James and Bone, 1991).

helf Accommaodation Space

Major changes in shelf accommodation space occurred through the Artinskian to
Kungurian Sequence. as indicated by the changing depositional style of sediments on the
shelf. During deposttion of the early portion of the TST. an overall increase in shelf
accommodation space occurred while during RST deposition, in the later portion of the
sequence. shelf accommodation space decreased. Such variation in accommodation space
is evidenced by the 1) facies successions, i) stacking patterns of decametre-scale cycles and
ii) internal cycle facies organization (cyclicity is further discussed at the end of this
chapter). A relative sea-level model for the deposition of the Artinskian to Kungurian
Sequence is provided in Figure 11.

During deposition of the TST there was a marked increase in accommodation space
on the shelf. The most obvious and immediate evidence of this is the fact that the clean.
light gray resistant carbonate of the Nansen Formation (ETST). dominated by packstones
and grainstones, is succeeded by the greenish-gray, argillaceous, and silty carbonate of the
Raanes Formation (LTST). dominated by wackestones to packstones.

Further evidence of increased shelf accommodation space includes the stacking
patterns of the cycles. Within the TST at least four decametre-scale subtidal cycles
developed in the shelf environment. Of these cycles, in the early portion of the TST, the
average cycle is 10 m thick and consists of medium- to thickly-bedded wackestones to

grainstones.
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Upsection the individual cycles reach thicknesses of 45 m and :he individual cycies shoal
from very thinly- to medium-bedded wackestone to packstone (Figure [2).

Within each cycie. the internal facices organization also documents the increasing
accommodation space from the base to the top of the TST. In the shelf environment early
in the LTST. the intracycle facies range from the Bryvonoderm Spiculite ai the base of the
cycle to the Bryonoderm Wackestone to Packstone in the middle portion to the
Bryonoderm-Extended Grainstone or the Chloroforam Grainstone capping the subtidal
cycle. Higher in the section. and more commonly. the cycles lack the Bryonoderm
Spiculite Facies at the base and commence with the Bryonoderm Wackestone to Packstone
(sections 4 and 13: Appendix 2). Higher in the vertical section and still within the L.TST.
the shallow water grainstones of the Chloroforam Association (C1) and the Bryonoderm-
Extended Association (BE!) disappear entirely and the subtidal cycles are dominated by
the Bryonoderm Wackestone to Packstone. Each cycle is now defined by the change from
wackestone at the base to packstone capping the ¢ycle (section 5, 7. 13; Appendix 2). This
type of cyclicity is ubiquitous across the shelf and dominates the late portion of the LTST
and the early portion of the RST (sections 4, 7, 3. 11, 13: Appendix 2).

In block faulted regions (section 7) the intracycle facies changes differ from those
on other regions of the shelf, in that the subtidal cycles shoal from the Brvonoderm
Wackestone to the Bryonoderm-Extended Packstone and/or the Chloroforam Packstone
and not to grainstones {sections 4, 13: Appendix 2).

During the RST there was a significant decrease in accommodation space across
the shelf. Evidence of this includes the continual shoaling within the Great Bear Cape
Formation from a variably cherty slightly argillaceous carbonate duminated by packstones
at the base of the RST to a highly fossiliferous limestone dominated by grainstones toward
the end of the RST.

Further evidence of decreased shelf accommodation space includes the stacking
patterns of the subtidal decametre-scale cycles. Within the RST, subtidal cycles exist but
are very difficult to distinguish in the shelf environment near the top of the RST. Due to
limited accommodation space, the cycles are dominantly grainstones with minor packstone
components near the base of each cycle. Most cycles are amalgamated. as the packstone
portion of the cycle is very thin or absent (Figure 13).

Within each cycle, the internal facies organization records the decreasing
accommodation space from the base of the RST to the top. a result of falling relative sea-
level. In the shelf environment early in the RST. the intracycle facies range from the
Bryonoderm Packstone at the base of the cycle to the Bryonoderm Grainstone capping the
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subtidal cycle. Higher in the section. the majority of the cvcles are dominated by the

Bryvonoderm Grainstone. some with a basal packstone.

Mechanism

Beauchamp (1993) suggested that the long term fluctuation in accommodation
space was largely tectonically driven. His model suggests that 80 Ma of intermittent rifting
occurred from the Tournaisian until the late Artinskian. at which time a regime of passive
subsidence ensued. The Artinskian to Kungurian Sequence has been attributed to one of
these rifting pulses that was active from the Serpukhovian to the Artinskian. creating long-
term (5-10 Ma) fluctuations in relative sea-level (Beauchamp et. al.. 1989a).

Cyclicity

In the Ctto Fiord area, superimposed on the long-term T-R sequence. are
decametre-scale subtidal cycles (Figures 12, 13). The subtidal cvcles. shoaling to below
intertidal levels as defined by Osleger (1991). represent mid- to outer shelf. subtidal
environments that were present across the majority of the shelf. The cyclicity is irregular,
ranging from metre to decametre scales. and not correlatable across the study area due to
amalgamation or removal of the cycles by erosion in some areas. These subtidal cycles
within the Artinskian to Kungurian Sequence are present in other areas of the Sverdrup
Basin and are interpreted as the results of fourth and fifth order sea-level fluctuations (500
000 to 1 000 000 years) of possibly glacio-eustatic origin (Beauchamp et al.. 1989a).

Osleger (1991) summarized three mechanisms by which subtidal carbonate cycles
may form, including: 1) variations in sediment redistribution, ii) episodic tectonism, and
iii) eustatic oscillations of sea-level. Osleger (1991) favoured eustatic oscillations in sea-
level as the main mechanism for subtidal cycle formation and explained that sea-level
fluctuation due to tectonism is too slow to produce shorter term cyclicity, and sediment
redistribution does not account for the ability to correlate cycles between widely spaced
outcrops. However, it is believed by the author that all three mechanisms are responsible to
some degree for the occurrence of subtidal carbonate cycles present in the Artinskian to
Kungurian Sequence in the Otto Fiord area.

Sea-level fluctuations due to oscillations in sea-level were most likely the dominant
control creating the subtidal carbonate cycles that are observed all across the Artinskian to
Kungurian platform in the Otto Fiord area. The observed distribution of cycles across the
platform ubiquitously required a control that would have affected the entire platform
simultaneously. The simplest explanation would be eustatic oscillation of sea-level, likely
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due to remnants of a world-wide glaciation during late Palcozoic time (Evies and Evles.
1992).

Osleger (1991) stated that oscillations in relative sea-level due to tectonics are too
slow to produce high-frequency carbonate cyvcles. Tectonism. however, is considered a
possible mechanism for the formaticn of subtidal carbonate cyvcles within the Arntinskian to
Kungunan Sequence now exposed in the Otto Fiord area. During this time. the basin was
exposed to phases of tectonism (B. Beauchamp. pers. comm.) and it is quite conceivable
that each of these phases proceeded in an intermittent and irregular fashion. causing short
term fluctuations in relative sea-level that overprinted the eustatic signature.

Variations in sediment redistribution as a mechanism for the formation of subtidal
carbonate c¢ycles was dismissed by Osleger as 2 minor variable in the formation of subtidal
cycles. as it does not explain the persistent lateral and vertical rhythmicity of subtidal
carbonates. According to Osleger. the subtidal cycles could be “correlated in outcrops more
than 45 km apart”. and stacked subtidal cycles “show virally the same repetition of
lithofacies in 16 shallow subtidal and 34 deep subtidal successive cycles’(Osleger. 1991).
However. the subtidal carbonate cycles of the Artinskian to Kungurian Sequence in the
Otto Frord area cannot be correlated. as the number of vertically stacked subtidal cycles and
lithofacies composing each cycle differs from section to section. The fact that the subtidal
cycles cannot be correlated between sections, and that the lithofacies comprising each cycle
change frequently upsection. suggests that the loci of carbonate sedimentation on the
Artinskian to Kungurian Shelf were consistently shifting. playing a major role in the
formation of subtidal cycles. As a result. lateral and offshore sediment redistribution as a
possible mechanism creating subtidal cycles cannot be ruled out. However. amalgamation
of cycles may be responsible for the variations in the number of vertically stacked cycles
recognized from section to section. This needs further research.

It is concluded that the higher-order carbonate cycles present in the Artinskian to
Kungurian Sequence in the Otto Fiord area were predominantly due to eustatic oscillations
in sea-level. However, eustatic sea-level oscillation was possibly overprinted by relative
sea-level fluctuation due to tectonism occurring in the Sverdrup Basin region at this time.
In addition. variations in sediment redistribution cannot be ruled out as a local control on

subtidal carbonate cycle formation in the Artinskian to Kungurian Sequence of the Ono
Fiord area.
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CHAPTER 4: DISCUSSION

This chapter discusses the paleogeography and paleoclimatology of the Artinskian to
Kungurian Sequence. addressing it in three parts: the late Sakmarian, carly Artinskian and late
Artinskian. It discusses the relative positions of. and changes of biotic associations within the
Nansen. Raanes and Great Bear Cape formations throughout the sequence. The second part of the
chapter reviews selected studies on cool-water carbonate shelves from the Ordovician. Tertiary
and the Holocene and briefly compares aspects such as shelf morphology. biota. and sediment

production with the Permian cool-water carbonate sheif in the Otto Fiord area.

4.1 Paleogeography/Paleoclimatology

4.1.1 Late Sakmarian

The paleogeography interpreted for the late Sakmarian is defined by the progradational
extent of the Nansen Shelf in the Otto Fiord area. The Nansen Shelf prograded no more than
approximately 15 km southward from the heads of the present day Otto and Hare fiords (Figure
14 A). The Nansen Shelf Edge was formed by a meandering. incomplete reef tract that was
interrupted by embayments. One such embayment, the Otto Fiord Embayment (Figure 14 A;
Beauchamp et al., 1995), existed within the study area. This embayment contains an anomalously
thick succession of Hare Fiord mudrock. grading directly into the overlying Raanes Formation,
without indication of Nansen shelf deposits (section 5; Appendix 2). These deep water
embayments were most likely the vestiges of rift-related block faulting from the Carboniferous
(Beauchamp et al., 1995). It is postulated in this study that these embayments were the foci for
upwelling waters from deeper water environments onto the late Sakmarian Nansen Shelf, thus
altering shelf biotic associations (Chapter 3).

The late Sakmarian time interval represents the earliest transgressional phase of the
Artinskian to Kungurian Sequence. During this time spiculitic mudrock. represented by the Hare
Fiord Formation, was infilling the accommodation space newly created in the basin, onlapping the
correlative conformity representing the sequence boundary. At the same time, the Nansen shelf
was exposed, as is indicated by the subaerial unconformity at the sequence boundary; it was later
progressively flooded yet rernained within the photic zone toward the end of the ETST. Carbonate
production was reintroduced on the Nansen shelf and deposits onlapped the unconformity
(Figures 4 and 5).



Figure 14 Paleogeography map of the Otto Fiord area showing the relative extent of the
Nansen. Raanes and Great Bear Cape shelves in late Sakmarian. early
Artinskian and late Artinskian times.
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During the late Sakmarian. not only had sea-level begun 10 rise to form the ETST.
presently exposed in the Nansen and Hare Fiord formations in the Otto Fiord area. but also at that
ume a warm-water carbonate factory. repres.nted by the limestone of the Nansen Formation,
dominated the shelf. indicated by the tropical Chloroforam Association. A cool-water carbonate
factory existed on the upper slope while in deeper waters a cold water silica factory was present
(Figure 15) but carbonate and siliciclastic mud still dominated basinal sedimentation resulting in
variably cherty mudstone of the Hare Fiord Formation, presently outcropping in the Otto Fiord

area.

4.1.2 Early Artinskian

Early Artinskian paleogeography is defined by the extent of the variably cherty,
argillaceous and silty limestone of the Raanes Formation. formed during the LTST of the
Artinskian to Kungurian Sequence. The paleogeographic level of the Raanes Formation was
almost coincident with that of the underlying Nansen Formation shelf edge with the exception of
the Otto Fiord embayment where the Raanes Formation is present and the Nansen Formation is
not (Figure 14 B). The thickness of the Raanes Formation varies across the study area. The
formation is mostly relatively thin, averaging 50 m (Sections 4, 3, 6. 11) although it thickens
dramatically to 225 m in the northeastern quadrant of the study area, between sections 6 and 7
(Figure 4 section 7: Appendix 2). This thickening is attributed to syntectonic rift-related block
faulting, evidence of which was previously recognized by Beauchamp and Henderson (1994) in
southwestern Ellesmere Island. In addition to the block faulting. evidence of rapid subsidence is
also present. The presence of numerous reef mounds as well as relatively deep-water spiculitic
chert (Figure 4: section 7: Appendix 2) associated with the Trappers Cove Formation indicates
that the area was subsiding, creating accommodation space for the "keep-up” mounds (Chapter 3).
The termination of mound growth and the presence of the spiculitic chert stratigraphically higher
than the mounds. indicate that water depth had increased substantially and the mounds ‘gave-up'.

The early Artinskian, late transgressional phase of the Artinskian to Kungurian Sequence,
represents a significant flooding event in the Sverdrup Basin, indicated by a major facies shift
shoreward (Figures 4, 5, 9, 11). During this time the Raanes Formation was infilling the
accommodation space created on the shelf. onlapping the Nansen Formation. The flooding
surface is represented by the Nansen-Razanes formational contact.



Figure 15 Diagram illustrating the the extent of sediment factories in shelf. shelf margin,
and slope/basin settings in the late Sakmarian, early Artinskian and late
Artinskian times. Note in the late Sakmarian, the warm-water factory dominated
and by the end of the Artinskian, the cool-water factory dominated.
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This ame interval marks not only a significant flooding event for both the shelf and basin
but also a significant climatic change. The previously shallow. warm-water carbonate tactory of
the late Sakmarian had been replaced by 2 dominandy cool-water carbonate factory represented by
the argiliaceous and silty limestone of the Raanes Formation presently outcropping in the Ono
Fiord area. The ropical Chloroforam Facies Association of the late Sakmarian had been replaced
by the temperate-warm Bryonoderm-Extended Facies Associaion dominating the shelf by the
end of the early Artinskian. At the shelf margin and on the upper siope. the temperate-cool
Bryonoderm Facies Association dominated. The lower slope and basin were lareely starved at
this time. just receiving fine particles from suspension. now constituting the papery black shales
marking the Maximum Flooding Surface. The increased siliciclastic component of the Raanes
Formation may indicate that i) carbonate sediment production was low at this time allowing the
siliciclastic sediment to accumulate. and/or ii) the basin margin was tecionically uplifted during

this period thereby increasing the supply of siliciclastic sediment to the basin,

4.1.3 Late Artinskian

The paleogeography of the cool-water carbonate shelf of the late Artinskian is defined by
the basinward extent of the Great Bear Cape Formation. The Great Bear Cape Formation extends
10 km to 30 km beyond the paleogeographic limits of the underlying Nansen and Raanes shelves
(Figure 14 C). The overall thickness of the Great Bear Cape Formation is consistent across the
study area. averaging 200 m on the mid-shelf and becoming progressively thinner toward its
progradational limits in the basin (Figures 4 and 5). However. the influence of the Ono Fiord
Embayment is evident as the Great Bear Cape Formation at this location reaches thicknesses of
400m (Figure 4: section 5; Appendix 2). The greater thickness of Great Bear Cape Formation at
this location is a result of the increased accommodation space due to the Otio Fiord Embayment.

The presence and the immense thickness of the Trappers Cove Formation (Figure 4:
section 3: Appendix 2). the basinal equivalent to the Great Bear Cape Formation. indicates that the
preceding transgression created substantial accommodation space. that was filled by the Trappers
Cove Formation. The Great Bear Cape Formation interfingered with and prograded basinward
over the Trappers Cove Formation (Figures 4 and 5).

The late Artinskian represents the regressive phase of the Artinskian to Kungurian
Sequence. Apparenty rifting had ceased in the area. by the tme of the Maximum Flooding
Surface. as the regressive Great Bear Cape Formation appears to have been deposited in a
passively subsiding setting allowing simple basinward progradation of the cool-water shelf to
occur. Progradation of the Great Bear Cape Formation was most likely the result of a combination
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of autocyclic and allocyclic controls. with  high-order  sea-level  fluctuations  decreasing
accommodation space. and sediment being swept off the sheit between fair-weather and storm
wave bases.

The late Artinskian marks not only a regressive phase of sea-level change but also a
completely temperate climate influencing the shelf. A shallow. cool-water carbonate factory.
represented by the highly fossiliferous. variably cherty and sandy Great Bear Cape Formaton
presently outcropping in the Otto Fiord area. dominated the shelf at this ume. This temperate-cool
Bryvonoderm Facies Association completely replaced the emperate-warm Bryonoderm-Extended
Facies Association that domimnated the shelf during the early Artnskian. The shelt margin was
also dominated by the cool-water carbonate factory while on the upper slope both the cool-water
carbonate factory and the silica factory prevailed simultaneously. The lower slope and basin. at
this time. were dominated by the silica tactory (Figure 13), represented by the Hyvalosponge

Facies Association presently outcropping in the study area.
4.2 Comparison

The second part of the chapter will examine selected studies of other cool-water carbonate
shelves from the Ordovician. Tertdary and Holocene. Various depositional aspects and facies
distribution across the mid- to outer shelf, shelf’ edge and slope-to-basin environments. will be
briefly compared with those of the Lower Permian cool-water carbonate shelf of the Sverdrup

Basin presently outcropping in the Oue Fiord area.

4.2.1 Ordovician Deschambault cool-water carbonate shelf

The late Ordovician. temperate-water. open carbonate shelt of southern Quebec (Lavoie,
1995} is described as gently sloping and having three major sedimentation belts delimited by fair-
weather and storm wave bases, Lavoie (1995) identified. described and documented  six
lithofacies. each confined to one of the three belts on the Deschambauit shelf.

Above fair-weather wave base, medium- to thickly-bedded grainstones to rudstones with
bryozoans, brachiopods. molluscs. red algae. milobites. Vermiporellu. and abundant intraclasts
were deposited as carbonate shoals in a high energy environment. Abundant discontinuous
hardgrounds are also present.

Facies associations occurring between tair-weather and storm wave bases include i) mud
mounds., and ii) storm deposits displaying hummocky cross stratfication. The mudmounds

consist of ramose bryozoan bafflestones that include minor brachiopods. molluscs, crinoids and
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void-filling peloids. The storm beds are subdivided into proximal and distal. grain- and mud-
supported deposits. with limy shale interbeds containing the following biota: brvozoans (massive
colonial and ramose) brachiopods. molluscs. crinoids. miobites. Vermiporella and peloids in the
proximal deposits and a similar biota with the addition of sponges and local chert nodules in the
distal deposits. Below storm wave base. decp water environments were dominated bv the

deposition of carbonate mud and clay.

4.2.2 Tertiary cool-water carbonaze shelf

Various mid-Tertiary limestones from the Otway. Murray, Gippsland and Bass basins of
southeastern Australia have been described by Boreen and James (1995) as originating on cool-
water shelves. It has been noted that all sediments on the shelves are bioclastic dominated by
bryozoans. echinoderms. benthic foraminifers, brachiopods. and molluscs while deep muddy
facies include ahermatypic corals. ostracods, sponge spicules. planktic foramtnifers. and
terrigenous clays.

Shallow shelf environments are characterized by massively bedded and wough cross-
bedded grainstones including the following biota: bryozoans and echinoids with minor
foraminifers. coralline algal tragments. brachiopods. bivalves. gastropods and quartz. Burrows
are present in the form of Scolicia and winor Thalassinoides. Marine cemented hardgrounds or
quartz granule Iags are common capping cosets of bryozeanfechinoid grainstone (Boreen and
James. 1995).

In mid- to deep shelf environments. between fair-weather wave base and storm wave
base. cross-bedded and locally burrowed grainstone/packstonc cycles occur that include the
following biota: bryozoans. small serpulids. echinoids. foraminifers. coralline algae and molluscs.
Irregular firmgrounds. skeletal lag beds and HCS are present and sediment is well sorted. This
facies grades basinward into interbedded grainstone and wackestone cycles that include
bryozoans. echinoids. serpulids. brachiopods. quartz. calcareous clay. foraminifers and glauconitic
pellets. Local HCS. cross lamination and mud nip-up clasts. thin skeletal lag concentrates, and
graded tempestites are common. These facies are interpreted to represent both mid- and deep shelf
storm and fair-weather deposits (Boreen and James. 1995).

Deep shelf environments. below storm wave base. are represented by interbedded
bryozoan mudstone. calcareous clays and a bryozoan bioherm facies. The bryozoan marl is a
packstone to wackestone that is thinly- to medium-bedded and interbedded with the calcarcous
clay facies. This facies is dominated by bryozoans with less abundant gastropods. infaunal
bivalves. scaphopods. brachiopods and solitary corals. The calcareous clay facies is massive to
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bedded clay and silt with scarce large skeietal particles and various bioclasts except spicules and
calcispheres. The bryvozoan bicherm is mternally bedded. alternating bryvorzouan batflestone and
packstone layers containing various bryozoans. bivalves. brachiopods. gastropods. scaphopods.
solitary corals. echinoids. benthic and plankte foraminiters. sponge spicules and ostracods. These
bioherms have a low synoptic relief and are up to 15 m high and 1030°s m in lenath (Boreen and

James. [995). Shelf edge and slope environments were not described in this study area.

4.2.3 Modern Otway cool-water carbonate shelf

An example of a maodern. cool-water carbonate shelf is the Omway continental margin.
southeastern Australia. and has been described by Boreen et al. (1993) as an open. swell-
dominated. cool-water carbonate platform that is partitioned into three hydrodynamic zones
controlling sediment production and accumulaton. These zones include: i} zone of abrasion (0 -
70 m): i) swell wavebase zone (70 - 130m): and 1i1) zone below storm wavebase > 250m)
(Boreen etal.. 1993).

The shaliow shelf lies within the zone of abrasion and is subject to high energy conditions.
The seafloor biota is characterized by molluscs. sponges. bryozoans and red algae. Patchy loose
sediment accumules as a thin. quartz-rich. palimpsest gravel veneer (Boreen et al.. 1993). The
mid-shelf. lving within the zone of swell wavebase. is dominated by swell wave shoaling.
producing two dimensional dunes of bryozoan sands. Fine foraminiter. echinoid. and bryvozoan
bioclastic sands accumulate in deep shelf areas and are bioturbated and reworked by storms.
Depositional textures are dominated by grainstones and packstones (Boreen et al.. 1993), At the
shelf edge and on the upper slope. upwelling of nutrient-rich waters support extensive and aphotic
development of bryozoan. sponge. and coral skeletal mounds. Upper slope sediment includes
bioturbated bioclastic debris and muds. On the upper slope gravity-driven resedimentation is
common. The lower slope consists of interbedded. shelf-derived turbidites and pelagic ooze
(Boreen et al., 1993),

4.2.4 Comparison

There are many similarities and differences between the three examples described above
and the Great Bear Cape Formation cool-water carbonate shelf of the Sverdrup Basin.
Comparison of the Ordovician. Tertiary and Holocene cool-water carbonate shelves, with the
cool-water carbonate shelf in this stdy. will be made on the basis of the overall shelf morphology
and biotic associations. and facies distribution across the mid- to outer shelf. shelf margin and
slope-to-basin semings.
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Shelf Maorphaloey

In all three examples summanzed above. the overall shelf morphology has been desceribed
as open-shelf stvle with some noted differences ranging from the classical ramp to the distaily
steepened ramp. For example, the Ordovican Deschambault ramp is described as gently sloping
whereas the ramp of the modem Otway Shelf is described as distally steepened. Since the
platforms are not immed. due to the absence of reef building organisms. in all three examples
and in the present study the facies distributions on the shelf are largely controlied by the location
of fair-weather and storm wavebases. As a result. similar facies are recognized at similar locations
on all four shelves. However. the absolute depths of the facies on the shelves are not equal as the
locations of the fair-weather and storm wavebases change from basin to basin depending on the

size of the depositional basin and local oceanographic conditions. among other factors.

Biotic Axyociations

In comparing the Ordovician Deschambault. mid -Tertiary, Permian Great Bear Cape and
the modern Otway shelves in terms of biota. it becomes apparent that the main biotic “players’
dominating the cool-water carbonate factory have remained the same over millions of years.
From the Oidovician through to the Holocene., the key biotic elements dominating the cool-water
carbonate factory were bryozoans. crinoids. brachiopods. sponges. foraminifers and molluscs.
Bryozoans are the principle mound-forming organisms in all examples. However. differences do
exist in each example due to local variations in conditions and evolutionary processes throughout
time. For example. on the Ordovician Deschambault shelf. trilobites and Vermiporella were
additional contributors of sediment on the shelf while additional contributors on the modem
Otway shelf include azooxanthellate corals. serpulids and pteropods. This is alse noted in the mud
mounds on the shelf in each example. Mounds of the Ordovician Deschambault shelf included
minor brachiopods. molliscs. and crinoids with peloids in voids. whereas mounds of the
Permian Great Bear Cape shelf included Tuwbiphyvres. fusulinids. sponge spicules and
echinoderms. The mid-Tertiary shelf carbonates are internally bedded and contain bivalves.
brachiopods. gastropods. scaphopods. solitary corals. echinoids foraminifers. quarz sponge
spicules and ostracods while the modern mounds on the Otway shelf include corals and sponges.

In all examples including the study area the shelf sediments grade lawrally into mud-
dominated siope and basin environments. The slope-to-basin environments are very similar in the
Ordovician Deschambault shelf. and the mid-Tertiary and the modem Otway sheves in that
carbonate muds. terrigenous clays and sponge spicules dominate. Only the rature of the carbonate
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muds changes i these examples. with the appearance of pelagic foraminifers in the Jurassic. In
contrast. the slope-to-basin environment ot the Permian Great Bear Cape shelf is very ditferent
tfrom the others in that sponge spicules and siliceous shale were dominant. Tremendous volumes
of sponge spicules deposited on the Early Permian slope were frequently delivered to the basin
via gravity flows resulting in hundreds of metres of sponge spicules and siliceous shale filling the
basin. The volumes of sponge spicules present in this environment is evidence of prolific sponge
erowth. The only modern analog providing nsight into the organisms and processes that created
the Great Bear Cape basin fill is the modemn Arctic shelf existing below the polar pack ice from
western Ellesmere Island to Meighan Island. The Arctic shelf is covered with exiensive
communities of siliceous sponges and in downslope environments, thick spicule-mud mats with
liceous sponges exist (Van Wagoner et. al.. 1989). This analog suggests that the slope

¢ Great Bear Cape shelf were subject to cold-water and aphotic but nutrient-rich

L. wting the prolific sponge growth.

Facies trotribptions

Mid- to Outer Shelf

The mid- . outer Great Bear Cape Shelf of the Permian is directly comparable to the
Ordovician Deschambault, mid-Tertiary and modern Otway shelves in terms of depositional
textures, The inner shelves cannot be compared as sediments of this zone have been removed by
erosion in the Otto Fiord area. In all of the three examples. the mid- to outer shelf is dominated by
thickly to massively bedded grainstones to packstones. a result of deposition on an open shelf.
above fair-weather wavebase. in a high energy environment. Similarly, the mid- o outer Great
Bear Cape Shelf is dominated by thickly to massively bedded grainstones to packstones. resulting
from deposition above fair-weather wavebase. However, unlike the three examples mentioned
above. large-scale cross-stratification in storm beds and marine hardgrounds in the landward
portton of the shelves are not commonly present in the mid- to outer shelf setting within the study
area. The absence of large-scale cross-stratification is thought to be a result of extensive
bioturbation and sediment reworking on the shelf above fair-weather wave base. Conditions
supporting marine hardground development may or may not have existed. If marine hardgrounds
were present, they formed on inner shelf carbonates which were later removed during the
Melvillian Disturbance.



Shelf Marzin

The margins of the Ordovician Deschambault. mid-Tertiary and modern Otway shelves
are very similar to the Permian Great Bear Cape shelf margin in that all were i) dominated by
muddy bioclastc carbonate sand commoniy interbedded with storm deposits. and i) prevalentiy
supported bryozoan mud mound development. In each case the bryozoans acted as baffling
agents collecting and stabilizing fine materials.

The Ordovician Deschambault shelf margin was above storm wavebase. resulting in
common storm beds characterized by hummocky cross stratification. These storm beds were
grain- to mud-supported and contained limy shale interbeds. On the mid-Terdary shelves and
modern Otway shelf. deep shelf and shelf edge environments were below storm wave base and
are represented by interbedded bryozoan mudstone and calcareous clays in the mid-Tertdary and
by olive-coloured. bioturbated. fine-grained. and muddy bryozoan sand in the Holocene.

The Permian Great Bear Cape shelf margin is dominated by bioturbated green clay and
bioclastic debris. This facies is extremely similar to those on the modern Otway shelf margin.
suggesting that the shelf margin of the Permian Great Bear Cape cool-water platform. presently
outcropping in the Otto Fiord area. was below storm wave base. Storm deposits. including HCS.
graded tempesttes, and rip-up clasts, are not common in the Great Bear Cape sediments and this
may be a result of the small size and relative isolation of the Sverdrup Basin from the open ocean,
during the Arunskian to Kungurian. significantly dampening wave energies on the Great Bear
Cape shelf.

Slope/Basin

Slope-to-basin environments of the Ordovician Deschambault shelf and modern Otway
shelf were similar to that of the Permian Great Bear Cape shelf in the Sverdrup Basin in that these
deep environments were dominated by the deposition of fine material. Differences do exist,
however. in the composition of that fine material. The mid-Tertiary slope/basin environments
were not studied and therefore cannot be compared here. In the Ordovician example deep water
environments were dominated by carbonate mud and clay and in the Holocene example the lower
slope is dominated by pelagic coze. This difference can be related to the appearance of pelagic
foraminifers in the Jurassic. The pelagic foraminifers sette out of suspension and have dominated
basin sedimentation in post-Jurassic imes. In contrast. the slope-to-besin environment of the
Permian Great Bear Cape shelf was dominated by small sponge spicules in mudrock interbedded
with siliccous shales (see above). Evidence of gravity-driven resedimentation is present in the
slope deposits in all three sentings. commonly in the Permian Great Bear Cape and modermn Otway
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shelf deposits. as they represent distally steepened ramps. but not as commoniy in the Ordovician

Deschambault shelt deposits. representing a ramp not distally steepened.
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CHAPTER 5: CONCLUSIONS

The Artinskian to Kungurian Sequence of the Otto Fiord arca comprises the Great
Bear Cape. Raanes and Trappers Cove formations in addition to the upper portions of the
Nansen and Hare Fiord formations.

The Great Bear Cape Formation (GBC). in the Otto Fiord area. is a vellowish-
weathering. cliff-forming. medium- to very thickly-bedded. packstone to grainstone. with
abundant echinoderms. bryozoans. brachiopods. sponges and various amounts of chert.
The Raanes Formaton consists predominantly of greenish-weathering. dominantly
recessive, locally resistant. thinly- to medium-bedded. shaly to silty and variably cherty
wackestone to packstone. containing bryozoans. brachiopods. crinoids. and sponge
spicules (small and large). as well as resistant. massive. very fine-grained. bryozoan-lime
mud wackestone forming biohermal mounds. The Trappers Cove Formation is medium-
to thickly-bedded. black to dark gray spiculitic chert that is interbedded with thinly-bedded.
black recessive shales and siitstones. Upsection the chert becomes more pure, gravity-
driven deposits of carbonate appear and the fossil content of the chert increases with the
introduction of brachiopods followed by bryozoans.

The Artinskian to Kungurian Sequence of the Otto Fiord area. best resembles a
Transgressive-Regressive (T-R) Sequence consisting of five main components: lower
sequence boundary (LSB). transgressive systems tract (TST). maximum flooding surface
(MFS). regressive systems tract (RST). and upper sequence boundary (USB).

The LSB in the study area is a subaerial unconformity on the shelf indicated by thin
zones of terra rosa material. predominantly occurring between shallow water grainstones of
the Nansen Formation below and slightly recessive. muddier packstones of the Nansen
Formation above. Toward the basin centre the unconformity becomes a correlative
conformity within the uppermost Hare Fiord Formation at the top of a shallowing upward
succession often capped by a very thickly-bedded crinoidal turbidite. The USB at the basin
margin is a subaerial unconformity within the Great Bear Cape Formation. that becomes a
correlative conformity basinward. within the outer shelf sediments of the Great Bear Cape
Formation and the basinal sediments of the Trappers Cove Formation. The MFS is
characterized by concentrations of pyrte, phosphate, silty sediment and papery black
shales. In sections proximal to the basin margin the MFS coincides with the
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lithostratigraphic boundary separating the Great Bear Cape (or basinal equivalent Trappers
Cove Formation) from the underlying Raanes Formation. At the feather edge of the basin
margin the MFS and the TST were eroded prior to deposition of the RST. Paleohighs
experienced more than one episode of subaerial exposure and erosion. during the
deposition of the Artinskian to Kungurian Sequence. In slope and basinal areas the MFS is
represented by an abrupt change from green shales of the Hare Fiord Formation to
“papery” black shales at the base of the Trappers Cove Formation. accompanied by high
concentrations of pyrite and locally of phosphate. The TST is subdivided into an early
transgressive systems tract (ETST) and a late transgressive systems tract (LTST). The
ETST records the initial deepening phase and is represented by the uppermost Nansen
Formation on the shelf and by the Hare Fiord Formation in the basin. The LTST records a
phase of significant deepening that is represented by the entire Raanes Formation. In the
basin the LTST is a condensed section merging with the MFS at the top of the Hare Fiord
Formation. The RST is represented by: i) shallowing upward. progradational. cool-water
shelf carbonates of the Great Bear Cape Formation. and ii) laterally equivalent slope and
basinal cherts and shales of the Trappers Cove Formation.

The facies of the Artinskian to Kungurian Sequence exposed in the Ono Fiord area
are grouped into the following four distinet facies associations. identified on the basis of
their biota: Chloroforam Facies Association: Bryonoderm-Extended Facies Association:
Bryonoderm Facies Association: and Hyalosponge Facies Association. Eleven individual
facies within these associations were distinguished on the basis of the dominant
depositional textures. They are the: Chloroforam Grainstone: Chloroforam Wackestone to
Packstone: Bryonoderm-Extended Grainstone: Bryonoderm-Extended Packstone:
Bryonoderm-Extended Reefal Limestone: Bryonoderm Grainstone: Bryonoderm
Wackestone  to  Packstone:  Bryonoderm  Spiculite:  Hyalosponge Mudrock:
Siliceous/Spiculitic Shale: and Debrite/Turbidite. These facies represent inner to outer shelf.
shelf margin. and slope-to-basin depositional settings of an open-marine. distally steepened
shelf. However. the distribution of facies across the shelf and slope is quite complex as not
only did the facies change spatially with water depth but they also changed temporally
accompanying climatic deterioration.

The spatial distributior of facies was dependent on several factors including: 1)
biologically-driven sediment production and extrabasinal sediment influx. ii) oceanographic
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conditions such as water depth. restriction. photic levels. temperature. agitation and
upwelling. 1i1) tectonics involving block faulting of the shelf. and iv} initial depositional
profile. In examining the spatial distribution of the facies on the shelf. it is evident that at
any one point in tme the inner-to-outer shelf was dominated by grainstones with minor
packstones while the shelf margin. slope and basin were dominated by wackestones and
mudstones. This was a result of fair-weather wavebase impinging on the shelf creating
higher energy conditions that prevented the accumulation of fine material and caused
abrasion of skeletal material. Also. the spatial distribution of facies was dependent on
temperature changes related to depth of formation or upwelling. The Bryonoderm
Association always occupied the deeper water environments or shelf environments
exposed to upwelling currents while the more diverse and tropical Chloroforam
Association was restricted to shallow. warm-water shelf environments. The very presence
of the Chloroforam Association on the shelf indicates that the shelf was within the photic
zone.

Temporal facies distribution was dependent on the following factors: i) climatic
deterioration. ii) sediment productivity. iii) local oceanographic conditions. and iv) changes
in shelf accommodation governed by changes in sea-level and styles of tectonic
subsidence. through time. In examining the temporal distribution of facies throughout the
Artinskian to Kungurian Sequence it is evident that the facies association dominating the
shelf at any one time was dependent on climatic conditions existing at that time. It is
obvious from examining the shallow-water shelf grainstones. that early in the sequence the
shelf was exposed to tropical conditions. as the Chloroforam Association dominated. while
later in the sequence cool-water conditions prevailed. evidenced by the dominance of the
Bryonoderm Association.

Shelf sedimentation rates increased from the early portions of the sequence to the
later portions as shelf production and sedimentation rates during Great Bear Cape time
exceeded sedimentation rates of the older Raanes Formation. Sedimentation rates on the
Great Bear Cape shelf were high enough to cause extensive progradation of the bioclastic
sediments toward the outer shelf and offshore areas. In the slope-to-basin environment.
sediment production and accumulation rates related with the silica factory were important
and also contributed to the extensive basinward progradation of the Great Bear
Cape/Trappers Cove sheif and slope.
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Major changes in shelf accommodation space occurred throughout the Artinskian
to Kungurian Sequence. indicated by the changing depositional style of sediments on the
shelf. During the TST. in the early portion of the sequence. an overall increase in shelf
accommodation space occurred while during the RST. in the later portion of the sequence.
shelf accommodation space decreased. The long term fluctuation in relative sea-level and
accommodation space was tectonically driven. and caused by intermittent rifting through
the Artinskian.

Higher-order carbonate cyclicity ts present in the Artinskian to Kungurian Sequence
i the Ono Fiord area. These cycles are considered to have resulted from eustatic
oscillations in relative sea-level that were overprinted by sea-level fluctuations due to
tectonism as the Sverdrup Basin at this time was tectonically active. In addition. variations
in sediment redistribution cannot be ruled out as a local control on subtidal carbonate cycle

formation in the Artinskian to Kungurian Sequence of the Orto Fiord area.
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PLATE 2

Trappers Cove Formation

A. Ouicrop photograph of the Trappers Cove Formation (section 3). This formation is
composed of medium- to thickly bedded black to dark gray spiculitic shale and chert. The
shale:chert ratio decreases upsection and forward the basin margin. At this location. the
Trappers Cove Formation is 1000 m thick. Photograph shows 100 m of the outcrop.

B. Close-up photograph of black spiculitic shale and chert (section 3). Note microturbidite
(arrow). Hammer for scale.

C. Ciiff pnotograph of the Trappers Cove Formation near the mouth of Quo Fiord. The
cliff is approximatcly 500 m high and illustrates the truncation surfaces common
throughout the Trappers Cove Formation (arrows).
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PLATE S

Chioroforam Facies Association

A Photomicrograph of Chloroforam Wackestone to Packstone (section 13. ¢-310846).
Main components constituting this facies and present in the photo include phylloid algae
(ph). Tubiphytes (tu). small benthic foraminifers (fo) and fusulinids (fu). Scale bar is 0.5
mm.

B Photomicrograph of Chloroforam Wackestone to Packstone (section 8. c-311960). This
sample was collected from a sediment gravity flow deposit at the base of a basinal section
thus reflecting shelf sedimentation early in the Artinskian to Kungurian Sequence. Main
components constituting this facies and present in the photo include phyvlloid algae (ph).
dasycladacean algae (da) and fusulinids (fu). Scale bar is 0.25 mm.

C. D Photomicrographs of Chloroforam Grainstone (sections 11, ¢-310867 and section
13. ¢-310874. respectively). Main components constituting this facies include phylloid
algae (ph). dasycladacean algae (da). small benthic foraminifers (fo). fusulinids and
Tubiphytes (not present in photograph). Minor components present include echinoderms
(ec). Scale bar is 0.5 mm.
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PLATE6

Bryonoderm-Extended Facies Association

A. B Photomicrographs of Bryonoderm-Extended Grainstone (section 5. ¢-311176).
Main components constituting this facies include echinoderms (ec). bryozoans (bry).
brachiopods (bra). fusulinids (fu) and Tubipiivtes (not shown). Scale bar is 0.5 mm.

C. D Photomicrographs of Bryonoderm-Extended Packstone (sections 11 and 12. c-
311775 and ¢-311722). Main components include echinoderms (ec). bryozoans (bry).
fusulinids (fu) and Tubiphytes (tu). Abiotic components include silt-sized quartz grains (si)
and non-ferroan dolomite thombs (do). Note that Tubiphytes is fragmented indicating post-
burial mechanical compaction. Scale bar is 0.25 mm.






PLATE 7

Bryonoderm-Extended Facies Association: Reefal Limestone

A. B Outcrop photographs of massive reefal limestone present within the Raanes
Formation at the head of Otto Fiord close to section 13. Reef in photograph A is
approximately 100 m high and that in photograph B approximately 10 m to 15 m high
(base of reef is outlined).

C Outcrop photograph of massive reefal limestone present within the Raanes Formation at
the mouth of Otto Fiord at section 14. This mound is approximately 366 m thick..
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PLATE 9

Brvonoderm Fadies Association

A Photomicrograph of Bryonoderm Grainstone (section 7. ¢-311904). This facies is
composed mainly of abundant echinoderms (ec). bryozoans (bry). brachiopods (bra) and
rare sponge spicules (sp). Scale bar is 0.5 mm.

B Photomicrograph of Bryonoderm Grainstone (section 5. ¢-311207) including
echinoderms {ec) and bryozoans (bry). Note the dissolution of the bryozoan (arrow)
against the more resistant echinoderm. Scale bar is 0.25 mm.

C Photomicrograph of Bryonoderm Wackestone to Packstone (section 4. ¢-311780). This
facies is composed of echinoderms (ec). bryozoans (br) and abundant large and small
sponge spicules (sp). The matrix is mainly composed of a mixwre of micrite and green
clay. Scale bar is 0.25 mm.

D Bedding plane view of preferentially silicified Thalassinoides burrows within
Bryonoderm Wackestone to Packstone (section 5). Hammer for scale.






PLATE 10

Hyalosponge Facies Association

A Outcrop photo of Hyalosponge Mudrock (at arrow: section 9). This facies dominates in
the upper portion of the RST and is interbedded with the Siliceous/Spiculitic Shale Facies.
Hammer for scale.

B Photomicrograph of Hyalosponge Mudrock (section 15. ¢-311274). Sponge spicules
(sp) dominate and bioclastic debris is rare. Scale bar is 0.5 mm.

C Outcrop photo of the Siliceous/Spiculitic Shale Facies (section 9). This facies dominates
at the top of the TST and the base of the RST in basin sections and is interbedded with the
Hyalosponge Mudrock. Hammer for scale.

D Photomicrograph of Siliceous/Spiculitic Shale (section 3. ¢-310801). Shale and smali
sponge spicules (sp) dominate. Scale bar is 0.5 mm.
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PLATE 11

Mixed Facies Association

A Photomicrograph of Bryonoderm Spiculite (section 1. ¢-311934). Rare biotic
components include bryozoans (bry). brachiopod (bra) fragments. large sponge spicules
(sp) and abundant small spicules. Scale bar is 0.25 mm.
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PLATE 12

Mixed Facies Assocation

A Photomicrograph of a debrite (section 8. ¢-311969). Note the clasts of the Chloroforam
Wackestone containing phylloid algae (ph). fusulinids (fu) and benthic foraminifers (fo).
Bryozoans (bry) are also present in a siliceous/spiculitic shale matrix. Scale bar is 0.5 mm.

B Outcrop photo of a debrite (section 8). This facies dominates in the lower portion of the
TST and is interbedded with the Hyalosponge Facies Association. Hammer for scale.

C Photomicrograph of a ¢rinoidal (cr) turbidite. Note the sharp scoured base (arrow:
section 9. ¢-311835). Scale bar is 1.0 mm.

D Outcrop photo of a crinoidal turbidite (section 9). This facies dominates at the base of the
RST in basinal sections and is interbedded with the Hyalosponge Facies Association. Note
the scoured base (arrow) and the normally graded bedding. Hammer for scale.
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APPENDIX 1: SECTION LOCATIONS
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Locations of measured sections in the Oto Fiord arca. northwest Ellesmere [sland.

Reter to Figure 1 in the body of the text for map of locations. The Field Location numbers

are used in original sample numbers (Appendix 3.

Section Field Location Latitude Longiude
I 12 80 39" N 387017 W
2 6 SIP04° N 87756 W
3 1 SI 4N 8367 30F W
4 3 81° 17" N 349 W
5 5 81 IX"N 855 29" W
6 14 81°2I'N 34756 W
7 Is 817 26" N AW
8 11 8IF03" N 357 30" W
9 3 SI"07° N 8454 W
10 9 S1°09° N 34°200'W
11 0 SIT 13N AT W
12 2 819 13" N 82°05° W
13 4 S1°20° N AW
14 13 SIPOI'N 89° 17" W
15 7 31°08° N 867 57T W




APPENDIX 2: STRATIGRAPHIC SECTIONS



LITHOLOGY

APPENDIX 2 -LEGEND

MID- TO QUTER SHELF

Limestone

REEF

----- Rectal Limestone

SHELF MARGIN

A Cherty Araallaceous
Limestong
3 4 Calearcous Chent
SLOPE/BASIN
- Bedded Chert
Fissile Shale
Dehnte/Turbidite
TEXTURES
FS = Fissile Shale
MS=  Mudstone
WS=  Wackestone
PS = Packstone
GS = Grinstone

ASSOCIATED LITHOFACIES

Chlorotoram Gramstone

Chlorotoram Wackestone to Packstone
Bryonoderm-ExiendedGranstone

Bryonaderm-Exiended Packstone

Bryonoderm Grunstone

Bryopoderm-Extended Reetal Lineatone

Bryonodertn Wackhestone o Packstone

Bryomwlerm Spreuline

Hyalosponge Mudnick

Sulweeous/Spculiie Shale

Debrnite/Turbudate

]
2
BE1
BE2
Bl

BE:

tH

DT



146

T N (1]
NSOd "OHS 1813 @
‘dRAMLNI uisugzadors
SHIOV: = = z T
ST IdINVS . . o0 sse
SO
~-S5d
- SM
- S
E A R 4Fsa
m 4 4 4 P 4
v 4 4
n 4 4 4 4 4
M 1 1 4 4 < ¢
4 4 4 4 4
_ 4 A i 4
| ] _ | I ! | I
2 S R sadpat 8 Q S
i o —— )
n:1 ano) saaddua

unISsSuUNIY




147

‘NSO 0:S
"dUHINI
SHIDOV:

SHIAIVS

LSH

usugsadory

SECTION 2 (750m)

200

aa0)) siodduer ],

OuRISUNIY




148

UBIYSULIY

'NSOd "OHS 18y
"RLLNI wisugodoly
SHIDV: = z
SHIdNVS . *
- - - cemr e = §0)
— Sd
e e e — = S M
p S
£ ‘ * o ‘ C 4 ¢ ¢ s
_0 4
o 1 1 « ‘ ‘ < ‘
) q 1 .. { A \
% ) 4 4 ‘
Q ‘ ¢ < q C et « 4
s ‘ .
v 4 q4 4 1 4 4
M 4 1 p 4 4 q 4 1
| | | I I ﬂ
[ < . D e}
S Sajau
3 2 3 3 3 3
N aa0D ssoddua g,
HOV




14}

'NSOd OIS A8 w 218
= "dMHINI upsieggzadors
SHIOV: = =z =z = = z a2z & & = - = =
STHIAJNVS s e s o . . e . . . ¢ o 0 . .
—SD
— Sd
. d < R A ! i ~SM
IO A e A - SIW
= [ R L A L PR S
E 1 ., ; |4 i i L R i
¢ ¢ : ] ] ]
=4 i ‘ 4 r 4 ¢ ¢ _ 1 4 _ [
n | 4 _ | ! i J |
L : « “ €« 14 “ | e
— 4 | i | | , . i P p { |
. IR “« 4 | _ _ . e
e q 4 4 ; ! ! ! ) \ ! 4 L | 4 L]
Q - _ |4 14 1 [ <
p—t Lo 1 4 . | | ] _ I _ ¢ | |
ot 4 p ﬁ 4 | : : < _ 4 4 4 I I {
2 T A R o
= 4 < Fl ‘ n [ i : | 4! 4 44 | 4! 4
Z ! M, _ Sl 14« R _ N
! | KRNI _ « !
t o« ! 4 _ | K _ R N IR |4
1 | 4 L . 4 ' g I M . ] . |
{ _ | | | | |
D D . S
Sl
2 S 3 S A S
Al uanuppuep aA0) staddueg ),

HOV

untanFunsyf

URISOTY




¢ i 8
'NSOd "O:HS LS LS 7 L5
NSOd "O:S s 9
_r.“l\_ T
- . d*LNI uisegyzadols
SHIDV] = = 4 n i = =
S IIANVS e . o e oo . .
: - - e — 80
.ﬂ ~ Sd
BN e fsm
g _ ] T 2y IWE
- { 774 A_l_llial.,f. b H_ v b | 1 __A Agoc _d 4_ LB | Go Aﬂlmn_
E : : . _ !
-t ! « 1T [ o4 | ) _ | | i . cﬁuﬁw 44 1y c%c _
—~ 4 4 o 4 1 ﬁﬁe | [ | | e
-~ o ! _ 2%¢ 4 C gl ¢
= 4 _ « ! 4 _ 4 4« i | boe 4 _ 4 _ | 3,9 f 20 |
o ! | _ m. _ | b { Aawa ! A._A %ﬁow_
7. [ ) 1 €y Un «) Fd | "¢ v | | _ veq
S e, o CEE _ IR (N
P4 q 4 {f | 4 4 | 3
o |, .t L __A__ N R KRR 1
23] ' A Y sy d 4 o] o
v | : : ! ) __ A__ « ! _owQA__.__ S |
MU S AP | « ! o P <« gt Ml joobd d
_ _ | _ | | i
= 2 = sadjan Q R ©
o~ ™~ — e
Wl aa0) ssadduea g, PIOL] AU

HOV

unNsuIaY

unpBINug




‘NSOd 0HS
- "dALLNI
SHIDV:

SHOLdINVS

SECTION 3 (1114m)

500

LS
msugodo)y
= = = == = el
[} ] [ ] [ ] [ ] L4
— SD
— Sd
— SM
. _ ; l— N+
« g L p q A “ LI B A O
4 4 ! ! _ |
A e I T L R S ¢ EERRY |
J
q < < 4 1 4 4 ! _
L e, A
O ] ‘ ‘ : 1
< L] q | ¢! i « [
4 I
4 { 4 4 P 4 ¢ ] 4 P 4 I ; _ __
d I
I [ | I | I
D D _ D D
; sadgon ;
3 S 2 3 3

Al

aao)y ssaddeag,

HHDV

uRIySULIY




'NSOd "O:HS

A5Y

ULLNI

msegpradoly

SHIOV:]

SHIdINVS

- Sd

SECTION 3 (1114m)

-~
-
-

r Y

700—]

650 =

Sad)atit

6

350 —

:1

a0 s1oddua g,

1OV

ey

UBESUNLIY

500




o,
\r,

'NSOd OIS LS
AN uisegydorg
SHIDV: 2z B}
S:LINVS .o N
—SD
— Sd
S —SM
- LT = 4 q 4 S
g |, < ‘ 1 4 ‘ 1 ‘ < 4 — Sl
ha o
~ ‘ 4 < ‘ ‘ 1 < 1 « ‘ ) ‘ < .
L]
nf..l_.v\ " 4« 4 1 ] 4 q 1 1 4 4 4 4 q
\0‘ B \ 4 < P ¢ 1 1 1 4 4 ‘ 1 ¢ )
l ]
ﬂ . ‘ ‘ p y < ‘ « 4 ‘ < ‘
q 4
% ‘ 4 « ‘ ‘ ¢ p « ¢ ‘ ) ‘
« 41 1 « q < ¢ « « 4 «
| I [ _ )
~ S S . > D
: S b
S 2 3 3 3 R
N oA s1addiny,

HDV

urISuIIY




154

A, 0
‘NSO O:S 1501 LES LS
o e =
"dUHLNI 3 i o2 wian Joys adoyg
R
S:1av: He 2z dd ¥ ¥ ¥ dHEE 3 =
—_— L
SHIdWVS 00 ¢ 000 0 0 IR .
- e ———~$D
U EJJ.I: — Sd
A HHTTT SM
Uliglislgigvgiy? T L 14 |-sW
_ « HIHHHHAHHH He 4 _. _
& W H H S H A « Sd
= - r.T - H HE 4 1 _ _
bams! 4-H avig gl _ _
- - U H - |14 - | 4 {
- | HHHH €M 1 |
o 4 nENISER FAI —4 1 |- _ _
7z 4 - :I Mi.ll AilIMi 4 q .~A -_
2 I 1 1l
= T RiHe H - -4}~ {4 _‘ _ _
Q ‘ L HH HHH « | ¢ _f
E — —{ -1 MER - -
w U YT rA_J‘_ A_ “« 4
T |
_ HHS R L o
| | l | | | |
<X p D . S
1 Sadjan
3 S 3 ~ S 3 S
- ~ - ~ -~ ~
:] UDNUL] UUA adu) nrogg 1woan) aAa0D) s1oddua g,

OV urpangunyy UBINSUNIY




NSOL OIS @ @ @
NSO "OHS 4 LS S LS. 4
\r, - T e T |
", s JIYS 101 . T < .
_ dRALLNI SR 112G LTRITES _ Nayg 1meoaAndaegy Jjoys
. - ALK LA} IR IrIr R o irrriry tyrarar — - - m
ARINAA ! AN SR eI sENEEEI SRS SR Y R M i e UMY e L Bl B W [ Siuu dad (&
STIdINVS (IITIXIY] ..r::..-.:.-..:.:..- HIOIMN ANEINE0E MO0 S 08 000 0 000 S0 T
T sD
4 T T R L Sd
T T Y O O O O O 1O . S 1= AdH-d - ) SM
1 S HIH B HHHICHTHERIFETH S
—_ - _ — - . -1 4. - — - - - — IA — - ]
E 4 -1 1l - -1 . fA - -{11- - Sd
S A HH O CHE SRR
~ 401} Tt - r_ Tt H - - 41H -t
-+ v - SR A H FLHEH HeEt HOH - -1 HIF -1 H }-
© 1 |4 41 - < 1 HH - - t_ -IIH H
= 4 -1 111 - - H - -1 -1 -4 -1 -}
3 T LA AR oA SCFCCEIHCH .
€3] J4 1k 4 - i S O Wy O - 4 -1 L
v 4 - - -4 H 41 UH 4 HH - -1 t-1 - -1 HH
4 -1 - L -] - N1 H - -1 Hl €11 H
4 - -1 -1 - - 14t -1 H1{I- -1 H
| I ! _ |
R S = Saul & R °
™ o ~ ~
4R ey anogg mouny souRy| UasuUnRpN

m:u/\ URINSURLIY upruneg




N 11]
Lsy Wy s1n 08

‘NSO "O:S S o

6 _
i . s
- dRALLNI ayg Jngndany ot dIuN
B JIoYys /ul N JIYS oS
SHIDV:] vhwaaurnma i aune oo d oy oo 2 o
SHIdINVS PO O00NUINENRIs0000N0000040000000000006000004000000
Y I _¢n
IL [ — Sd
] 11 H N -l q- —SA
il AgliFigh Balls Aailgiil |- T SN
E AL e Apiy HallVlnll mlt « -S4
= I H W HRITEH WH T d
= LIH L Rl niwl mEiilghia ‘
" Al H.HH HOH A H He | 1 ]
Vol N 4 B 4 |- M =p p
5 THTH S He- TR S T A4
= T HA A SR | «
3 L 1@; gl 1@1; allvilg - _ _
23] LT 1V . ‘ {
W 1l % | | AI a1 4 | < 4 u_
g | MU {d-11 i |
4 1 l.i 14 14l < _ _
I _ I _ |
A Q R saapaut & R S
o & ~ =
N soumzyY
HHv UREPYSULISY




NSOd OIS
" AULLNI
SHIDV:

SHTANVS

SECTION 5A (481m)

HOV

L85

HPUS amnQ/uiRaIniA s

BE"E ===

| A

I

| A
T

150

S

sSourey]

UBIYSUTIY

[
L&)

!

L}
rY

i A

I

AN

A 1

a

50 =



‘NSOd "O:S L8

“dAALLNI Jiogs

L
Bl
i
Bl
Bl
B
B
)
B
B
B
B
B
3
B
BE.
B
BE
BE
BE

SHIDVH =

SIidNVS ¢ 0 . . P . 0000600000 00080000 ¢

SD
- - — - — — - — _ - — - — H — —1 H HH - ] - |- —.
T A H H HH H HHHH S S H R H H HHHHHHTFTHE g
T H R A A R HHH - sm
! ‘ritHtHAHHAHHHAAHHHHHHHHEHHHH EHHE Y HE HHYHHE- s
_ o R ) b ] ] L ) L -4 - H H - H I T L -1 141 I |
E U HHH O H O H O H R H O E  H H T s
“ it HMH A HHEFHH AR H R H IR RS L
= AHHHHHHHH HHH O HEHHHH R
T [ |"\\x-||-.,_\-\-4Ll|||||||¢|li|illl|l!llll_:llillllllJiiilur-lllIIlil.
p H B O O I O - - 19 - THHHHHHHHAHAHAHMHHMHHRAEHHAHAHEIGURE LT
g EHHH CHH T e EHE O HHH HHD
= O HH HH A A e e e e e H HHL
S I H e A A A HEE R O H HH
@ P R A R H S
A A A A i A A A A H A A H HHHHHH
i i

500 =
50—
400

§
350— T
300
250

W1 ade suagy wainy

OV uBIsUIIY




‘NSOd OfS

7]

m
72 LSy LS m

LS

- S T HTRIHEV TR IY .
dUHLLNI Hays A4S 1IN0 oS
SHIOV: =wdE s3EE¥ = wumMnevsu: : 53 as
SHIdINVS EXRYNT - t 0seesese s s s 0o

-

SECTION 6 (124m)

S$D

L LALL s
AHOHCHAHH HE sm

! l ]

0
200—

= sanau
~

UDIMIL] LA

nragy waan

adu

[Raanes

uIsUEN

TLTE BT IS

<

unLmRuNng




160

"HSOd "OHS

LS

7]
i 8

LS.Ld

|Lse

“RIELLNI

WITICA HDYSZHOYS 100

Jiys

S:HIIV:L 2z &

STIIdIAVS e e o

i S ¢ zw ¥ ¢ vz 2By veadis
* [ ] ¢ o @ L e [ 2 | LR J | ] s 0 80 08

SECTION 7 (359m)
ry

-11- AHH HH H4
-1 -1 -1} ‘A.I.l
W g iyl gegig
AHHHHH He

&
ial | &
1
A
I

| & )

L
) &l
]

|
|
&

T
A
1
1
!
T
AT

T [ sw
I ™

I
-1

1 1
T

5
200

150 =

___E

<

100— T T T

50

souuny]

UISUUN

LIISUI Y

| uHLIBUINuG




6]

NSO OIS

LS

LS

1 MFS

i

“RALLNI :_mh:_)_m.:s._m
SHIDV: X HE & 5 = = u 0o
SHIdIWVS ¢ o0 . . * ® . . .
-S§D
§ — Sd
—~— - ) = M - ) _ i A “ A < 4 _ Iyi B
E i _ _ < [H L__lmp_
& 117144 * 4O 4 Y
\r} 4 i ' 4
“ 1]« | q-
S 81 RRRIRER R I 15
7 7 PR R A
m - M 1 . | _ 4 4
RIAENE 4 4 . B
3 AL o te - A
= -1« p 4 L ﬁ_'
n IHE | i P _ui
- - 4 i -
- ] 4 4y < _ |
| [ I | | _ | I |
= X w PSYIEI, = S R
Dt * ¥ n A ~
N1 aduy aa0)) saadduag, souzey]

nogy Naan

veINSULLIY




'NSOJ O:S FS_.. ._.v.._.”._w LS

fadl ] -

e ,

—_— " ‘% iy oy -__w.-ﬁz .:D——w
RA:LLNI _.____:__m_._.“_z_ﬁw reas ays Jomo
SHIDV:I | d¥ &5 & @

ST IJIAVS . Y 1) . .
T e — -—80
gigtigip Sd
A Y T 1 g
3 -H_ LIIIIIII ?li thi i L SM
—_ l_. 1 - H - MJi - — SN
|..i llIliIII{ :!IIJI.J II | N
& HEHHH HRE HICH s
' < I HHHHIH |
o — ¢} HHHH }_A_L | |-{e
2 [l
P « THRY WA LT
o) 4 JTHHH 1 ¢ _.A.Tr -
= 4% | | T |
m * _ _ II_I JUEy _A.Ii _
S o SR
" LAlliiLllrllA
._ 1 4 2
| | _ I | _ [ I
- S . ) )
; Sa4ja
< m 2 ! ..m.. "
i od;
IN:1 UDNUE] UBA _ Jwog :::W
HOV unnguny : unySUILY




@
NSO "O:HS N w LS
‘DN wsugpzodopy
1 . H.-r..\_ = m = ; .K Wm.n\_ =7 Nlm - = m.@ m MM. nH. i m.h = = m\m MM x
SV 2 : tE B8 % 555 65 s 5 3
o o
MJ:_._H:)._/\I L] [ ] L] * & g s @9 & w e e® @ o e @ ae @ . o .
J 7
N : A Cud 7, . T 5| [ Sd
: 1 o 450 1 o O I — SM
2 ; ) °a?| || g1 20| P ¥
e - —tal SW
- ‘ PR (8 L (4l ¢ » [T T
£ ! ) ;.: 4 _oa.\f N d|Ip :o. b .rA - S
i . - [ Al ; o [3
2 1 « P e Pl | 31 S I I R 12 S
tLUN P 3 Ll e | ou\_ | A :o: d_
o i 4 B | .\.; | J ﬂ..a. ) A [ ! t V )
: y Uy « ! ﬁ; . 4l AN p
5 v ol gyl T SR ] ; ol P X
n w i 1 ) ! .m.ﬂu“ A, : nmv.unvﬁﬁuﬁ ! t { _ ﬁ-oa *._hw _& —
NEN ol , .
(&8} _.._ 4 % q \M# ‘ ! . GVC..\v .q X ) 4 1 “._ n- i )
% A__ _A i .A | 4 HE . Am & 0:.0 ; ! p. AH“'JA. 4 _O
f O I AN il ol 9
i A RIPR I LT ! (s3] L 4 Iplh p \_
t i [
= & = saua 134 <
] o ~ -~
A PrOLg a1y

HOV v sunIY vunru s




16+

. L] r B &
NSOJO:HS @ 1S L sLE
-~ 2
ULLNI wisugpzadolg
o . !
SHIdWVS . o .
R T T P 4 4 4 I _
E 4 < < e
= 4 < 4 1 _
N ) |
no | ¢ 1 ‘ Pl
oC 4 4 4 4 4 4 I !
.\A 4 4 4 4 _w 4 _ |
m « v « « Pt
&) { 1 4 ‘ 4 ‘ 1 ‘ ‘ ¢ i
o i 4] 4 _
ol ¢ < « 4 p < \ L g1 ' d
\ ¢« 4 4 4 . 4 1 p by
| ! | ! |
D D . o
) ) sanant
) c\.w Am.. ﬁ m
N:1 aa0) s1adduag, PAOLLY DR}
HOV UBESUIIY




'NSOd OIS

FS

L5031
N Py N P

dMLLNI uisegyadogy
SHIDV: =
SHIdINVS .
— 5D
— Sd
— SM
S
= A =Y
E W -
m 17 4 4
0 ;
o _ 4 4 4
5 m
m M 4 4
3 |
QO P ] ]
E "
75 i1 < ‘
4 4 4
| i [ | [ ]
R b4 R st b R S
[ ~ O O sy (Fay
A1 HONE] URA aa0y s1adduag,
HOV URISUIIY




166

R, @ @
NSOd OIS 15 & LS5 7
> -l
"d¥A:LLNI ugsugjsodols
] ——— N
SHiDV = = z = o m v o= 5 T = ===z = 2
£ d : e
8.k
.f._‘—a:\c/\.f. . L] e » [ m L - [ ] ® S @ L]
v Y= Sd
g — o - - - s e e o e e ey o 1O e S A
= | ey e w WA 0 T THCE fhsa
, | | : o > 4 2 = = 1 2
& _;_Aﬁ_g__A .‘_u by ¢ b ._A. ] OBl B b _f
2 e “ e d b < of (W Inl |4 b
4 _ 4 | ! { 5 4 1 4 A _ q
> | C o||[ AR R R I 4 114, |4 {o
- : 4 |
O AR IR PR ple d « % ‘ e g b
‘ B 31({e MY | g 49 @ 0
n | | | | \ (e ) A | : ) _ y _ 4 P,
] P AR B | | b 2 ([ 2 § _ 5 _ \ _ E _ _ z _ . 2 =
7 g L 1! ) [P dP A _. _._,.a ) ‘_.r
A | W ‘_ Jﬂ ) < [y _ 4 A ¥ 1 _ [V _ « [
4 _A _ _A . L | Al al 1 t4d :_ | ﬂ ] J a_ 1 b4 r, L
~E wm R sadfout KE RE Om
oV (aY}44 ~d ~3 hd
W1 aa0)) ssaddur ], P01 a1

HOV

U SULEY

mrpeuIyug




'‘NSOd OIS

L8

Hll-
N . .
- dLLNI wsegiadolg
SHLWV z z dz x
a [+]
ST LIAVS - . .o .
— SD
D w, — SM
Y -- _ : , : S
— 4 | 4 q . ) i o { T4 T q 4 i ‘ ” 4 i 4 __u‘ qA
E . | TR R L ' 1 | u‘ Y T _ __ ] _ IS
« | ‘ v 4 ! | “ i
m ‘ ) . "I Y < _ _.“:.ﬁ__..,.‘m‘_..m‘__
~ . i ! ' | I ¢ | 1]
= L] B | _ ! 4 ‘ Y | f « ) | |
o 4 4 4 ‘ ‘ | 4 . 4 4 “.A Ry _ 4 _ mﬂ I " q
- i ! : ! ! q
m 4 1 1 4 L) d 4 ) ' 4 ' 4 .A | _A.u .,A . | < | 4 ] 4 MqﬂA _ _
= Y | ! | PR * ‘ , " | Ly,
m ! LI L) 4 | 4 4 ” _k ¢ 4 I 4 ! .uﬁA i _A f ‘ [ 1 __ vﬂm_ 4 |
vl . ) . 1 : '
N R I B A T P T T B RIREDL _..__.__ a Bl el
' ! | ! !
e g NSRRI PR IE P ) MR L | T
I | | | _ ! | |
= S H .. D3 2 )
) = s 2
St i SEEE 23 3 e
Nl 2a00 s1addua],

HOV

VRIS UNIY




‘NSOd "OHS

LS

LSB

msugjrado)g

480

— Sd

T SW

— S

o —_
<
ALLNI
SHIDV
SHIAAVS
B
R e A S Al
E ! (1
=] i S
n 4 0y
Lin ¢
= LI I T W
- ! _ b
/. « e
= IR 4
=E AR I
Q o ip
(= P
w) \ X
4 | 4 | I
Al
]
S
e
o
A

pact:y sangg

UBIYSUIIY




24
'NSOd "OHS 18 w LS.LA
o - o ;
et T
— LN wsegyadogy
SHHOV: = = = == £ g8 1 =z
SHUIIINVS - . . LK) . * e
— SD
: T ﬂ_ : U — Sd
or v i [
ﬂ.’ ._.ru ﬁa ¢ ‘»\_.. Img
o’ 2 >
g - - 5 ¢ — - —1—SIN
— v 4 4 P ¢ 4 4 4 1] 9 ! [ |
M | q < ) ofm _Jc €« p _ 4 « S
i 1 4 1 1 ‘ <) 4 < f 1. « _
~— < 1 \ _A. l ! ! ,v o L I \ 4 ‘ q | 4 _
=1 ! .
- ‘ ¢ 1 4 4 !, ¢ ¢ 1 Wil ! | by !
'y B ¢ W I o 4 P4 | 4 1 4
mu. 4 4 4 P , 2 4 K > | f i ¢ ! |
ﬂ < 4 Lm 4 “ [ f o] 4 | | < _ 4 |4 _
&) b ¢ ¢ 1 ] ] ,.ax 1 1 e J. : ) ¢ _ ) ] _
= | 8 ! S| « | «
7 K 1 « « i ) < 4 ) ifl<] i
4 : 4 | 4 i ol 4. 4 4 <
”w 4 £ 4 4 . .Qc M 4 | 4 U l ! 4 “ _ _ ~
I [ | | !
) o . S D
S . sadjat S
A hu.J m ﬁ g .a\/J_
N:1 aa0)) saaddea g, pao1] 2]

HOV

TH S T AV




'NSOd OIS

+

AST @oasn @ oase

UisB

LS

f

:_mq::\c 1y

LN nibus h:TO NIRITES e JOUS/ZIDYS 1IN0 ”_:mum\un_:_m
m
SHIDV: 2 w22 2 2% 2& £ 2§ 3 & 2 2 3 5 4 = =
STITdNVS e .._ e e ,O ee . - . . T . oe ® ] .
i
I _A“ TRV L 1] — Sd
< -4t 4 AHHH I : _ ] - e = S M
BLIER SN S —{ - 4} |- 14— T T [ |
_ ¢ ..A..-l--An-| ALl 5|.|ﬁr|-1| Mlill_ 1 _‘ _ _ < p SKW
T T LR z s
7 AHEHHWHEEHHHHHTE - HE T H W HH _‘_A 1
S, <1 M HIFLHLAHLE U H RS HAL P |
e W T TP R R TR g e 15 e
.\.‘0.. « —1 14— ‘4: - -1 H - - e -] -_A _A _a _A ‘
f .‘u‘|\A‘-.\|\ RERNENRNED iimh llu_l DTL!A_ 4 _A ! _
&) 41 FLH N e —14!- sy valghn ] ‘. _ p 1 1
H A HHH A T o THTHH He yin KK « |
B H A A e
AN LT D I | [qlf 4 ] .
! I-{ 1 : HL e ) i IR B “ 4
_ _ | | |
S . ()
Sa4jatil
i S g 3 3
N:] adury anag) oy pA0D sioddua ),
HOV URIYSUIIY




"'NSOJ 018 .. o | w .83 N.U LS. %
Z. Am u—w U LS M AN L
= "AALLNI Jays 1S 1IN0 sous
i o
SHIDV:I Bu zuoy v PSRN TRT TR
% | @
SHIdINVS se 0000 o1 3 s oo ey
14 : — SD
= lnmEn a|— Sd
:_.LrAx\ ~ o LR SM
|.-f..||m ) ~ — SIN
G M i Jl-sq
i “CHiH4- a- -
® ‘_ N T -
— SRS -1 |4 -
— \- -] |- | J |
Vd A - el -
o {igligh il 1
s THH He il H
2 NI Oy I
75] |_ - i&. lA |
—_ ] _ - | | | i
| l [ I i _ l |
R S R sanat S R S
o) ~} - ~
N:I DOUNEISS Y aduyy mogy maad soU Y uasuuN

HDV QRSN T BVHTIR s Ts]




-1

‘NSO OIS L8
“RLLNI Jious
e ] = =r :&
T..__-u<._— Eo Hu.Bum
STTJNVS e es e e
~--r~SD
Al Sd
S A sm
1 k SIN
= Tl Sd
2 :
S
. |
m -
[ .
]
[£3] -
’ 1
_ ] _ _ _ T _ _
2 S X sS4 S R e
[aY] Lot} — ~
T adey
—2.. “ 2wty gy unvey
3Ky

HOV

uriyunsy| wrimuyeg




NSOd ONHS
- “ALLNI
SHIOV:

SHTIdINVS

SECTION 13 (161m)

T LSAC1 m

— T Llh__wm._:—\d JIFYSAIBYS 1ng) |
- nnuunn nunununnnaanummmnnnuuunununna&lnmwmnunnf
. o |”.0I-.H.Q\Looooooioloooooo..oo-oo- e -ooooozoooo.-oooocmo

. ~SD

. -1 — Sd
UL o FTTE T T s

| b

d1 A..‘ S Mo - | ..A {1 H - Sd

S diaut

200
150
100

saurey) UDSULN

tNsuIY ueisewuyesg




NSO OHS

LN

LS

USB

umsugzadory

Ay JIoyy  usugg
oys 1oing fadols

SHLV k5 Hum._mMmmmmm.m FEMEEmTTIIZ=T
SHLdINVS 008 00000000002 ERRRORRERRSS
— 8D
7B - Sd
i — T —SM
_l P ‘\ .T - i p m—z
g 4 N e _ 4 — Sd
o HY ‘
< 1 ~-14--
\"n JAH - _ 4
— - “ - ‘
7, 4 ) :A q _ <
m .\ \A—.\ - A A
5 L] «
= 1« T | 4
o 4 ) i.‘tl P 4
. L1710 -
A | <
| [ | | ! |
o =
7 S A S R ©
(¥ ] o~ Ty Ty
IN:{ aa0n)) ssadduag,

URSUNIY




APPENDIX 3: LITHOLOGIC SAMPLES

ABBREVIATIONS:
LITHOLOGY:

FACIES:

Cl
C2
BEI
BE2
BE3
Bl
B2
B3

SS
DT

HS

Fissile Shale
Mudsione
Wackestone
Packstone

Grainstone

Chloroforam Grainstone

Chioroforam Wackestone to Packstone
Bryonoderm-Extended Grainstone
Bryonoderm-Exteaded Packstone
Bryonoderm-Extended Reefal Limestone
Bryonoderm Gramswone

Bryonoderm Wackestone to Packstone
Bryonoderm Spiculite

Hyalosponge Mudrock
Siliceous/Spiculitic Shale
Debrite/Turbidite

Hand Specimen
Thin Section

-

'h



FIELD LOCATION 1 - SECTION 3

SAMPLE®

0101
01-42
(-03
0104
01415
01-00
1-07
0108
O-(m
O1-10
1IN
-1
0113
01-14
0nr-1s
Ol-16
01-17
al-1x
Ol-1
-0
(-21
.22
al1.23
01-25
01-26
(.27
{4-28
01.2v
01-30
01-31
01.32
01-33
(-4
01.35
01.36
01-37
1.3
-39
0130
1-41
042
0133
OF-t4
-5
016
0137
01-48

L ]

STON0]
LS RALET
0N
080}
080
TNOS
STOX06
tos07
1OS0N
0N
10810
NI
N2
OSN3
LN
HONLS
JONTL
312000
ST
R [ B3
ONTY
ILON20
082
0ON22
312002
310823
RS [}
IHN2S
30826
310827
310828
30829
LON30
310831
0832
IHOR33
0834
II083S
IOR3e
HN3T
083N
3083y
30840
3083t
30x42
310843
3083

LEVEL (m»

[Hab
Isi 3
R
23S
s
7
320
RS
<20
48
L
tudtl S
TIN S

TRI S

255
td S
B
G0N
uTN
uN2
(Tt
13N
LM
1053
108 5
105y
[hees 5
1785
1083
HOR3
Line
1088
[LIL3Y
1000 1
N3 S
PRI
us?
YNT
Itd
11135
1113
in2
11t
1110
L1t

LITH

AN
MS
NS
ws
S
s
MS
MS
MS
MS
MS
MS
Ms
MS
MS
MS
MS
MS
MS
MS
W
wS
WS
ws
ws
ws
ws
w8

WS.pS
WS
ws
WS
PN
o
ps
GS
G
GS
SPONGE
SPONGE

FRAAIXRRZ

FACIES

B2
82
82
B2
B2
B2
B2

HS

P I A A A O A AP A A A A A A A A R A A A R R B B B B S R I I P SR R R N SR A A




{(H =0
01612
Nl-614
Ol-tle
0l-61s8
01620
01.622
H-623
01626
01627
01628
0-630

AT0ONSS
31T
SPITAS
3TSe
31737
175N
1T
AHIT60
AT
3762
HITH3

I1Ted

110N
1080
[Ny
1002
1
HY NN
itol
[0+
[y
11083
1110
1113

FIELD LOCATION 2-SECTION 12

SAMPLE#

02-01
02-02
02-03
9214
02-BL
02-BK
02-.B()

GSCH

R LN
IlToes
ANTeT
76N
AT
317N

INTTS

LEVEL (m)

(P

[T
~] *n

”

FIELD LOCATION 3 -SECTION 4

SAMPLE#

03t
03-02
0302
03-044
03-05
0306
03.07
0308
03-09
0310
03-11
0312
03-13
03-14
03-15
03-1o
03-17
03-1%
03-19
03-20
03-21
0322

GNCH

T
mag
3TTs
312003
32004
AT
312000
32000
2007
312008
311750
3120y
312010
311781
3200t
N8
311783
27
31788
32012
312083
31786

LEVEL (m)

2

s
lo
6.6
8.1
96
111
126
14.1
15.6
17.1
18.6
A1
216
231
4.6
26.1
276
201
306
2

)
r

s
GS

o
.

LITH

PS
WS
WS
Gs
GS
PS-WS

1.iTH

FR2RTAIIRIZIIATIILRIRZIAZREG

B2

B2
Bi
Bi
Bl
B1
BE!
B2
B2
B2
B2

FACIES

BE2
B2
B2
B2
B
Bl

FACIES

Ct
BE2
B.!
B2
B2
B2
B2
B2
Bl
B2
B2
B2
B2
B2
B2
B2
B2
BE2
BEl
BEi
B2
B2

PP A A A A S A A A S

HS

P A A A A

HS

LR A A

-

AR AR

sAHAANM

A A A A S A

AR A

w

KA

b

|

-l



I
e

032

0324
013.25
3.2
03.27
(J3-28
032
0330

[ R

»

03-30
034y
0332
0343
0343
0343
0346
0347
033y
03igu
13-30
03-5¢
03.52
0353
03-54
03-55
03-56
03.57
N3.5%
03.5¢
03.60
0361
03-62
0363
03-64
03-65
03-66
03.67
03-68
03.69
03.70
03.71
03.72
03.73
03-74
03.75

12014
R RIH A
2000
R1TNT
H20rs
3120108
LT
TN
201
179
31792
312020
202
312022
103
312022
2024
31794
Tes
202
3 T4
32020
itk
1i7us
12027
32028
0N
179
312030
IR0
203
12032
312033
31801
204
tiIs02
312035
803
312036
312037
R FEXN
312038
203
3tIR038
RIBRE)
312040
3204
32042
312043
311805
22044
31806
312035

OGS

2-3-}!322222EREEEEZZ'}’.E232232235’.REE?E?BE?’EEEE?E???%%E

BE2
BE2
BE2
BE2

B2
BE2
BE2
BE2
BE2
BEZ
BE2
BE2
BE2
BE2
BE2
BE2

B2
BE2

B2

B2

B2

B2
BEZ
BE2
BE2
BE2
BE2

B2

B2

B2

B2

B2

82

B2

B2

B2

B2

B2

‘/C}‘!Z:i'/.'AHV-Z'/-'/.XZ'AZ‘/CZ'AZD’.Z'/.V.Z'/.HV.KZZZZZV.ZZZZ'AHHZZZZZZZZZ/.Z'/.’/f



179

0376 ITIN0T 147 6 Gs Bl X X
03-77 2046 1491 Ps B2 X
0378 AT 1501t Ps B2 hY
03-79 3TINRO8 15201 GS Bl X X
0380 312048 1536 [ Bl A
(J3.51 312049 1351 GS Bl X
03.82 312050 [56.n GS Bl hY
03-33 312081 1581 GS Bl X
0384 N0 1306 GS Bl N N
03-33 312082 inl 1 GS B X
(13-86 2053 1626 GS Bl hY
(03.87 32053 Iedt GS Bl N
038 312055 1656 GS Bl hY
03-4v IR0 167 GS B1 X X
(03-9) 312056 1686 OGS Bl X
03-91 311811 170 pPS B2 X hY
(13492 32057 1716 GS 31 X
03-95 312058 1731 GS B! X
T 22059 174 6 0N Bi X
0393 3ttsl2 176 GS 81 X X
03496 3lsts 1773 GS Bl X X
0397 312060 179.1 GSs Bl I
03.98 312061 1806 PS B2 X
03.99 RIRESI ) 182 Gs Bi X X
03-100 32062 183.6 GS Bl X
03-101 312063 185.1 GS Bl X
03-102 311815 L86 5 GS B1 X X
03-103 3li8le 188 PS B2 X X
03-1(4 Rigt.1i IN9.3 Ps B2 X X
03-105 11818 194 PS-GS B2 X hy
03-106 L8y 195.5 PS B2 X hY
03-107 31820 197 PS B2 X X
03-108 IIR0A 195.6 PS B2 X
03100 e 2133 PS B2 X hY
03-110 311822 2135 Ps B2 X N
03-111 31823 217.5 PS B2 X X
FIELD LOCATION 4-SECTION 13
SAMPLE# GSC# LEVEL (m) LITH FACIES HS ™
03 D1 210846 0 ws C2 X by
03-02 o837 1.5 wSs 2 X X
04-03 310848 wSs 2 X X
04-04 310849 ; ws 2 X X
03-05 310850 375 PS c2 X X
04-06 310851 PS B2 X
0307 310852 1.3 PS B2 X
03-08 310853 9 PS B2 X X
03-09 20854 0.5 23] B2 X
03-10 310855 12 PS B2 X



1083
SLNST
TLONSN
IR
0NN
I0N6]
THONAD
JH0863
10N
INad
1IN0
10867
O8N
AN
IONTH
INTI
OST2
TR
08T
IHORTS
IORTH
SHORTeA
AIONTT
SHOXTN
INTY
0GRS0
Iss1
ITO8N2
IT08N3
I0and
JONRNS
31088s
887
310888
I10N8Q
{08%)
310891
31082
TNz
3108w
3088s
1089
0807
10898
3089
10900
3ot
310002
310903
310904
W05
310906
IHWOT

6.5

> ~J -
.-%?-:}:-7-'"'3“
xS " DR S

83

S

875

GS

FERRAFZRRRGF

WS-PS
WS.PS

FRAAAZIIEZ

m
w

333335'?
;33233\3

2
1
B2
B2
B2
82
B2
B2
B2
B
B2
B2
B2
o2
B2
B2
B2
B2
B2
B2
B2
B2
B2
B2
B2
B2
B2
B2
B2
B2

BE2

BE2
B2

A I S A A A A A A A A A A A A A A A A A A
//-Af!/.ﬂ/.'f‘!/./././!/././.?.'/.'/.KZ'AZV.ZV-V.ZH%ZZZ%ZZ'/.'/.'/.'/'/'/'/7

”“

A

VAR A A Ay

ING



(Md-rnt
O30
(h3- 05t
467
(SN
(hd-otd
{4-70
0371
.72
M-73
4-74
7S
(d-70
03-77
4-78
03-7
03-30
04-31
(.82
0483
5t
-85
-86
03-87
(d-88
3-89
-%)
09
492
4-93
0393
04-95
04-90
0497
(4958
03.99
3. 100
0101
04-102
03-103
3-104
03-105
03-106
03-107

TIO0M0N
IO
ERTI Y
ML
el
IR
R IE
IHmls
3imle
3mIT
IMmIS
R T
W20
310921
W22
Itoe23
324
IHW2S
R [$, )
w27
RIL1 24
3m20
I3
03t
3w
310933
wd
3m3s
203
noes?
N3N
310039
3100}
310041
310482
g
30038
310835
30936
310047
3008
310929
310950
310951

e R
N
PR
161
02 s
108
1035
107
1083
13 {1]
Il s
113
1135
116
1175
119
1203
122
1233
125
126.3
128
1203
131
1323
134
{355
137
1385
140
1345
143
W5

147.5
149
1505
is2
1535
155
1565

FIELD LOCATION 5-SECTION §

SAMPLE#

05-01
0502

GSC#H

LEVEL (m)

22 A2RIRR

£EZEZE
B A A A A

£ 7
7

S
ws
wSs
wSs

CHERT

CHERT

CHERT
wSs
GS
wSs
wSs

CHERT

CHERT

wS
WS

33 E

LITH

MS

BEZ
BE2
B2
B2

B2

B2

B2
B2
B2
B2
B2
B2
B2

B2

-

B2
B2
B2
B2
B2
B2
B2
B2
B2
B2
B2

B2
Bt
B2
B2

B2
B2
B3
B3
B2
B2

FACIES

KZHZZZMZZZX'A%ZZ'AV.ZHZV.V.HZHZ'AZH’AZZZMZV.'AZ‘AZH'AHZ

HS

INd



0s-03
0503
0303
13y
0307
05-08
03M
0310
03-11
0512
5.3
03-13
0313
05-16
03-17
03-1s8
05, 9
03-20
03-21
0522
05,23
03-24
03.25
0526
03-27
05.28
(529
03-30A
03-30B
03-31
(15.32
(15-33
-4
05-35A
05.358
05-26
03-37
05-3%
03-30A
05-398
034}
0511
05.32
0543

Tmsg
TSR
R I8 T
I10ST
TSN
IMWSY
R
31nel
a2
M3
(Mt
2H6S
N
310967
312063
S196N
veY
INUWTO
w7
IUWTT
T3
373
UWTS
NT
IWTT
3NTS
WY
310980
R [t
30082
(N3
310984
IHMNG
RELES T
NST
310988
ARG
310990
I
310992
R3[4 1
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RI{8
10996
a7
210998
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311000
311001
311002
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311004
11008
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Na-532
08-53
0555
0536
O8.37
()5.58
(5.59
056}
03-01
05-62
03643
05-63
03-63
05-654
03-65C
03-65D
05-635E
05-65F
035-66
0567
05658
0569
03.70
05-71
03-72
05-73
05-74
05.75
05-76

OO
007
ILTO08
311000
iltato
311011
32
311013
I
RIR1 )
itiole
311017
31108
3t
3t
e
20
NN
o
21020
311021
21022
311023
3o
311025
311020
31027
311028
311020
311030
I1103)
311032
311033
311034
311038
311036
31037
311038
3110384
31103
311040
3tion
31042
311043
310
311045
1036
311047
311048
31049
311080
311051
311082

1.5

2
1335
15

16.5

19.5
2
215

23
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7.8

s
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WS
WS
WS
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05104
03-1012
05103
[th Tt
DA- 103
(3-106
035107
05108
O3-1m
O5-11¢
0s.11
05-112
03-1132
03-114
05115
03-116
05117
05-118
05119
05-120
03121
05-122
05123
05-124
03125
03126
05.127
05-128
03-12¢
03-130
03-131]
03.132
03132
05-134
058.135
05-136
05137
05138
03139
05140
05-141
05142
05.143
05-144
035-145
05-146
05-147
O5-148
05-149
05-150
05-151
05-152
05-153

ERRIEAR
I0sd
088
ILL05s
3T
OSSN
L1050
L1060
1061
31002
RIRTIE
311003
1063
11066
06T
311068
H 106y
31070
1071
3110572
A0S
RIRiires
0TS
3T
31077
31078
TV
IS0
081
21082
1083
111084
I LORS
R R{thr
087
311088
3ioxe
311000
Ioml
w2
N3
0N
3RS
311096
w7
311098
RI L
3t11o00
3HI00A
N
e
3103
304

W
[TEARS
12
1035
03
106.3
108
HW S
1l
1125
14
1155
117
118.5
126
1315
123
1245
120
1275
12v
130.5
132
13335
135
136.5
138
139.5
141

WS
WS
WS

WS
W
WS
WS
WS
WS
WS
ws
WS
WS
pPs
WS
WK
WS
PS
WS
WS
WS
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WS
Ps
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wSs
WS
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0315
05155
03156
05157
(}8-158
05-154
OS5-Tedd
05-101
0s-162
O5-163
0 -163
035-165
O3 1ty
05-167
03- 168
05-169
05-170
Q5-171
03-172
05-173
03174
03-175
03-176
05-177
05-178
05-179
03-180
05-181
05182
05-183
03-183
05-185
(5-186
05-187
03-188
0S-189
035-190
05191
05192
05-193
05-194
05-195
05-196
05-197
05-198
0s5-199
Q5-200
05-201
08-262
05-203
05-204
05-205
05-206

RRNI
U106
ot
ATI0N
w
R RRIY
iz
RIS R R
LI ZRRE
AiS
3t
3G
22
2
A
KT 0§ i
N2e
227
LTINS
320
3130
33l
RIS RE
311132
RIRNRC
3tnas
33
sy
3NN
IR L
a0
34
RIS AL
sz
EARRE S
EIRIEN
e
3y
A4
3y
s
LSt
3s2
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3EsS
LSS
3Se
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0s-207
O3-208
A2
03-210
03-21%
05212
0213
03214
03.21%
035216
s.217
032108
05219
03-220
082
(5.222
03.223
03-224
3225
03-226
n:;_ 7

05-225

0582249

05-230

Y

7
i
o~
-t -

3
[ ) 'IJ o td 1y
. #

-
Fi
i

=
thOh
3

b4

Y
A

-
"
H

(15-2364
03-236B
03-237
(08.238
05.239
05-240
05-231
03-242
05-243
05-244
05-245
(5. 246
08-237
05-243
058-249
03-250
05.251
03-252
05-253
(05-254
058-255
05-256
05-257
05-258

DL
3110
fles
Milon
HnT
SUTIeN
IElen
31170
1T
1152
SELETS
R R IR
AT
ATs
T
117N
ATe
IELIN0
SLLESE
IPLI82
STEINR
RIRES S
1SS
31186
ILTIST
RANNE.Y
SLIINY
1IN0
Ll
W2
ALIUA
3tlivd
HIRLN
RIRAL. )
7
Itlvs
v
311200
312
2o
203
3204
311205
31206
11207
31208
32w
320
3nn
322
I3
311213
2

24u s
253

251

WS

Ps

WS
ws
WS
Ps

GS
OGS
LEAY
N
GS
OGN
GSs
ON

Gs
[
GN
S
OGN
GS
GS
GS
GS
GS

GN
Gs
GSs
Gs
GS
Gs
Ps
(¢
Gs
GS
GS
ON
GS
GS
GS
Gs
GS

38
GS
GS
GS
GS
GS
GS

B2

B2
R2
B2
B2
Bl
B2
B2
BEI
BEI
BE!L
BE]
BE1
BE!
BEI
REL
BE!
BEI
BEI
BE]
BEI
BE1
BEI
BEI
BEI
BE1
BEI
BE2
BEI
BE1
BEl
BEl
BEI
BE!
BE2
BE!
Bl
Bl
Bl
Bi
Bl
81
Bl
Bl
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Bl
Bl
BE1
Bl
Bl
Bl
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1J5.254
{5-26)
0326
05.262
05,263
03-203

(05-263

H1lle
1217
STI24s
126
1220
R a3

:Il'!'aw

FIELD LOCATION 6 - SECTION 2

SAMPLE#®

On-(11
6002
06-03
Do (4
06-05
U6-00
06-07
0608
O6-(%
O0- 10
06-11
06124
06-12B8
06-13
Oo-14
De-13
06-16
O6-18A
06-18B
06 1%
06-20
06-21
06-22
06-23
06-24
(6-25
06-26
06-27
06-28

GRCR

311223
311224
kY el
U126
K19 had
31228
A2
31230
311234
311232
323z
s
311235
L] )
311237
3123
323w
31230
3
311242
I3
3248
311235
1M
31247
31248
32
250
311251

LEVEL (m)

729.75
73275
750

FIELD LOCATION 7 - SECTION 15

SAMPLE#

07-01
07-1A
07-02
07-03

GSC#

282
inasz
311254
311255

LEVEL (m)

G
GS
s
G
GSs
GS
s

ATH

MS
MS
AS
MS
MS
MS
MS
MS
MS
WS
wSs
WS
WS
ws

ws
WS
ws
WS
WS
WS
WS

LITH

MS
MS
MS
MS
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Bl
Bi
B8l
Bl
Bl
B1
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b o =g o o

A A A A
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0708
7.0
07-11
0712
07-13
U714
07-13
07-16
07-17
(47-18
07-14
07-20
(17-21
07-22
07-23
7-24
07-28
07-2n
07.27
07-28A
07-28B
t7-30
07-3
(07-314
07-31B
07-32
07-33
07.34
07-35
07-36
07-37
07-28
07-34
0730
0711
0742
0743
07 =44
(1745
(1738
747
0748
0749
07-50

LR BT
1257
LR A B
11280
2N
1261
262
1263
e
1265
LR R ot
1267
31268
311260
1270
3125
B A A
31273
273
1275
1276
3277
1278
31279
IS0
328
N2
311283
311284
3111288
31280
1287
L1288
TN
3120}
3
22
313
2w
31205
e
07
311208
3120
1300
311301
IN7s
1782
783

AR

263
X

RO RS

A
MS
M
MS
NN
MS
SN
N
MS
MS
MN
NS
NS
MS
MS
MS
MS
MS
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MS
WS
WS
WS
WS
WS-PS
WS-PS
WS-PS
WS-PS
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FIELD LOCATION 8- SECTIONY

SAMPLE# GSRCH LEVEL im)
(3-25 3RS ERES
08-26 312065 300
0827 ILIN2S 67 S
08-25 312000 3768
08-249 R Enld 379
08-30 31827 3735
- 31 312067 03
08-32 3TIN29 175
(8-33 312008 4215
08-33 3lwso 420
0533 312069 428
08-36 311831 6.5

08-36B ISR +H6.5
03-36C 311833 6.5
08-37 RIEXS 4305
0838 312070 441
08-39 311833 358
08-30 312071 458,25
0541 311836 4575
0332 312072 489
0N8-13 311837 3058
03-41 312073 5304
0843 31MR3S 331
08-16 312074 M7
0847 383 5565
0838 312075 510
0539 311830 S5
03-50 312076 598
08-51 K182.2) 630
08-52 311842 660
0%-53 32077 m
03-54 3843 TIZ8
FIELD LOCATION 9 - SECTION 10

SAMPLE# GSCH LEVEL (m)
(9-01 3981 1
09-02 311982 4.5
09-03 31983 335
05-04 311983 36
09-05 312078 3
0906 311985 63
09-07 312079 73.5
09-08 312080 1275
09-09 311986 160.5

LITH
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ws
WS
wSs
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I T T T I I
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H
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bl o . o
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(M-10
(X-11
M-12
(.13
m-13
-16
{M-17
00 .4
M1
09.20
M.21
.22
(m-23
n-24
(*.25
0N-26
W27
(R.28
.24
-30
-3
09-32
{M-31
-3
M-35
(N-36
-37
.38
-3y
4225 1))
[§ Y|
(912

2081
12082
12083
12083
312085
312087
ITuNT
RIRLES
Sl S
12088
1990
311991
el
312089
U
311983
32000
3195
1200t
12002
312003
RIRL )
20
312005
32000
3120897
32008
RIS ¥
31200
2100
K] RALH
Ito9R

FIELD LOCATION 10 - SECTION 11

SAMPLE?

10-LSB

10-LSB
10-01
10-02

10-10
10-11
10-12
10-13

GRCH

w22
3923
e
31925
392
311927
s
312102
31929
312104
3930
31193t
3e3e
312105

LEVEL im)

MS
MS
MS
MS
MS
MS
WS
WS
WS

ws

ZFRAIBRIATRAT G

£ Z
% h
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2933

5 1 3 I B B

£ £ EZ
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i
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B
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B2
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B2
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BE2
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B2
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1014 32100 2% ws B2 X
10-35 11033 2us WS B2 X X
10-10 2107 i3 ws 82 X
10-17 32108 s WS B2 X
10-18 2NN 36 ws B2 X
10-19 220 3TS WS 82 X
10-20 ELER! L ws 82 hY X
10-21 3z 405 ws B2 X
10-22 3103s 42 ws B2 X X
10-23 311936 SN PS B2 X X
10-24 2112 605 £ B2 X
10-25 £ kd B 62 Ps B2 X
10-20 311037 635 PS B2 X X
10-27 31214 65 Ps B2 X
1028 311938 665 Ps B2 X X
10-29 32ES 6% PS B2 X
10-30 311930 645 Ps B2 X X
10-31 312116 71 PS B2 X
10-31A 27 1 PS B2 X
10-32 IA2N% 725 PS B2 X
10-32A AN 728 PS B2 X
10-33 311940 74 PS B2 X X
10-33A 312120 7 PS B2 X
10-34 311941 758 PS B2 X X
10-14B 31942 6.3 PS B2 X X
10-35 3N 773 PS BE2 X X
10-36 1A 783 PS BE2 X
10-37 31194 798 PS BE2 X X
10-38 31948 813 GS Bi N X
10-39 311546 323 PS BE2 X X
1030 311947 %43 PS BE2 hY X
1031 EYRLELS 853 PS BE2 X X
1042 311949 86,3 SANDST X X
10-43 311950 868 SANDST X X
FIELD LOCATION 11 -SECTION 8
SAMPLE# GSCH LEVEL (m) LITH FACIES HS ™
11-01 311951 1.5 MS H X X
1145 311952 6.75 PS DT(C2) X X
117 k) d b 255 MS H X
11-19 311953 285 PS DT(C2) X X
11.20 31954 0 MS H X X
11-34 311955 51 MS H X X
11-36 311956 X MS H b X
1138 311957 57 GS DT(CI) X X
1135 32123 67.5 MS FS X
11-50 311958 75 PS DT(C2) X X
11-54 311959 81 PS DT(C2) X X
11-64 311960 9% Ps DT(C2) X X



192

L1-67 iust (3.0 Ps DT« X X
11.78 962 1i2s PS DT«C2 hY X
1184 2524 1205 MS H X
11-82 ians 123 MS-PS H X X
1185 196 127 5 WS B3 X X
Hexo 3119635 129 WS B3 X X
115 A von [37.25 ws DTC2s hY X
i1-95 3967 1425 MS FS X X
11-97 396N [43.3 MS-WS H X AN
11101 itvae 151.5 WS-PS DT«C2y X hY
1102 IIOT0 133 GS DTy X AN
11-107 311971 1ad).3 PS DTiC2) X X
It-1078 w72 HU U] GS DTCH X AN
H-111.5 31973 {67.25 PS DT(CLBEY) X X
11-113 31074 1728 MS H hY X
11.131B 311975 1965 Ps DTICY) X X
I-1314A N19TH 1496 5 PS DT(BE2) X X
1137 31977 2055 MS H X X
t1-148 TS 222 ws DT«C2) X X
11-150 312125 225 MS H X
11-151 RIRE FL RR/ MS H N X
11-176 312126 264 WS-PS DT X
P1-187 3190 235 MS ES X X
1I-19 312127 2085 MS FS X
11-320 321 4933 MS H X
FIELD LOCATION 12-SECTION 1
SAMPLE# GNCH LEVEL (m) LITH FACIES HS ™
12-0 IR 0 MS H X X
121 311848 1.5 WS B3 X X
12.2 RIRES 3 WS B3 X X
12 RIBE.S ¥ ) MS H X hy
12-16 R RE- 1 R MS H X X
12-18 3R 27 MS H X X
12.25 RS0 375 MS H X X
12-30 RIRE A3 75 MS H X X
FIELD LOCATION 13- SECTION 14
SAMPLE# GSCH LEVEL (m) LITH FACIES HS TS
13-1 311852 N/A WS BE3-F X X
13-2 311883 N/A W8 BE3-F X X
13-3 311854 N/A ws BE3-F X X
13-6 311855 N/A WS BE3.F X X
13-8 211856 N/A ws BE3 X X
13.7 311887 NIA WS BE3 X X
13-9 311858 N/A ws BE3 X X
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13.1% BB NiA PSs B2 WY X

FIELD LOCATION 14 - SECTION 6

SAMPLE# GaCE LEVEL (m) LITH FACIES HS TS
i3-13 RISLI 0.s GS Bl hY X
14.15 RIRAS T ns GS Bl X X
14-20 311913 30 GS B1 N X
14.23 3u12 Ws S Bl hY hY
14-28 31911 32 GS BI X X
[4-33 RISt Jus GS Bl X hY
[4-37 311860 585 PS B2 X X
14-38 R BB, 57 PS B2 X X
14.30 311862 535 Ps B2 X X
1431 311863 ol.5 Ps B2 X X
1434 318 o6 Ps B2 ~ X
1425 311865 H7.5 PS B2 N N
1436 211866 (] Ps B2 X X
1348 JLENeT 705 PS B2 X X
14-50 311868 s Ps B2 X X

14515 ITIs6Y 77.25 PS B2 X X
14-54 31IR70 31 MS H X X
13.59 I11I8TE b3 ) PS B2 X X

14-59.5 311872 89.25 GS Bl X X
1465 ITIRTR 97.5 GS Bl X X
1367 3187 100.5 GS Bl X X
14-70 3210 105 GS Bl X

FIELD SECTION 14A - SECTION 6

SAMPLE# GSCH LEVEL (m) LITH FACIES HS ™

14A-23 31192t 111.5 GS Bl X X

14A-24 211920 1125 s B2 X X

14A-25 39w 113.5 PS B2 X X

14A-26 3198 114.5 PS B2 X X

14A-27 311917 1155 PS B2 X X

1$A-2% 31916 116.8 MS H X X

FIELD LOCATION 15 - SECTION 7

SAMPLE#® GSCit LEVEL (m) LITH FACIES HS ™

15-05 312139 0.5 GS Cl X
15-2 3E 2 PS c2 X X

15-55 311880 55 PS BE2 X X
156 30 6 WS-PS BE2 X
15-9 311881 9 WS-PS BE2 X X
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[5-13 321 13 ws B2 X
15-15 32182 15 WS B2 hY
15.19 S1ISN2 18 WS 2 X hY
15-25 118N ] ws 2 hY hY
15-335 2143 313 PS BE2 x
[5-42 318N 42 S BE2 X X
133358 28 438 PS B2 X
15345 SLINNS HS PS B2 X X
[5-585 2145 N3 Ps B2 hY
15-61.5 311880 &13 PS c2 X X
15-71.5 ILINNT B Ps 2 X hY
15945 3213 WS ws B2 X
15105 311888 s Ps B2 X X
15-112 31188 12 PS B2 X X
15-120 2147 120 s B2 X
15-138 311890 138 wS BE3 X X
151515 31891 1513 WS BE3 X X
15-195 3182 198 WS BEX X X
15-231 31IN03 231 WS-PS B2 hY X
15-230 311893 240 WS B2 X hy
15.246 ILInes i WS B2 X X
13-261 A2 261 AR B2 X
15.2715 32140 2715 ws 3 X
15-282 R E 82 NS H h¥ X
15244 11897 204 MS H X X
13-301 5 312150 018 WS B3 X
13313 32S] 33 WS B3 X
15-330 211898 330 ws 3 X hy
[5-339 250 W WS B2 X
15-1435 3NEW RS K] wS B2 X X
13359 3118000 Rl PS B2 X X
FIELD LOCATION 15A - SECTION 7
SAMPLE# GSCH LEVEL (m) LITH FACIES HS ™
15B-05 RIBL 1 0.5 PS B2 X X
15824 a2 24 CHERT X X
15B-36 21503 6 GS Bl X X
15B-51 3904 by GS Bl X hY
15B-53 311905 53 GS Bl X X
15B-67.5 21906 67.8 PS B2 X X
15B70.5 311907 705 PS B2 X X
15B-81 32157 st wSs B3 hy



APPENDIX 4: CONODONT SAMPLES

SECTION

‘st Cad

thoth

th th

"

2 > 0 2

L L L & & £ &

10}
1}
10
1
10

i
11
4
]|
11
11

13

15
15
15
15

GSC NUMBER

31705
311700

3708

TN
311710
7
3712
7R

311733
1T
311738
N7
3t1737

it7d
s
21710
nnz
TS
N7
70

i
h] § AR
311723
21724
NS

21726
727
31728
3729
311730
373

At7a7
31732
31m
311702

311703
311704

FIELD NUMRBER

S3-01
3-01

S3-03

A
Y4-05
G408
93-08
W05

9314
9314
9314
9414
9414

S4-08
S3-08
93-U8
S3-08
93-08
94-08
S4-08

S3-(0
93-(9
9319
93-(9
9309

9310
93-10
93-10
93-10
93- 1)
93-10

S4-02
94-13
93-07
9307

94-07
93-07

LEVEIL
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1231025
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3759
73.5-75
885908
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0
KN
422
43]
78481}
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0
138
190
216
R
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0
v

o7
12-13
37-39

S0

33

13-14
Eastern Flanks
H) 542
439316

55
67-68
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CONODONT

ASSEMBLAGE"

Ps

Po-P7
Po-P7
b
b
upper P7-PR

* Conodont assemblage codes are explained in Table 1 on page 28. Analyxis of conodonts for
this study was done by Dr. Charles Henderson at the University of Culgary,





