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Abstract

The Hazelton trough—Bowser basin is a large sedimentary basin that developed on
volcanic arc rocks of the Stikine terrane in northern British Columbia, Canada. Its fill mostly
consists of the Lower to Middle Jurassic Hazelton Group and the Middle Jurassic to Lower
Cretaceous Bowser Lake Group. Regional correlations indicate that the Hazelton Group can be
divided in two distinct lithostratigraphic intervals separated in most places by an unconformity.
The lower Hazelton Group (LHG) is dominated by arc-related volcanic rocks, whereas the
upper Hazelton Group (UHG) contains mainly fine-grained clastic rocks and lesser bimodal rift-
related volcanic rocks. Lowermost coarse-grained strata of the UHG, including the bioturbated
and fossiliferous units of the Smithers Formation and the Spatisizi River Formation, record a
transgressive trend consistent with thermal subsidence and relative sea-level rise. Transgression
of the Stikine arc culminated with the establishment of deep-water conditions in the Late
Toarcian-Early Aalenian, and deposition of the Quock Formation. Interbedded siliceous
mudstone and rusty-weathered tuff of the Quock Formation are correlated throughout most
of the basin, except in the Iskut River area on the northwestern margin of the basin, where
contemporaneous strata of the Iskut River Formation are dominated by rift-related volcanic
rocks and conglomerates. Inception of rifting in the Iskut River area constitutes an independent
extensional event on Stikinia, and could be related to reorganization of tectonic plates during
a protracted period of terrane accretion in the Middle Jurassic. Obduction of the Cache Creek
terrane over Stikinia in early Middle Jurassic provided a new source of sediment, which led to
accumulation of the Bowser Lake Group. The second pulse of subsidence observed at Todagin
Mountain can be explained by sediment loading of the accommodation previously generated

during extension of the Hazelton trough in Early Jurassic time.
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CHAPTER 1: INTRODUCTION

The Hazelton trough is an extensional Early Jurassic sedimentary basin that
developed within the Stikine terrane of the Intermontane Belt in northern British
Columbia, Canada, and which subsequently evolved into a larger synorogenic basin
in the Middle Jurassic, the Bowser basin (figure 1.1). The Hazelton and Bowser Lake
groups, which constitute the fill of the Hazelton trough and the Bowser basin respectively,
are characterized by a combination of formal and informal units that contain many
overlaps and inconsistencies in stratigraphic nomenclature (figure 1.2). The primary
objective of this thesis is to provide a revised stratigraphic framework for the Hazelton
trough-Bowser basin that can be applied at the regional scale. Since specific strata of
the Hazelton trough-Bowser basin have been recognized for their petroleum and/or
precious metal potential, a simplified stratigraphic framework makes these prospective
units more predictable. In addition, a revised nomenclature defined by significant
lithological changes and/or important stratigraphic boundaries can provide insights into
different depositional environments, and basin-forming mechanisms. Understanding
the stratigraphic and tectonic evolution of the Hazelton trough—Bowser basin also
has broader implications for evolution of the northern Canadian Cordillera. Tectonic
interactions between Stikinia and its neighbouring terranes, and the precise timing of their
eventual accretion to the continental margin have been subjects of much debate for some
time. The controversy is mostly based on conflicting paleontological, geochronologic,
structural, paleomagnetic, stratigraphic, geochemical, and provenance studies. The new
data presented in this thesis provide additional constraints on the Early to Middle Jurassic
evolution of the northern Canadian Cordillera, and evaluates how the tectonic setting of

the Hazelton trough-Bowser basin affected subsequent sedimentation patterns of its basin
fill.

1.1  PREVIOUS WORK

Depositional units of the Hazelton Group and Bowser Lake Group have
been the subject of many studies. These have included work by government survey
programs, exploration geologists, and research by numerous graduate students from
different universities. Early mapping work is documented by Tipper and Richards
(1976); Gabrielse and Tipper (1984); Woodsworth et al. (1985); Grove (1986) and
Gabrielse (1998). Subsequent biostratigraphic work was done by Thomson et al.
(1986); Nadaraju (1993); Palfy et al. (2000); Evenchick et al. (2001). Reconnaissance
mapping in the eastern and northern part of the Bowser basin by the Geological Survey

of Canada produced several reports and geological maps such as Evenchick (1987,
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Figure 1.1: Simplified map of the Canadian Cordillera showing the location of the Hazelton
trough—Bowser basin, and distribution of terranes and major morphogeological belts. Modified
from Wheeler and McFeely (1991); Colpron et al. (2006) and Evenchick et al. (2009).
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1989, 1991); Evenchick and Porter (1993); Greig and Evenchick (1993). The discovery
of mineral deposits at Eskay Creek, Silbak Premier and Toodoggone River led to
research by Anderson and Thorkelson (1990); Alldrick (1991); Diakow et al. (1991);
Anderson (1993); McDonald et al. (1996); Logan et al. (2000); Roth (2002); Alldrick

et al. (2004, 2005a, 2005b); Barresi et al. (2005) and Alldrick et al. (2006). This was
followed by a major energy-related investigation by the Geological Survey of Canada
led by C.A. Evenchick, which yielded significant results including work by Osadetz

et al. (2003); Ferri et al. (2004); Evenchick and Thorkelson (2005); Evenchick et al.
(2005); O’Sullivan et al. (2005); Stasiuk et al. (2005); Osadetz et al. (2007); Evenchick
et al. (2008a, 2008b, 2009). The superb quality of outcrop combined with the well-
established biostratigraphic framework in the vicinity of Tsatia and Todagin mountains
led to detailed sedimentological and stratigraphic studies by Green (1992); Ricketts and
Evenchick (1999, 2007) and Gagnon et al. (2009). Other significant contributions to the
advancement of the general knowledge of the Hazelton and Bowser Lake groups include
the work of Marsden and Thorkelson (1992); Ricketts et al. (1992); Thorkelson (1992);
Greig and Gehrels (1995); Thorkelson et al. (1995); Evenchick (2001); Evenchick et al.
(2007) and Nelson et al. (2007). Earlier reports from the current project were published
by Waldron et al. (2006); Gagnon et al. (2007); Loogman et al. (2007); Loogman (2008);
Gagnon and Waldron (2008, 2009).

1.2  METtHODS

Most of the observations presented in this study are based on detailed examination
of well-exposed stratigraphic sections located on the periphery of the Bowser basin.
Field mapping was conducted in selected areas where the exposed contact between the
Hazelton Group and the overlying Bowser Lake Group could be observed. Four summer
seasons of field work were completed between 2005 and 2008, during which a total of
24 camps in 14 different geographic areas were visited. Camp locations (see figure 2.1)
were chosen from available published geological maps, and based on extensive aerial
photograph interpretation where well exposed outcrop could be observed. Most areas
were accessed from helicopter-supported camps, from which daily traverses involving
two to three people were undertaken. Each camp involved 4-7 days of reconnaissance
geological mapping, followed by detailed measurements of stratigraphic sections where
the rock exposure was suitable.

Lithological samples collected in the field were cut and prepared as thin sections
for petrological investigations. X-ray diffraction analyses were performed on selected

altered clay-rich samples in order to document the mineral crystallography and chemical



composition of the very fine-grained matrix. Additional laboratory work included
crushing, mineral separation, and detrital zircon U-Pb geochronology using laser ablation
inductively coupled mass spectrometry (LA-ICP-MS) technique at the Radiogenic
Isotope Facility of the University of Alberta. Siliceous sediment samples collected from
measured sections were sent to Dr. Fabrice Cordey of the Université de Lyon in France
for HF extraction and identification of radiolarian microfossils. Diverse macrofossils,
such as ammonoids and bivalves, were sent to Dr. Terry Poulton (Geological Survey of
Canada, Calgary) for paleontological identification. These fossils are now part of the

Geological Survey of Canada collection located in Calgary, Alberta.

1.3  PRESENTATION AND MAIN OBJECTIVES

This thesis comprises a series of five manuscripts that incorporate a broad
range of geology-related disciplines to document the tectonic evolution and subsequent
depositional environments of the Hazelton trough—Bowser basin. A paper-based format
was chosen to facilitate eventual publication of portions of this thesis in peer-review
journals. Some repetition between chapters is unavoidable, in order to provide the
necessary context so that each chapter constitutes a separate entity. The subject of each
chapter is described below.

Chapter 2 provides an overview of the main stratigraphic units described in
this study. It includes a thorough review of previous work on the stratigraphy of the
Lower to Middle Jurassic Hazleton Group, and highlights the inconsistencies and
inherent complexity of the current nomenclature. This chapter attempts to evaluate
potential correlations of mappable lithostratigraphic units at the regional scale by
comparing multiple sections measured in the field and available from the literature.
Main stratigraphic packages are defined by significant lithological changes or important
stratigraphic boundaries, and a revised stratigraphic framework including new formation
names is proposed. A version of this chapter will be published under the authorship
of Gagnon, J.-F., Barresi, T., Waldron, J.W.F., Nelson, J.L., Poulton, T.P., Cordey, F.
and Heaman, L.M. The first draft was written by Gagnon. Barresi provided data and
descriptions for the section on volcanic-dominated areas in the northwestern part of
the basin. Waldron and Nelson suggested edits and revisions to the first draft. Cordey
extracted and identified radiolarian microfossils and Poulton identified macrofossils.
Heaman assisted with the U-Pb geochronology. The version presented here was compiled
and edited by Gagnon based on some material provided by the other authors.

Chapter 3 presents the first detailed sedimentological and ichnological study

of the Smithers Formation of the upper Hazleton Group. It includes an extensive



description of trace fossils and sedimentary structures that characterize the Smithers
Formation. Integration of lithofacies and ichnofacies analyses from detailed measured
sections provides a new depositional model for the volcanic and sedimentary rocks of
the Smithers Formation. A version of this chapter will be published under the authorship
of Gagnon, J.-F., Gingras, M.K., Waldron, J.W.F. and Poulton, T.P. The first draft was
written by Gagnon. Waldron and Gingras suggested edits and revisions to the first draft.
Poulton identified macrofossils. The version presented here was compiled and edited by
Gagnon based on some material provided by the other authors.

Chapter 4 documents the subsidence history of the Hazelton trough—Bowser basin
in the northwestern part of the study area. Backstripping calculations were performed
on a continuous stratigraphic section at Todagin Mountain, where a complete succession
from the volcanic basement into the overlying sedimentary cover is exposed. In this
chapter, the first quantitative subsidence analysis of the Hazelton trough—Bowser basin
is presented in order to document the origin of the basin. By determining how and when
most of the accommodation space was generated, different basin-forming mechanisms
are evaluated, and a revised tectonic model for the basin is proposed. A version of this
chapter has been published: Gagnon, J.-F., Evenchick, C.A., Waldron, J.W.F., Cordey, F.
and Poulton, T.P. 2009; Jurassic subsidence history of the Hazelton trough—Bowser basin
in the area of Todagin Mountain, north-central Bristish Columbia, Canada; Bulletin of
Canadian Petroleum Geology, vol. 57, no. 4, pp. 430-448. The first draft was written by
Gagnon. Waldron and Evenchick suggested edits and revisions to the first draft. Cordey
extracted and identified radiolarian microfossils and Poulton identified macrofossils.
The version presented here was compiled and edited by Gagnon based on some material
provided by the other authors.

Chapter 5 evaluates various sedimentation styles and depositional processes that
affected deep-water sedimentation at the base of the Bowser Lake Group. Comparison
of two well-exposed successions of the Todagin assemblage documents the stratigraphic
evolution of deep-water architectures in the evolving Bowser basin. A version of this
chapter has been accepted for publication on June 3 2010 in Marine and Petroleum
Geology under the authorship of Gagnon, J.-F. and Waldron, J.W.F. The first draft was
written by Gagnon, and Waldron suggested edits and revisions.

Chapter 6 discusses the development of the Hazelton trough—Bowser basin based
on the main findings of this study. A tectonic model evaluating potential interactions
between Stikinia and adjacent terranes for evolution of the Canadian Cordillera is
presented. A version of this chapter will be published under the authorship of Gagnon,
J.-F., Waldron, J.W.F. and Heaman, L.M. The first draft was written by Gagnon.



Waldron suggested edits and revisions to the first draft. Heaman assisted with the U-Pb

geochronology.
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CHAPTER 2: REVISED STRATIGRAPHIC FRAMEWORK OF THE LOWER TO
MiIpDLE JURASSIC HAZELTON GROUP, NORTHERN STIKINE TERRANE,

BritisH CoLuMBIA!

2.1 INTRODUCTION

The Lower to Middle Jurassic Hazelton Group is the most widespread assemblage
of volcanic rocks and associated sedimentary strata exposed in the Stikine terrane of
northwestern British Columbia (figures 1.1 and 2.1). It is stratigraphically underlain by
the Middle to Upper Triassic Stuhini Group and equivalent units of the Takla Group
(e.g. Tipper and Richards 1976; Monger and Church 1977; Monger 1980; Grove 1986;
Gunning 1986; MaclIntyre et al. 1988; Alldrick et al. 1989), and the Lower Devonian
to Upper Permian Stikine assemblage (e.g. Monger 1977; Stevens and Rycerski 1989;
Brown et al. 1991; McClelland 1992; Logan et al. 2000; Diakow 2001). These two
older stratigraphic packages contain volcanic arc rock characterized by juvenile Sr and
Nd isotopic signatures, suggesting that the Stikine terrane has Paleozoic arc basement
(Gabrielse et al. 1980; Armstrong 1988; Samson et al. 1989, 1991). The Hazelton Group
constitutes the youngest and most voluminous volcanic phase of the long-lived Stikine
volcanic arc. Economically, specific stratigraphic intervals of the Hazelton Group are
associated with polymetallic massive sulphide deposits (Alldrick 1993; Barrett and
Sherlock 1996; McDonald et al. 1996; Roth et al. 1999; Sherlock et al. 1999; Barresi and
Dostal 2005; Wojdak and Febbro 2009) and potential petroleum source units (Evenchick
et al. 2003, 2005; Ferri et al. 2004; Ferri and Boddy 2005; Osadetz et al. 2007).

The wide variety of rock types combined with the lack of continuous exposure
around the periphery of the Bowser basin are the greatest impediments to a complete
understanding of the depositional history of the Hazelton Group. In addition, these
rocks have been described in great detail by numerous authors in different areas, leading
to overlaps and inconsistencies in stratigraphic nomenclature. This paper attempts to
evaluate potential correlations of mappable lithostratigraphic units at the regional scale
by comparing multiple sections measured in the field and available in the literature.
Existing stratigraphic nomenclature of the Hazelton Group is reviewed first in order to
emphasize its inherent complexity and to highlight inconsistencies and contradictions

(figure 2.2). New paleontological data and measured sections are then presented by

! A version of this chapter will be published under the authorship of Gagnon, J.-F., Barresi, T.,
Waldron, J.W.F., Nelson, J.L., Poulton, T.P., Cordey, F. and Heaman, L.M.
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Figure 2.1: Simplified geology map showing the distribution of the Hazelton Group rocks on

the periphery of the Bowser Basin. Location of stratigraphic sections include: AN-Anyox; AR-
Ashman Ridge; BR-Bait Range; DM-Diagonal Mountain; EC-Eskay Creek; JL-Joan Lake;
KP-Klastine Plateau; MD-Mount Dilworth; NM-Netalzul Mountain; NR-Nilkitkwa Range; OE-
Oweegee East; OR-Omineca Range; OW-Oweegee West; PBR-Pillow Basalt Ridge; QM-Quinlan
Mountain; TB-Table Mountain; TC-Tenas Creek; TG-Treaty Glacier; TM-Todagin Mountain;
TR-Toodoggone River; W1-Mount Will 1; W2-Mount Will 2. Universal Transverse Mercator Pro-
jection in NAD 83 Datum. Modified from Alldrick et al. (2006) and Evenchick et al. (2009). Inset
shows the location of the Bowser basin (grey) in British Columbia, Canada.
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geographical areas. Where appropriate, new formal stratigraphic names are proposed and
ambiguous units are either revised or abandoned. By doing so, we hope to highlight the
main stratigraphic packages within the Hazelton Group, defined by significant lithological
changes or important stratigraphic boundaries; and based on these design a revised

classification that can be applied at the regional scale.

2.2  PREVIOUS WORK ON THE STRATIGRAPHY OF THE HAazELTON GROUP

The term Hazelton Group was first introduced by Leach (1910) to describe an
assemblage of Jurassic volcanic and sedimentary rocks exposed in north-central British
Columbia. It replaced in part the broader term “Porphyrite Group” previously proposed
by Dawson (1877). Leach (1910) described the basal units of the Hazelton Group as
andesitic flows, tuffs and agglomerates that pass northward in a gradual transition to
sedimentary rocks near the town of Hazelton (figure 2.1). In the following decades,
the Hazelton Group was subject to various minor modifications (e.g. Hanson 1925;
Armstrong 1944; Duffell and Souther 1964). However, even with these refinements,
the Hazelton Group remained an imprecise term in which diverse poorly constrained
stratigraphic units were commonly included due to the lack of precise age control.
Important clarifications of the Hazelton Group came from Tipper and Richards (1976),
who completely redefined the Jurassic nomenclature of north-central British Columbia.
They established the first regional stratigraphic framework of the Hazelton Group and
divided it into various formations and members (figure 2.2).

In the Terrace to Thutade Lake area (figure 2.1), Tipper and Richards (1976)
and Woodsworth et al. (1985) used the term Telkwa Formation to describe an extensive
Sinemurian to Upper Pliensbachian andesitic volcanic succession. Basaltic to rhyolitic
lava and pyroclastic rocks of similar age have subsequently been correlated with the
Telkwa Formation in the Babine Lake area (Maclntyre et al. 1988, 1997) and further
south (Diakow and Mihalynuk 1987). The Telkwa Formation is divided in four
distinct facies (i.e. Howson, Babine, Kotsine and Bear Lake), which record lateral
variations between subaerial and marine deposition (Tipper and Richards 1976). In
Early Pliensbachian time, widespread calc-alkaline volcanism of the Telkwa Formation
was replaced by restricted marine sedimentation of the Nilkitkwa Formation. Thick
sections of shale and siltstone accumulated in the central portion of the northwest—
trending Hazelton trough, punctuated by two episodes of mafic volcanism (recorded
in the Carruthers and Ankwell members) (Tipper and Richards 1976). In the Toarcian,
an extensive bright red pyroclastic unit was deposited on the periphery of the trough.

This unit (Red Tuff member) was originally interpreted as a subaerial equivalent of the



contemporaneous Ankwell member by Tipper and Richards (1976). However, recent
mapping by Nelson and Kennedy (2007) included the Red Tuff member at the top of
the Telkwa Formation, as no discernable break occurs between it and the main volcanic
phase of the Telkwa. A U-Pb date of ca. 178 Ma (Late Toarcian) was obtained from the
top of this unit (T. Barresi and R. Friedman, unpublished data 2010) (figure 2.2).

The uppermost formation of the Hazelton Group, as previously defined in central
British Columbia, consists of limy sandstone and tuffaceous siltstone of the Smithers
Formation. Extensive collections of marine fossils suggest that the Smithers Formation
ranges in age from Middle Toarcian to Early Callovian (e.g. Tipper and Richards 1976;
Poulton and Tipper 1991; Johnston 2002). In the northeastern part of the Hazelton trough,
Tipper and Richards (1976) also described a distinctive unit of interbedded argillite and
ash-fall tuff near the top of the Smithers Formation, which they named the Yuen Member.

Northwest of Thutade Lake, in the Spatsizi River area (figure 2.1), the lowermost
units of the Hazelton Group are known informally as the Griffith Creek volcanics
(Thorkelson 1992; Thorkelson et al. 1995). They consist mostly of Hettangian to Lower
Sinemurian intermediate lavas and clastic sedimentary rocks (Marsden and Thorkelson
1992). The succession disconformably overlies the Stuhini Group, as suggested by
a basal heterolithic conglomerate containing Permian and Triassic limestone clasts
(Thorkelson 1988). The overlying Cold Fish Volcanics are separated from the Griffith
Creek volcanics and older rocks by an angular unconformity (Thorkelson et al. 1995;
Evenchick and Thorkelson 2005). They consist of a bimodal felsic-mafic succession of
basaltic flows, felsic sills and tuffaceous rocks predominantly deposited in a subaerial
environment (Thorkelson 1992, Thorkelson et al., 1995). Although the Cold Fish
Volcanics were previously regarded as Lower Pliensbachian (Thorkelson et al. 1995),
recent improvement in the geological timescale (Gradstein et al. 2004) suggests that all
the U-Pb zircon ages (ca. 192—-196 Ma) obtained by Thorkelson et al. (1995) are in fact
Sinemurian.

Contemporaneous volcanism to the Cold Fish Volcanics was also reported 50 km
east of the Spatsizi River area in the Toodoggone River area (figure 2.1). There, a thick
succession of subaerial volcanic rocks of intermediate composition is informally known
as the Toodoggone formation, which consists of seven members (figure 2.2) (e.g. Carter
1972; Marsden 1990; Diakow et al. 1991). Toodoggone volcanism is constrained by
K-Ar, Ar-Ar and U-Pb isotopic dating to two major cycles spanning approximately 11
m.y. (ca. 201-190 Ma) (Diakow 2001, 2006; Dickinson 2006; Duuring et al. 2009).

Above the Cold Fish Volcanics rests a 700 m thick Pliensbachian to Bajocian

sedimentary succession named the Spatsizi Group by Thomson et al. (1986). Based on
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biostratigraphic and lithostratigraphic observations, Thomson et al. (1986) concluded that
the Spatsizi Group was sufficiently distinct from the underlying Cold Fish Volcanics to be
treated as a separate entity from the Hazelton Group. However, other authors (Marsden
and Thorkelson 1992; Evenchick and Thorkelson 2005) pointed out that such exclusion
was problematic because it contradicts the widely accepted Tipper and Richards’ (1976)
definition of the Hazelton Group further south as a “widespread assemblage of volcanic
rocks, sedimentary rocks and their tuffaceous equivalents deposited in Early to Middle
Jurassic time”. It also made regional correlations even more difficult, as other clastic-
dominated sedimentary successions located at a similar stratigraphic level (e.g. Smithers,
Nilkitkwa and Salmon River formations) have traditionally been assigned formation
status within the Hazelton Group. These arguments led Evenchick and Thorkelson (2005)
to propose a demotion of the Spatsizi Group to the Spatsizi Formation (and consequently
its formations to members) in order to avoid inconsistencies in regional nomenclature.
Treating the Spatsizi strata as a formation inside the Hazelton Group has the advantage of
making correlation of regional stratigraphic markers clearer. Thus, the Spatsizi Formation
is divided into five distinct members (Thomson et al. 1986; Evenchick and Thorkelson
2005), listed here in stratigraphic order from oldest to youngest (figure 2.2):

1. Fossiliferous coarse-grained limy sandstone and siltstone of the Joan Lake
Member (Lower Pliensbachian);

2. Recessive mudstone of the Wolf Den Member (Upper Pliensbachian to Middle
Toarcian);

3. Fine-grained sandstone and siltstone of the Melisson Member (Middle Toarcian);
Calcareous to siliceous organic shale of the Abou Member (Upper Toarcian to
Aalenian);

5. Thinly bedded siliceous shale and air-fall tuff of the Quock Member (Lower
Bajocian);

Correlative sedimentary rocks to the Spatisizi Formation have also been
reported in the Toodoggone River area, where Toarcian calcareous volcanic sandstone
disconformably overlies the uppermost trachydacite ash-flow tuff (Saunders member) of
the Toodogoone volcanic section (Diakow et al. 1991; Marsden and Thorkelson 1992).

In the Iskut River area (figure 2.1), the Hazelton Group has traditionally been
divided into five distinct formations (figure 2.2). The lowest unit exposed consists of a
fining-upward sedimentary sequence characterized by an interval of heterolithic pebble
to cobble conglomerate at the base, overlain by calcareous sandstone and siltstone which
yielded Hettangian to Sinemurian marine fossils (Henderson et al. 1992; Nadaraju

2003). In the Sulphurets area, this unit has been assigned to the Jack Formation and rests
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unconformably on the underlying Triassic rocks of the Stuhini Group (Henderson et al.
1992). Basal sedimentary rocks of the Jack Formation are stratigraphically overlain by
andesitic volcanic breccia and lesser sedimentary rocks of the Unuk River Formation
(Grove 1986; Anderson and Thorkelson 1990). Correlative intrusive rocks of the Premier
porphyry yielded a U-Pb zircon age of 194.8 +/- 2 Ma (Alldrick et al. 1987), which
corresponds to a Sinemurian age. The Unuk River Formation is disconformably to
conformably overlain by andesitic maroon to green volcanic breccia, lahar, lava and tuff
of the Betty Creek Formation (Grove 1986; Anderson and Thorkelson 1990). Above the
Betty Creek Formation is the widespread Mount Dilworth Formation, a relatively thin
unit composed of dacitic pyroclastic tuff dated at ca. 192—189 Ma (Alldrick et al. 1989;
Anderson 1993). Lithostratigraphically equivalent felsic volcanic rocks in the Oweegee,
Cambria and Kinskuch areas yielded significantly older U-Pb zircon ages (ca. 196—-199
Ma), suggesting that widespread felsic volcanism was diachronous on the western edge
of the Hazelton arc (Greig and Gehrels 1995). An apparent Pliensbachian to Toarcian
hiatus separates those felsic volcanics from the overlying Salmon River Formation
(Anderson 1993; Greig and Gehrels 1995). The Salmon River Formation includes a lower
member of coarse-grained calcareous sandstone with abundant Toarcian marine fossils,
and an upper member divided into four facies: siltstone, mudstone and sandstone of the
Surprise Creek facies; thinly interbedded dark cherty shales and light-coloured ash-tuffs
(informally known as “pyjama beds”, a term coined by Howard Tipper in the late 1980°s
to describe their “pinstriped” appearance) of the Troy Ridge facies; felsic and mafic
pillow lavas of the Eskay Creek facies, and a possibly correlative andesitic unit known
as the Snippaker Mountain facies (e.g. Anderson and Thorkelson 1990; Evenchick et al.
1992; Anderson 1993). Aalenian to Early Bajocian ages from radiolarian microfossils
were reported from the mineralized unit at the Eskay Creek mine (Nadaraju 1993) (figure
2.1) and multiple U-Pb zircon ages ca. 181-173 Ma (McDonald et al. 1996) suggest that
the upper member could range as old as Late Toarcian.

A recently enlarged geochronological and biostratigraphic database for the
Hazelton Group in the Iskut River area provided significant improvements on the age
constraint of the stratigraphic units described above (e.g. Lewis et al. 1993; McDonald
et al. 1996; Logan et al. 2000). The revised stratigraphic framework includes five
lithostratigraphic units which consist of:

1. Basal coarse clastic unit containing fossiliferous sandstone and trough cross-
stratified conglomerate, roughly equivalent to the Jack Formation. Fossil ages
range from Hettangian to Sinemurian;

2. Andesitic volcanic flows and breccias, maroon to green volcaniclastic sandstone
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and conglomerate and lapili to block tuff, similar to the Betty Creek and Unuk
River formations. U-Pb zircon ages in the range of ca. 193—195 Ma;

3. Dacitic domes and flows with rhyolitic welded tuff that yielded U-Pb zircon ages
from 186.5 +/- 1.0 to 194 +/- 3 Ma (probably including equivalents of the Mount
Dilworth Formation).

4. Bioclastic calcareous siltstone and tuffaceous sandstone roughly equivalent to the
lower member of the Salmon River Formation. Fossil collections range from Late
Pliensbachian to Late Aalenian;

5. Bimodal volcanic rocks including pillow basalt flows, rhyolite flows,
hyaloclastite, dacitic tuff and interstratified siliceous mudstone and tuffaceous
siltstone (“pyjama beds”); these units are generally equivalent to the upper
member of the Salmon River Formation with U-Pb zircon ages from ca. 181-173

Ma and Aalenian to Bajocian fossil collections.

In all the areas mentioned above, uppermost sedimentary clastic rocks of the
Hazelton Group (e.g. Smithers, Spatsizi and part of Salmon River formations) are
conformably overlain by an assemblage of mudstone, siltstone, sandstone and chert-
pebble conglomerate of the Bowser Lake Group (BLG) (figure 2.2). At the southeastern
margin of the basin, Tipper and Richards (1976) originally assigned Upper Bajocian to
Middle Oxfordian clastic rocks to the Ashman Formation, and included this unit in the
BLG. However, recent mapping by Evenchick et al. (2007, 2008a, 2008b) identified
“pyjama beds” that were mapped as part of the Ashman Formation, and therefore
included in the BLG by Tipper and Richards (1976) largely based on their paleontological
content. Similar conclusions were also drawn by Gagnon and Waldron (2008) at the type
section (Ashman Ridge) where Tipper and Richards (1976) included both “pyjama beds”
and overlying clastic rocks characteristic of the Muskaboo Creek assemblage of the BLG
(Evenchick and Thorkelson 2005) as part of the Ashman Formation. Consequently, the
term Ashman Formation has been abandoned and beds previously assigned to the latter
were either reassigned to one of the BLG lithofacies assemblages defined by Evenchick
and Thorkelson (2005), or to the upper Hazelton Group based on the absence or presence
of tuffs (Evenchick et al. 2007, 2008a, 2008b, submitted).
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Figure 2.3: Detailed measured section at Ashman Ridge (AR) showing the different lithological
units and grain size variation. Descriptions of fossil localities (AR1-AR10) are given in Appendix
A.
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2.3  NEW MEASURED SECTIONS

2.3.1 Terrace to Thutade Lake area

2.3.1-1 Ashman Ridge
Ashman Ridge is located approximately 45 km west of Smithers (figure 2.1). The

section was originally described as a part of a project involving regional stratigraphic
mapping of north-central British Columbia by Tipper and Richards (1976), who defined
the Ashman Formation of the BLG and proposed Ashman Ridge as the type section.
Stratigraphically lower units of the Hazelton Group are also well exposed along the
section and provide a complete record of the changing depositional environment. Figure
2.3 shows the different lithostratigraphic units identified in this study and the stratigraphic
positions of fossil localities (Tipper and Richards 1976; Palfy and Schmidt 1994;
Johnston 2002). Complete paleontological information for each fossil collection in the
measured sections is given in Appendix A.

The lowest stratigraphic units exposed at Ashman Ridge consist of amygdaloidal
andesitic to dacitic flows and associated pyroclastic rocks (figure 2.3). These rocks
were assigned to the Howson subaerial facies of the Telkwa Formation by Tipper and
Richards (1976). The volcanic flows identified in the section are typically 5 to 15 m
thick, and autobrecciated near their top. Most flows are aphanitic, but the section contains
lesser amounts of feldspar-phyric andesite. The presence of highly indurated ignimbrite
containing flattened pumice suggests that these volcanic rocks were mostly deposited in a
subaerial environment. Recently, Palfy et al. (2000) obtained a minimum U-Pb age of 192
Ma on discordant zircon fractions collected from an andesitic tuff located at 295 m on the
section.

There is a good correlation between this isotopic age and overlying Upper
Sinemurian ammonites reported from a bioclastic sandstone located at 325 m on the
section (Tipper and Richards 1976; Palfy and Schmidt 1994). The asteroceratid-bearing
layer immediately overlies a 10 m thick light grey limestone. The fossiliferous packstone
contains well preserved silicified burrows, algal oncoids and ooids indicating deposition
in a relatively warm subtidal environment (figures 2.4A, B). These marine sedimentary
rocks are capped by a 40 m thick rusty-weathered vesicular basalt flow with epidote-
bearing quartz veins.

The uppermost volcanogenic unit of the section consists of at least 200 m of
maroon to bright red fine-grained crystal-lithic tuff. It comprises well-bedded and non-

welded ash flow tuff, poorly sorted rubbly lapilli tuff and lahar. Rounded bombs up to
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30 cm in diameter are common and indicate deposition in a predominantly subaerial
environment. Tipper and Richards (1976) previously assigned this unit to the Red Tuff
Member of the Nilkitkwa Formation. Because no clear lithological boundary can be
established with the underlying andesitic volcanics, these oxidized pyroclastic rocks are
here included as the uppermost unit in the Telkwa Formation. This is consistent with
mapping relationships established by Woodsworth et al. (1985) and Nelson and Kennedy
(2007) in the Terrace area.

Volcanic rocks of the Telkwa Formation are disconformably overlain by
tuffaceous sandstone and siltstone of the Smithers Formation (figures 2.3 and 2.4C).

A high concentration of volcanic-derived clasts in the tuffaceous sandstone suggests
recycling of the underlying pyroclastic rocks. The Smithers Formation mostly comprises
medium to fine-grained greenish-brown sandstone with abundant marine fauna including
belemnites, gastropods, solitary scleratinian corals, ammonoids and a wide variety of
ornate bivalves such as Myophorella sp. (figure 2.4D). At Ashman Ridge, the Smithers
Formation ranges from Lower Bajocian to Bathonian. Bioturbation is pervasive and
tends to be particularly well displayed in beds of green chlorite-rich sandstone. Common
ichnogenera include Teichichnus, Cylindrichnus, Rosselia, Planolites and Chondrites.
The abundant faunal assemblage, biogenic traces typical of the Cruziana ichnofacies and
common occurrence of wave-generated sedimentary structures suggest deposition in a
lower shoreface environment (see Chapter 3).

Fossiliferous calcareous sandstone of the Smithers Formation is conformably
overlain by thinly-bedded blocky dark grey siliceous mudstone with recessive
laminations, typically only millimetres to a few centimetres thick, of pale orange-
weathered ash tuff (“pyjama beds”). These units were originally mapped as Ashman
Formation of the BLG by Tipper and Richards (1976), but are assigned (below) to the
revised Quock Formation; this is consistent with the recent inclusion of the “pyjama
beds” as part of the undivided upper Hazelton Group by Evenchick et al. (submitted).
”Pyjama beds” contrast with the underlying sandstones; they lack abundant bivalves,
show only sparse bioturbation and are significantly finer grained. The contact is easily
mappable on the ridge over a short interval. Well-preserved Early Callovian ammonites,
including Kepplerites sp. aff. K. mclearni Imlay, were collected approximately 66.5 m
below the top of the thinly-bedded unit (ARG in figure 2.3). Belemnites and calcareous
concretions are abundant in the upper half of this unit, which totals 220 m in thickness.
The fine grain size, laterally continuous bedding, and lack of current-generated structures
indicate that the “pyjama beds” accumulated mostly from suspension.

The siliceous fine-grained succession is overlain with a sharp boundary by
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brown and white-weathering arkosic sandstone and finely laminated siltstone of the
Bowser Lake Group. The contact is apparently conformable though it is offset 10 m in a
dextral sense along a steep fault close to the point where it crosses the crest of the ridge.
Hummocky-cross stratification, trough cross-bedding and climbing ripples are common
sedimentary structures in the sandstone beds. Abundant ammonite fauna throughout

the unit indicate a Middle Callovian to Early Oxfordian depositional age (Tipper and
Richards 1976; Evenchick et al. submitted). Continuous exposure along the ridge enabled
us to measure up to 615 m of Middle to Upper Jurassic sedimentary strata and no

significant overall lithological change was observed.

1

o
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Figure 2.4: Photographs of distinctive lithological characteristics of units exposed at Ashman
Ridge and Quinlan Mountain. A) Outcrop view of silicified burrows (arrows) in a fine-grained
oolitic limestone of the Telkwa Formation (located at ~320 m in figure 2.3). B) Stained photo-
micrograph of the limestone unit in cross-polarized light showing concentric layers of coated
grains (oolites), and the recrystalized calcite cement (sparite). C) Stratigraphic contact at Ashman
Ridge between the subaerial crystal lithic tuff (Red tuff member) of the Telkwa Formation and
the thickly bedded fossiliferous siltstone and sandstone of the Smithers Formation. D) Trigoniid
bivalve (Myophorella sp.) of the Smithers Formation (located at ~575 m in figure 2.3). These
thick-shelled bivalves are interpreted to represent a shallow-marine depositional environment. E)
Bioturbated fine-grained tuffaceous sandstone of the Smithers Formation at Quinlan Mountain
(located at 135 m in figure 2.6A). The high diversity and abundance of traces are indicative of the
Cruziana ichnofacies. Identified traces include: Skolithos (Sk); Teichichnus (Tei); Cylindrichnus
(Cy) and Thalassinoides (Th). Scale bar in cm.
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2.3.1-2 Quinlan Mountain

The Quinlan Mountain section is located 50 km northeast of Terrace (figure
2.1). It contains stratigraphic units laterally equivalent to those exposed at Ashman
Ridge, with minor differences. A detailed geology map of the area is shown in figure
2.5. The lowermost stratigraphic unit exposed at Quinlan Mountain consists of a non-
welded maroon to brick-red dacitic crystal-lithic ash tuff of the Telkwa Formation
(figure 2.6A). The interpreted age of this unit is ca. 178 Ma based on a concordant
U-Pb zircon population (T. Barresi and R. Friedman, unpublished data 2010). Euhedral
white plagioclase crystals are the most common mineral present in the very fine-grained
glass matrix. Abundant pyroclastic bombs 30 to 50 cm in diameter occasionally display
distorted concentric layering, probably related to rapid compaction when the material was
still in a partly molten state.

The subaerial volcanic rocks of the Telkwa Formation are disconformably
overlain by 265 m of siliciclastic sedimentary rocks of the Smithers Formation (figure
2.6A). The basal layer consists of a 10 m thick, clast-supported monolithic conglomerate.
The granule to pebble clasts are generally well sorted, moderately to well rounded and
consist of white, silicified crystal-lithic dust tuffs. Their rhyolitic composition differs
drastically from the underlying bright red andesitic to dacitic pyroclastics, which
suggests that they were not locally derived. The conglomerate rapidly fines upward into
interbedded limy sandstone and tuffaceous siltstone containing abundant marine fossils.
Well-preserved ammonoids and bivalves collected immediately above the conglomerate
unit yielded a Middle Aalenian age, and Early Bajocian fauna occur higher in the section.
Bioturbation is also common in the finer-grained sedimentary strata and includes a
high diversity assemblage of Teichichnus, Planolites, Cylindrichnus, Ophiomorpha,
Paleophycos, Skolithos, Rosselia, Thalassinoides and Chondrites (figure 2.4E). The
Smithers Formation gradually fines upward into grey siltstone and shale near the top,
where shallow water fauna become less abundant.

The Smithers Formation is conformably overlain by 120 m of thinly bedded dark
siliceous mudstones and pale orange ash tuffs (“pyjama beds”) currently mapped as
units of undivided upper Hazelton Group (Evenchick et al. 2008a) and assigned (below)
to the revised Quock Formation of the Hazelton Group (figure 2.6A). Even though
radiolarian samples were recovered from various mudstone units within the “pyjama
beds”, their state of preservation was too poor to allow precise identification. A fossil
collection located near the base of the unit yielded Lower Callovian ammonites (QM7
in figure 2.6A). Isolated very fine-grained limestone beds suggest that the environmental

conditions were above the carbonate compensation depth. Occasional monospecific

23



assemblages of Chondrites traces could be attributed to dysaerobic bottom water
conditions (Bromley and Ekdale 1984).

The uppermost stratigraphic unit preserved at Quinlan Mountain consists of
laminated bluish-grey, medium to very fine-grained sandstone and siltstone (figure
2.6A). These rocks were mapped as BLG by Evenchick et al. (2008a). The dark grey
siltstone beds are fissile and show a strong fabric, which is significantly different from the
blocky habit of the underlying siliceous “pyjama beds”. Individual layers are normally
graded and show incomplete Bouma sequences with abundant biogenic reworking in
the uppermost T subdivision. The ichnological suite in the turdidite deposits includes
traces such as Asterosoma, Chondrites, Planolites, Zoophycos, Teichichnus, Phycosiphon
and Cosmorathes, which corresponds to a distal Cruziana ichnofacies of medial type
diversity. Lower Oxfordian fossils were recovered approximately 300 m above the base

of the Bowser Lake Group.
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Figure 2.5: Simplified geology map of the Quinlan Mountain area showing the location of the
unit stratotype of the Smithers Formation. Universal Transverse Mercator Projection in NAD 83
Datum. Modified from Nelson et al. (2007).
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Figure 2.6: Detailed measured sections in the Terrace to Smithers area south of the Bowser basin.
A) Quinlan Mountain (unit stratotype of the Smithers Formation). B) Tenas Creek. C) Netalzul
Mountain. Each section is characterized by the same stratigraphic succession, which contains four
lithostratigraphic units: crystal-lithic tuff and intermediate flows (Telkwa Formation); fossilifer-
ous and bioturbated tuffaceous sandstone and siltstone (Smithers Formation); blocky, thinly bed-
ded siliceous mudstone and tuff (here assigned to the Quock Formation); overlying siliciclastic
rocks of the Muskaboo Creek assemblage (Bowser Lake Group). See figure 2.3 for legend details
and figure 2.1 for geographic locations.
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2.3.1-3 Tenas Creek

The Tenas Creek section is located 30 km south of the town of Smithers (figure
2.1). It was first measured by Tipper and Richards (1976) who provided detailed
lithological and paleontological data. The section is exposed in a northerly-plunging
syncline crosscut by numerous NE-SW extensional faults and dykes. Despite the
structural complexities in the area, lithostratigraphic units were identified based on
mappable contacts and correlated with regional stratigraphic units. Volcanogenic rocks
of the Telkwa Formation are well exposed on the west-facing ridge above Tenas Creek.
They consist of medium to thickly-bedded pyroclastic breccias, agglomerates and
plagioclase-phyric dust tuffs. The abundance of bombs and accretionary lapilli throughout
the Telkwa Formation suggests deposition in a subaerial environment proximal to a
volcanic edifice.

The overlying sedimentary succession (figure 2.6B) is only 140 m thick but
is stratigraphically similar to the sections described at Ashman Ridge and Quinlan
Mountain. Bioturbated greenish-grey spotted sandstones of the Smithers Formation
contain a diversified assemblage of marine fossils which yielded Upper Bajocian to
Upper Bathonian ammonites (Tipper and Richards 1976; Johnston 2002, this paper). The
Smithers Formation is conformably overlain by a 25 m interval of hard, blocky siliceous
mudstone interbedded with millimetre-thick beige-weathering ash tuffs. The sporadic
occurrence of heavily bioturbated light green medium siltstone beds in the basal 10 m of
the “pyjama beds” unit suggests that the lower contact is gradational with the underlying
Smithers Formation. The section is interrupted by an intermediate dyke at 92 m, above
which coarse-grained tuffaceous sandstones of the BLG are exposed in medium to thick
beds. Ammonite collections below and above a fault located at 123 m yielded Lower to
Middle Callovian ammonites (Tipper and Richards 1976; Johnston 2002). Thickness of
the BLG at Tenas Creek cannot be estimated due to an apparent tectonic offset, but is

certainly greater than 300 m.

2.3.1-4 Netalzul Mountain

The section exposed south of Netalzul Mountain is the easternmost new
stratigraphic section described in this study. It is located 55 km northeast of the town of
Smithers and exposed along a faulted contact with the Oxfordian intermediate volcanic
rocks of the Netalzul Formation (Evenchick et al. 2008b; Bourgault 2009). Lower
Jurassic volcanic rocks of the Telkwa Formation are the stratigraphically lowermost units
exposed in the hanging wall of the fault. They consist of at least 450 m of interbedded

brick-red feldspar-phyric fragmental ash tuffs and vesicular intermediate volcanic flows;



only the uppermost 75 m are included in the section (figure 2.6C). The contact with the
overlying Smithers Formation was not observed in the field due to extensive Quaternary
cover, but map relationships suggest that it may be disrupted by a fault.

The basal portion of the Smithers Formation consists of medium- to thick-
bedded, well-sorted, coarse-grained arkosic sandstone. In outcrop, the sandstone beds
are characterized by trough cross-stratification, planar horizontal laminations and
coarsening-upward cycles. Thick coquina beds containing disarticulated shell fragments
supported in a very coarse-grained sandy matrix are common. Bioturbation is sparse,
mostly localized in finer-grained intervals, and contains a low diversity assemblage of
Skolithos and Diplocraterion. Tipper and Richards (1976) reported an Aalenian age for
an ammonite located approximately at 85 m from the base of the Smithers Formation
(NM1 in figure 2.6C). Up-section, the percentage of siltstone and mudstone increases
progressively and centimetre-scale calcareous concretions are abundant. Trace fossils
including ichnogenera such as Teichichnus, Thalassinoides and Chondrites are indicative
of lower energy depositional conditions characterized by deposit-feeding organisms. A
broad variety of bivalves, ammonites and belemnites present throughout the finer-grained
interval of the Smithers Formation suggest an Aalenian to Early Bajocian age (Tipper and
Richards 1976; Appendix A). At about 895 m in the section, regularly spaced very thin
beds of orange weathered ash tuff become interbedded with belemnite-bearing siltstone
beds. This boundary was arbitrarily picked to define the basal contact of the overlying
unit, assigned to the revised Quock Formation (below), which consists mostly of thinly
bedded, blocky greyish siltstone with sparse pale weathered ash tuff laminae (“pyjama
beds”). The section is interrupted at 965 m by a porphyritic quartz monzodiorite of the
early Eocene Babine plutonic suite (MacIntyre et al. 1988, 1997, 2001), which prevents
determination of the true thickness of the Quock Formation. Even though the upper
contact was not directly observed, regional mapping relationships and fossil collections
by Evenchick et al. (2008b) suggest that chert-rich pebble conglomerates, sandstones and
siltstones of the Upper Jurassic BLG constitute the highest stratigraphic unit at Netalzul

Mountain.

2.3.2 Spatsizi River to Toodoggone River area

2.3.2-1 Joan Lake

The Spatsizi Formation type section previously measured by Thomson et al.
(1986) was revisited during this study (figure 2.1). Additional fossil localities and new

sedimentological observations are reported here. The unconformable contact between the
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Cold Fish Volcanics and overlying sedimentary rocks, assigned by Thomson et al. (1986)
and Evenchick and Thorkelson (2005) to the Spatsizi Formation, represents the most
significant lithological transition in the area. A rusty-weathering pyroclastic ash-flow unit
is disconformably overlain by a 2 m thick monomictic, clast-supported conglomerate

of the Joan Member (figure 2.7A). The whitish grey volcanic pebbles are well-rounded,
poorly sorted, and include occasional cobble and boulder clasts (figure 2.8A). The
conglomerate rapidly fines upward into medium to thick beds of very fine to fine-grained
sandstone. The presence of diagnostic fossils such as bivalve Weyla bodenbenderi

and ammonite Dubariceras freboldi confirms the Early Pliensbachian age proposed

by previous authors (Thomson et al. 1986; Thomson and Smith 1992; Evenchick and
Thorkelson 2005) (JL1 in figure 2.7A). These fossils are typically concentrated in
distinctive brown-weathering calcareous sandstone beds (figure 2.8B). Moderately
inclined to vertical biogenic traces, such as Skolithos and Cylindrichnus, are abundant in
the fine-grained sandstone intervals.

Above 100 m in the measured section, fossil-rich fine-grained sandstone of the
Joan Member is overlain by 427 m of dark grey calcareous siltstone and mudstone of
the Wolf Den Member (figure 2.7A). The sudden decrease in grain size at the contact
suggests that the latter represents a flooding surface, consistent with the interpretation
of water-depth increase proposed by Thomson et al. (1986). Large blocks containing a
high diversity assemblage of trace fossils (7eichichnus, Cylindrichnus, Palaeophycus,
Rosselia, Asterosoma, and Chondrites) occur 22 m above the contact. Unlike the trace
fossil assemblage found in surrounding recessive mudstone, which contains only rare
Chondprites, the calcareous blocks consist of well-bedded very fine-grained sandstone.
This suggests that the blocks might have been transported from a more proximal
environment through gravity flow processes perhaps associated with penecontem-
poraneous faults. Various collections of ammonites throughout the Wolf Den Member
indicate a Late Pliensbachian to Middle Toarcian depositional age (Thomson et al. 1986;
Thomson and Smith 1992; Jakobs 1997). Pale beige ash tuffs and rare wood fragments
are found near the top of the unit.

The monotonous shale succession of the Wolf Den Member grades upward into
well-sorted, thin to medium, fine-grained sandstone beds previously assigned to the
Melisson Member by Thomson et al. (1986) (figures 2.7A and 2.8C). The basal 20 m
of this unit are characterized by greyish beige calcareous sandstones interbedded with
very thin mudstone intervals. Up-section, the sandstone beds become amalgamated
and current-generated structures such as asymmetric ripples and cross-laminations

are common. The uppermost layer of the Melisson Member consists of a very thick
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Figure 2.7: Detailed measured sections in the Spatsizi River area north of the Bowser basin. A)
Joan Lake (unit stratotype of the Spatsizi River Formation and the Quock Formation). B) Mount
Will 1. C) Mount Will 2. The revised Spatsizi River Formation includes three formally defined
members: fossiliferous coarse-grained sandstone of the Joan Member, dark mudstone of the Wolf
Den Member, and the bioturbated sandstone and siltstone of the Melisson Member. See figure 2.3
for legend details and figure 2.1 for geographic locations.



tuffaceous sandstone bed with abundant trace fossils. They include Teichichnus,
Cylindrichnus, Palaeophycus, Rhizocorallium, Ophiomorpha, Granularia and pervasive
Chondrites. All these observations are consistent with the shoaling interpretation of
Thomson et al. (1986) and further suggest that the depositional environment remained
fully marine throughout the entire interval. No fossils were recovered from the Melisson
Member at the Joan Lake section, but numerous fossil localities in the underlying and
overlying units suggest a Middle to Late Toarcian age (Thomson et al. 1986).

The boundary with the overlying unit is placed at the top of the uppermost
bioturbated medium-grained tuffaceous sandstone of the Melisson Member (located at
575 m on figure 2.7A). The overlying unit, designated as Quock Formation by Thomson
et al. (1986) but reduced to Quock Member by Evenchick and Thorkelson (2005), is re-
elevated to the rank of formation in this study. It consists of alternating thinly bedded
dark siliceous mudstones and light beige rusty tuffaceous siltstones (“pyjama beds”)

with rare limestone intervals (figure 2.8D). According to Thomson et al. (1986), rocks

Figure 2.8: Photographs of distinctive lithostratigraphic units exposed at the Joan Lake section. A)
Basal clast-supported conglomerate of the Joan Member (Spatsizi River Formation). The clasts
range in size from pebbles to boulders, and mostly consist of recycled volcanic material from the
underlying Cold Fish Volcanics. Hammer for scale is 30 cm in length. B) Thickly bedded tuffa-
ceous sandstone of the Joan Member with distinctive brown weathering calcareous beds (arrows)
containing abundant marine fossils. C) Stratigraphic contact between the recessive dark mudstone
of the Wolf Den Member and the overlying more competent bioturbated sandstone of the Melis-
son Member. D) Thinly bedded dark siliceous mudstone and beige weathering ash tuff (“pyjama
beds”) of the revised Quock Formation. Hammer for scale is 30 cm in length.
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of the Quock Formation were deposited in a deep-water environment of relatively

slow sedimentation interrupted with sporadic ash falls. The Quock Formation in this
section is approximately 200 m thick, and various ammonites indicate an Early Bajocian
age (Thomson et al. 1986). It is overlain with a gradational boundary by chert-rich
conglomerate and turbiditic siltstone of the Todagin assemblage of the BLG (Evenchick
et al. submitted). According to Evenchick and Thorkelson (2005), the BLG is at least

1500 m thick in the vicinity of Joan Lake and ranges in age from Bathonian to Callovian.

2.3.2-2 Mount Will

In order to document the lateral variation of the units identified at Joan Lake, two
additional sections were measured 5 and 10 km north of the type section respectively.
In both sections, a similar stratigraphic succession was observed but the thicknesses of
units differed (figures 2.7B, C). In section 1, the upper 120 m of Cold Fish Volcanics
consist of oxidized rhyolite, poorly sorted epiclastic and indurated lapilli tuff and a unit
of densely welded ignimbrite characterized by large open vugs, fiamme, lava particles
and angular volcanic fragments. The indurated felsic ash flow is in turn overlain by
medium-grained calcareous sandstone correlated with the Joan Member. Well-preserved
radiolarian microfossils were recovered in a dark siliceous mudstone immediately
above the Joan—Wolf Den boundary (230 m). Distinctive fauna including Helvetocapsa
minoensis (Matsuoka) and Parvicingula spinifera (Takemura) indicate a Toarcian
age (figure 2.9). This is consistent with Lower Toarcian ammonites Hildaites murleyi
(Moxon) and Harpoceras sp. cf. H. subplanatum (Oppel) located 30 m above the contact.
Finely laminated very fine-grained sandstone and mudstone of the Wolf Den Member
are overlain by coarser grained, bioturbated beds of the Melisson Member. The contact is
gradational over 20 m and displays a coarsening- and thickening-upward trend. Middle
Toarcian ammonites of the Planulata regional Zone (Peronoceras sp. aff. P. verticosum
(Buckman) and Denckmannia sp. cf. D. tumefacta (Buckman)) were collected both
at the base and near the top of this unit. The ichnological assemblage of the Melisson
Member is dominated by suspension feeder traces such as Skolithos, Diplocraterion and
Cylindrichnus. Similarly to the Joan Lake section, the contact between the Melisson
Member and the revised Quock Formation (below) is placed immediately above the
uppermost mappable bioturbated medium-grained sandstone (405 m in figure 2.7B).
Despite having the same stratigraphic succession with respect to the type section at
Joan Lake, section 1 at Mount Will is only 424 m thick. This is mostly due to the
relatively thin Wolf Den Member, which constitutes only one third of the thickness of

the equivalent unit at Joan Lake. This suggests that the basin floor at Mount Will never
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reached deep-water conditions and that the accommodation space was filled relatively
rapidly in the Middle Toarcian.

Map relationships from NTS 104H/10 indicate that the Spatsizi Formation
becomes progressively thicker northward along the east-facing side of the Eaglenest
Range (Evenchick and Thorkelson 2004). This is in part attributed to the northeast-
verging Mount Will thrust fault, which cuts progressively younger units as it is traced
northwest across the area and eventually duplicates a significant portion of the Spatsizi
Formation (Evenchick and Thorkelson 2004; Loogman 2008). Section 2 was measured
entirely in the hangingwall portion of the Mount Will Thrust and includes a complete
succession from the uppermost 160 m of the Wolf Den Member to the base of the BLG
(figure 2.7C). Even after applying corrections to accommodate apparent thickening
related to folding in the hangingwall, it seems that the Melisson Member in section 2 is
significantly thicker than in the previous section measured 5 km to the south. Hummocky
cross-stratification, sparse bioturbation and ammonites of the Middle Toarcian planulata
regional zone occur throughout the 322 m of section assigned to the Melisson Member
(figure 2.7C). The remainder of the section includes ash-tuff and siliceous radiolarian-

bearing mudstone of the revised Quock Formation (below) overlain by fissile silty shale

and chert-pebble conglomerate of the Todagin assemblage.

Figure 2.9: Jurassic radiolarians from the Quock Formation of the Hazelton Group (Scanning
Electron Microscope). For each morphotype: taxon, sample number, collection number, and
maximum width. Numbers 1-5 and 7-10 correspond to fossil MW1(3) of figure 2.7B. Numbers 6,
11,and 12 correspond to fossil OE(1) of figure 2.10B. 1) Parahsuum sp., LCO64B, #7, 80 um; 2)
Canustus sp., LC064B, #3, 120 um; 3) Canoptum sp., LC064B, #2,90 um; 4) and 5) Praeparvic-
ingula spinifera (Takemura), LC064B, #6, #10, 80 um; 6) Praeparvicingula sp. C (Pessagno &
Whalen), LBO45A, #15, 120 um; 7) Helvetocapsa minoensis (Matsuoka), LC064B, #11, 75 um;
8) Zhamoidellum sp., LC064B, #14, 115 um; 9) ?Minocapsa sp., LC064B, #4, 110 um; 10) ?Mi-
nocapsa sp., LC064B, #15, 120 um; 11) ?Zhamoidellum sp., LBO45A, #1, 100 um; 12) ?Reglia
sp., LBO45A, #18, 120 pm.



Based on detailed paleontology and lithostrastigraphic descriptions, it appears
that the subdivions established by Thomson et al. (1986) can be correlated throughout the
Spatsizi River area except for the Abou Member which has only been reported locally
west of Joan Lake anticline. The Abou Member probably accumulated in restricted sub-
basinal environments where anaerobic conditions were maintained to ensure deposition

and preservation of calcareous to siliceous dark organic shales.

2.3.3 Iskut River area

2.3.3-1 Oweegee Dome
The Oweegee Range is located approximately 25 km north of the Meziadin

Lake (figure 2.1). It consists of a structural culmination where basement rocks of the
Devonian through Permian Stikine assemblage and Upper Triassic Stuhini Group are
unconformably overlain by Lower to Middle Jurassic Hazelton Group rocks (Greig
and Evenchick 1993). The lower undifferentiated portion of the volcanic-dominated
Hazelton Group is disconformably overlain by clastic rocks assigned to the Salmon River
Formation and Bowser Lake Group, which delineate the outline of the dome-shaped
structure (Greig 1991, 1992). Two stratigraphic sections on the northern side of Oweegee
Dome were measured and are described below.

Lowermost rocks of the Hazelton Group observed in the north-western
extremity of Oweegee Dome comprise well-stratified maroon and green volcaniclastic
sandstones interbedded with lahars, volcanic breccias and minor andesitic volcanic
flows (Waldron et al. 2006)(figure 2.10A). This unit is tentatively correlated with the
Betty Creek Formation of Anderson and Thorkelson (1990). Pebble count analyses in a
conglomeratic bed of the Betty Creek Formation indicate that the framework contains a
significant proportion of clasts (~35%) resembling underlying Triassic and Permian units,
supporting the interpretation of Greig (1991, 1992) that rocks of the Stikine assemblage
and Stuhini Group were uplifted prior to deposition of the Hazelton Group. The >100
m thick volcaniclastic rocks of the Betty Creek Formation are overlain by a white, rusty
weathering quartz-phyric rhyolite. The interpreted age of the felsic unit is 199 +/-2
Ma based on three concordant U-Pb zircon populations obtained by Greig and Gehrels
(1995). At Oweegee Dome, this rhyolite constitutes the last major volcanic eruption of
the Hazelton Group prior to establishment of a long-lived subsiding sedimentary basin.

The felsic volcanic unit is disconformably overlain by 5 m of polymictic cobble
conglomerate which fines upward gradually into calcareous arkosic sandstone beds

(figure 2.10A). Planar cross-bedding and asymmetric current ripples are common
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Figure 2.10: Detailed measured sections in the Iskut River area located on the border of the Eskay
rift. A) Oweegee Dome northwest. B) Oweegee Dome northeast. C) Mount Dilworth. The un-
amed lower Toarcian member is here assigned to the revised Spatsizi River Formation. See figure
2.3 for legend details and figure 2.1 for geographic locations.
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sedimentary structures near the base of the sandstone interval. Three kilometres to the
south, stratigraphically equivalent tuffaceous bioclastic strata contain abundant Toarcian
marine fossils (Greig and Gehrels 1995). This clastic unit is correlated with the unnamed
lower member of the Salmon River Formation defined by Anderson and Thorkelson
(1990). The uppermost Hazelton Group rocks in the north-western side of Oweegee
Dome consist of siliceous mudstone and ash tuff (“pyjama beds”) with Lower Bajocian
to Upper Bathonian radiolarian fauna (Cordey et al. 1991). These strata are conformably
overlain by fine-grained turbidites of the Ritchie-Alger assemblage of the BLG which
contain Upper Kimmeridgian ammonites approximately 120 m above the contact
(Evenchick et al. submitted).

On the eastern edge of Oweegee Dome, a thin layer of poorly sorted
conglomerate, tentatively correlated with the Toarcian clastic rocks elsewhere in the
vicinity, is separated from the underlying Stuhini Group by an angular unconformity
(figure 2.10B). The absence of well-layered volcaniclastic rocks and felsic lava flows, in
contrast with the succession only 5 km to the west, is consistent with the interpretation
of Greig (1992) which suggested that the unconformity at the top of the Stuhini Group
must have had significant relief during deposition of the Hazelton Group strata. The basal
clast-supported conglomerate previously assigned to the lower member of Salmon River
Formation is overlain by 270 m of thinly interbedded siliceous radiolarian mudstone and
ash tuff. In this area of the basin, these rocks have been classified as the Troy Ridge facies
of the Salmon River Formation (Anderson and Thorkelson 1990; Anderson 1993), the
Spatsizi Formation (Ferri and Boddy 2005), and more recently to undifferentiated upper
Hazelton Group clastic rocks (Evenchick et al. submitted); in this paper, the “pyjama
beds” are assigned to the revised Quock Formation (below). The “pyjama beds” include
numerous calcareous concretions, occasional wavy parallel laminations and convolute
slump structures. Three radiolarian localities from the “pyjama beds” unit yielded Lower
Bajocian to Callovian fauna (figure 2.9). A 2 m thick unit of dark grey limestone with
complex boundstone textures was observed near the top of the “pyjama beds” (Waldron
et al. 2006). The limestone includes shell fragments and is locally bioturbated (figure
2.11). Even though freshly broken pieces smell of bitumen, Rock-Eval data suggest that
almost all the initial hydrogen content was removed by oxidation and/or high thermal
maturity. Similar results, obtained by Ferri and Boddy (2005) for laterally equivalent
strata, led them to propose that these units were once a rich source rock assuming that
most of the organic matter was consumed during thermal maturation.

The transition into the overlying turbidites of the BLG appears gradational and

concordant. Probable Middle Jurassic to Middle Oxfordian fossils have been reported low
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in the Ritchie-Alger assemblage, and several Upper Oxfordian to Lower Kimmeridgian
bivalve collections occur significantly higher in the coarser-grained Muskaboo Creek
assemblage (Evenchick et al. 2001). The unusually thin succession of turbidites combined
with the occurrence of shallow marine strata within 300 m of the base of the Bowser
Lake Group led Evenchick et al. (submitted) to suggest that the area was a topographic
high during the Middle to Late Jurassic.

Figure 2.11: Dark grey fossiliferous limestone locate near the top of the Hazelton Group (~285 m
in figure 2.10B). A) Field photograph showing complex boundstone texture. Measuring tape for
scale is in cm. B) Large format thin section showing diversified fossils found in the limestone unit
including belemnites (Be), gastropods (Ga), and broken shell fragments of bivalves (Bi).

2.3.3-2 Mount Dilworth
The Mount Dilworth section is located 25 km north of Stewart near the

international border with the United States of America (figure 2.1). In this area,
stratigraphy of the Lower Jurassic volcanic rocks of the Hazelton Group is well
understood due to extensive drilling data from the Silbak Premier gold-silver mine
(Alldrick et al. 1987; McDonald 1990; Alldrick 1991). Massive pyroxene-porphyric
andesite flows, volcanic breccia and lapilli tuff of the Unuk River Formation are overlain
by interbedded andesitic to dacitic tuff and volcaniclastics of the Betty Creek Formation
(Alldrick 1987) (figure 2.10C). These rocks are in turn overlain by welded to non-welded
ash flows of the Mount Dilworth Formation. The younger sedimentary succession is well
exposed in the core of a SE-plunging overturned syncline (see Chapter 5). The basal
sedimentary unit consists of a discontinuous reddish-brown-weathering siltstone with
minor conglomerate lenses. This unit crops out intermittently on the periphery of the
syncline and is separated from the underlying felsic volcanic rocks above an erosional

surface. Abundant recrystallized belemnites and thick-shelled bivalves recovered from

36



the rusty calcareous siltstone beds yielded a Middle Toarcian to Callovian age, consistent
with other Toarcian fossil localities reported from a lithologically similar unit in the
vicinity (Alldrick 1987; Anderson 1993; Lewis et al. 1993). Up-section, the silica content
of the siltstone increases and very thin tuff horizons become abundant (“pyjama beds”).
Radiolaria recovered from this unit showed a high degree of recrystallization, preventing
any definitive identification. These “pyjama beds”, assigned to the revised Quock
Formation (below), are conformably overlain by conglomerate, turbiditic sandstone and
siltstone of the BLG (Evenchick and McNicoll 2002; Chapter 5). An ammonite located
approximately 500 m above the base of the BLG yielded an Early Oxfordian age for the

uppermost stratigraphic unit preserved.

2.3.3-3 Table Mountain

Table Mountain (informal topographic name) is a NW-elongate feature located
between the upper Iskut River, the Little Iskut River, and the northern tributary of Ball
Creek approximately 40 km SW of the town of Iskut (figure 2.1). The stratigraphic
section described here is compiled from reports and maps of Alldrick et al. (2004a,
2004b, 2006) and Simpson and Nelson (2004), and has been traversed and mapped by
authors T. Barresi and J. Nelson. The lowest stratigraphic unit exposed along the western
slope of Table Mountain mainly consists of maroon and green plagioclase-phyric andesite
flows and dacite breccias (figure 2.12A). Sparse intervals of black mudstone, greyish blue
ash tuff and minor diorite intrusions with pegmatic pods were also observed. This unit
is at least 720 m thick but only the uppermost 100 m are included for in figure 2.12A.
Despite the absence of age control, rock types identified in this unit suggest that it likely
represents lower Hazelton Group rocks, and possibly Stuhini Group rocks lower in the
section.

The andesitic lower Hazelton Group rocks are unconformably overlain by
volcanic and sedimentary rocks mapped as part of the informal “Willow Ridge Complex”
of the upper Hazelton Group by Alldrick et al. (2006); in this paper, these rocks are
assigned to the proposed Iskut River Formation (below). Regional map relationships
suggest that the unconformity at the base of the Iskut River Formation dips steeply to
the east and is onlapped by a variety of lithologies along strike, including polymictic
fanglomerate, basalt and rhyolite (figure 2.13). At its best exposed locality (UTM
413550 E 6356000 N — NAD 83 Datum; figure 2.13), the unconformity is overlain by
an extensive rhyolite regolith approximately 70 m thick. The rock is variably hematite
or limonite altered, giving the groundmass a distinctive red or orange colour. In a few

fresh outcrops, the rhyolite consists of 1 to 7 mm pale white spherulites within a semi-
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Figure 2.12: Detailed measured sections in the Iskut River area located inside the Eskay rift. A)
Table Mountain (unit stratotype of the proposed Iskut River Formation). B) Eskay Creek. See
figure 2.3 for legend details and figure 2.1 for geographic locations.
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translucent pale blue-green siliceous matrix.

The rhyolite is overlain by 1770 m of dark green to olive green basalt (lower
basalt unit of Alldrick et al. 2004b). The basalt is typically aphanitic or feldspar
porphyritic, and forms eruptive units made up of pillowed flows or pillow breccias

420 000
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=1 Todagin assemblage of the BLG

Middle Toarcian to Bajocian
upper Hazelton Group

[ Mafic volcanic rocks

E=—= Siliceous mudstone and siltstone
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Figure 2.13: Simplified geology map of the Table Mountain area showing the location of the unit
stratotype of the proposed Iskut River Formation. Universal Transverse Mercator Projection in
NAD 83 Datum. Modified from Alldrick et al. (2006).



typically 5 to 20 m thick (figure 2.14A). Simpson and Nelson (2004) identified three

basalt facies in this unit: aphyric, massive and coherent pillow basalt; monomictic, blocky

basalt breccia; and fluidal-clast breccia. An abundance of 3 to 5 mm crowded variolites
is a common and identifying feature of the lower basalt unit of the Iskut Formation at
Table Mountain. This devitrification texture is best observed as overlapping pale yellow
spots on weathered surfaces (figure 2.14B). The uppermost 5 m of the lower basalt unit
is highly altered and contains up to 40 percent sulphides where hyaloclastite groundmass
of the basalt breccia has been partly to completely replaced by very fine-grained pyrite
(figure 2.14C). The replacement-style mineralization ends at the contact with the
overlying mudstone where mineralizing fluids were apparently capped (located at 1940
m on figure 2.12A; this contact constitutes the base of the middle sedimentary unit of
Alldrick et al. 2004b). However, laminated beds of pyrite (up 5 cm thick) immediately
above the contact suggest that exhalative vents were still active during sedimentation.
The 10 m thick unit of thinly-bedded black mudstone and grey siltstone is
overlain by 50 m of poorly sorted, matrix to clast supported polymictic conglomerate.
The matrix of the conglomerate consists of coarse to very coarse sandstone and
contains sub-angular to sub-rounded clasts of basalt, mudstone, rhyolite, massive fine-
grained pyrite, and limestone. This unit also directly onlaps the basal unconformity in
some places. Where it does, polymictic conglomerate grades into coarse fanglomerate
composed of clasts identical to the underlying plagioclase-phyric andesites and dacites of
the lower Hazelton Group. Five ammonoids and one radiolarian collections from laterally
equivalent fine-grained sedimentary rocks indicate that the middle sedimentary unit
ranges from Upper Toarcian to Middle Bajocian (Souther 1972; Evenchick et al. 2001).
Up-section, the sedimentary rocks are overlain by at least 1480 m of basalt (upper basalt
unit of Alldrick et al. 2004b), which is exposed on the eastern side of Table Mountain
and on Willow Ridge (figure 2.13). This upper basalt unit possesses similar lithological
characteristics to the lower basalt unit. The upper contact of the Iskut River Formation
is not exposed in the section, but is interpreted to be conformable with the turbiditic
sedimentary rocks of the Bowser Lake Group based on relationships at Eskay Creek

(below) and on regional mapping.

2.3.3-4 Eskay Creek

The Eskay Creek Mine is located 80 km northwest of the town of Stewart (figure
2.1). Geology in the vicinity of Eskay Creek is well known from detailed bedrock
mapping and extensive diamond drilling (e.g. Ettlinger 1992; Bartsch 1993; Nadaraju
2003; Roth 1993, 2002; Sherlock et al. 1994; McDonald et al. 1996). The following
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Iayere mudstone
and felsic tuff

Figure 2.14: Field photographs of the Iskut River Formation showing distinctive lithological char-
acteristics from units exposed at Pillow Basalt Ridge (PBR) and Table Mountain (TB). A) Pillow
basalts exposed on PBR. Large (>1 m) diameter pillows, such as the one exposed near the base

of the photograph, are interpreted to indicate close proximity to eruptive centres. Hammer for
scale is 36 cm in length. B) Basalt exposed at TB displaying variolitic texture. White weathering
variolites are characteristic devitrification features found on the glassy rims of basalt. C) Mineral-
ized basalt breccia; dark rusty angular basalt fragments (arrow) are supported in a fine-grained
sulphide matrix consisting mainly of pyrite. Compass South prospect on TB (see figure 2.13 for
geographic location). D) Bimodal volcanic rocks on PBR. Light coloured rhyolite are intruded by
a sub-volcanic mafic dike swarm that fed eruptions responsible for the overlying basalts. Hammer
for scale is 36 cm in length. E) Outcrop on PBR showing rusty weathering mudstone interbedded
with felsic tuff overlain by a basalt flow. The bedded rocks grade from mainly pyritic siliceous
mudstone at the bottom to predominantly felsic tuff layers at the top. Incorporation of mudstone/
tuff “rafts” into the overlying basalt during eruption resulted in an irregular contact.
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reference stratigraphic section is compiled from the aforementioned sources and
documents the general lithostratigraphic succession observed at the mine site.
Mineralized units and associated sedimentary and volcanic rocks of the Hazelton
Group at Eskay Creek are exposed along the western limb and on the hinge of a NE-
plunging anticline (Eskay Anticline).These rocks have traditionally been included as
part of the Salmon River Formation by Anderson and Thorkelson (1990) and Anderson
(1993); in this paper, they are assigned to the Iskut River Formation (below). Unlike
at Table Mountain (figure 2.12A), the lower contact of the Iskut River Formation at
Eskay Creek is concordant but disconformable (located at 340 m in figure 2.12B). Upper
Pliensbachian units comprising andesitic breccia, volcaniclastics and dacitic volcanics
(lower Hazelton Group) are overlain by a thick unit of rhyolite above an erosional
surface. This felsic volcanic flow, locally termed the “footwall rhyolite”, varies in texture
from massive to autobrecciated, and was interpreted by Bartsch (1993) to represent a
series of flow-dome complexes. The footwall rhyolite was dated at 175 +/- 2 Ma by U-Pb
zircons, and a stratigraphically similar rhyolite on the eastern limb of the Eskay Anticline
yielded an age of 174 +2/-1 Ma (Childe 1996). Overlying and interfingering in part with
the rhyolite is a very fine-grained dark grey unit known as the “contact mudstone”. The
contact is irregular along strike and characterized by a black matrix rhyolite breccia,
in which quench-fragmented rhyolite has interstices filled by black mudstone. This
peperitic texture is interpreted to represent the contemporaneous deposition of mudstone
and eruption/emplacement of the felsic domes. Clasts within the mudstone include
fragmental sulphides and sulfosalts, and altered rhyolite and barite (Roth 2002). Graded
sulphide beds with soft-sediment deformation structures and scoured contacts have
been interpreted as evidence of syngenetic processes. Radiolarian microfossils from the
mudstone yielded Aalenian to possibly Early Bajocian fauna (Nadaraju 1993). Massive
basalt sills and pillowed basalt flows and breccia, with narrow (< 1 m thick) intervals
of bedded argillite, chert and felsic tuff, overlie the contact mudstone. Conformably
overlying the basalt is a thicker succession of tuffaceous mudstone, here attributed to
the proposed Quock Formation (below). The age of the Quock Formation at Eskay
is constrained by a collection of Early Bajocian bivalves (Roth 2002). Conformably
overlying the Quock Formation strata are mudstone-siltstone turbidites and thickly
bedded sandstone and conglomerate layers that contain Late Bathonian to Early Callovian
ammonoids (Evenchick et al. 2001; Roth 2002).
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2.3.4 Detrital zircon geochronology

Two samples of very coarse-grained sandstone from Quinlan Mountain and
Mount Dilworth were collected for U-Pb detrital zircon dating. The objectives were to
constrain the hiatus at the unconformity between the lower and upper Hazelton groups,
and to provide new insights on the provenance for the Smithers Formation and the basal
part of the BLG. Zircon grains were extracted, mounted on epoxy disks, and analysed
by laser ablation multi-collector-inductively coupled plasma-mass spectrometry (MC-
ICP-MS) using the methods of Simonetti et al. (2005). Results are shown in figure 2.15
as probability density plots for grains with <50% discordancy. Uncertainties based on
206pb/28U ages are reported at the 95% confidence level (20). Full tables of results can be
found in Appendix B.

2.3.4-1 Results from Quinlan Mountain

Sample LC022A was collected 2 m above the disconformable contact between
the Telkwa and the Smithers formations in a cross-stratified sandstone bed (figure
2.6A). The density distribution of grains is strongly clustered between 185-165 Ma and
has a calculated mode of 172.4 +/-1.2 Ma (figure 2.15A). This age is consistent with
the depositional age predetermined from an extensive Aalenian fossil locality situated
at an equivalent stratigraphic level (QM1 in figure 2.6A). Two older subsidiary peaks
at ca. 193 Ma and ca. 202 Ma are also observed. These grains probably correspond
to recycled volcanic detritus derived from the lower Telkwa Formation and the Takla
Group respectively. The 172.4 +/- 1.2 Ma age is similar to various U-Pb dates obtained
on felsic lapilli tuffs of the upper Hazelton Group in the Bella Coola region by Mahoney
(2009). Because of their striking lithological difference from the underlying bright
red andesitic to dacitic tuffs of the Telkwa Formation, the basal sedimentary rocks
of the Smithers Formation at Quinlan Mountain likely represent the introduction of
penecontemporaneous felsic detritus from the Bella Coola region to the south. The
ca. 178 Ma age reported from a tuff high in the Telkwa Formation (T. Barresi and R.
Friedman, unpublished data 2010) indicates a hiatus of about 6 m.y. before deposition of

the lowermost sandstone of the Smithers Formation at Quinlan Mountain.

2.3.4-2 Results from Mount Dilworth

Sample LT035A was collected at 130 m above the base of a sandstone succession
previously mapped as Salmon River Formation but correlated here with the Todagin
assemblage of the BLG. Full details of the analytical methods and data are given in
Appendix B. The density distribution of grains shows a strong peak at 196.4 +/-2 Ma
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and a younger secondary peak at 164 +/-2 Ma (figure 2.15B). Scattered grains also
display Early Triassic to Late Devonian ages with minor peaks at 245, 295 and 350

Ma respectively. The highest population of zircons at 196.4 +/-2 Ma suggests that the
majority of grains were derived from local sources of the Betty Creek and Unuk River
formations (McDonald et al. 1996; Logan et al. 2000). The youngest grain population

at 164 +/-2 Ma (Late Bathonian to Early Callovian age) is interpreted to represent a
probable depositional age. This is consistent with a Lower Oxfordian ammonite (MD1

in figure 2.10C; see Appendix A) located 380 m above sample LTO35A. The density
distribution of grains in LT035A is somewhat different from other Late Bathonian to
latest Jurassic detrital zircon ages reported by McNicoll and Evenchick (2004) and
Evenchick et al. (submitted) from samples elsewhere in the Bowser basin, in which the
greatest population of grains is consistently as young as the paleontologically-determined
depositional age. Siliciclastic sedimentary rocks of the Todagin assemblage at Mount
Dilworth are also petrographically different from other Bowser Lake Group sandstone.
The abundance of volcanic fragments in these rocks constitutes a strong contrast with the
chert-dominated provenance typical elsewhere in the Bowser basin, where sediment was
derived predominantly from the Cache Creek terrane to the northeast (Eisbacher 1985;
Gabrielse 1991; Green 1992; Evenchick and Thorkelson 2005).
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Figure 2.15: U-Pb detrital zircon relative probability plots for sandstone of the Smithers Forma-
tion (A) and the Bowser Lake Group (B). Plots were generated using ISOPLOT (Ludwig 2003).
See Appendix B for full table of results and details on error calculations.
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2.4  PROPOSED STRATIGRAPHIC FRAMEWORK

Recent stratigraphic investigations and compilation maps have shown that the
Hazelton Group rocks located outside the Eskay rift can be broadly divided into a lower
suite dominated by arc volcanics and an upper sedimentary-dominated suite with variable
amounts of interbedded rift-related volcanic rocks (Evenchick et al. 2009). Several
authors (Ferri et al. 2004; Evenchick and Thorkelson 2005; Waldron et al. 2006; Gagnon
et al. 2007; Evenchick et al. sumitted) informally used the term “upper Hazelton Group
clastic rocks” when referring to sedimentary units of the Spatsizi, Salmon River, Smithers
or Nilkitkwa formations. Based on mapping relationships in the Oweegee Range, Todagin
Mountain and Joan Lake areas, Gagnon et al. (2007) suggested that the base of the upper
Hazelton Group is marked by a widespread unconformity. From data presented here, it
is clear that this boundary is diachronous; the change from predominantly arc volcanics
to predominantly rift-related sediments and volcanics is significantly younger in the
southern part of the basin. Underneath this erosional surface, undivided intermediate
lavas and associated volcaniclastic rocks and lahars were assigned to the lower Hazelton
Group (Waldron et al. 2006; Gagnon et al. 2007). With these guidelines in mind, a new
stratigraphic framework is proposed based on an informal division of the group into the
lower Hazelton Group (LHG) and upper Hazelton Group (UHG), and a formal revision of

the formations and members in the upper Hazelton Group (figure 2.16).

2.4.1 Lower Hazelton Group

The LHG comprises a wide range of lithologies dominated by maroon and green
volcaniclastic rocks, calc-alkaline andesitic to dacitic flows and associated volcanic
breccias and tuffs. They include the Telkwa, Jack, Unuk River, Betty Creek, Mount
Dilworth and Toodoggone formations as well as the Griffith Creek and Cold Fish
volcanics (figure 2.16). These units rest unconformably above the Triassic volcanic
rocks of the Stuhini Group (and equivalents), and in some localities, Paleozoic rocks
of the Stikine assemblage. Their upper boundary is defined by an erosional surface
that separates them from the overlying UHG clastic rocks in most places. Even though
a precise correlation of the LHG units at the regional scale is difficult to assess due
to their limited lateral extent and abrupt facies changes, volcanic successions from
different localities can be compared with each other based on absolute age dating and
relative stratigraphic position. The cluster of U-Pb ages at ca. 190-200 Ma obtained from
volcanic rocks of the Stuhini, Telkwa and Toodoggone formations, and from the Cold
Fish Volcanics, indicate that LHG volcanism was contemporaneous across the Stikine
terrane (Greig and Gehrels 1995; Thorkelson et al. 1995; Gareau et al. 1997; Duuring
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et al. 2009). Volcanic rocks of the LHG are mainly calc-alkaline to tholeiitic and have

a strong arc signature (Tipper and Richards 1976; Anderson and Thorkelson 1990;
Diakow et al. 1991; Thorkelson et al. 1995; Logan et al. 2000). One exception is the
Cold Fish Volcanics, which have a silica-bimodal geochemical signature that has been
interpreted to be related to extensional volcanism in a contemporaneous back-arc setting
(Thorkelson et al. 1995). Most of these units were deposited in subaerial, oxidizing
environments, and likely built stratovolcanoes on an evolving arc system (Alldrick

et al. 1989). Discontinuous siltstone beds bearing ammonite fossils of Hettangian to
Upper Sinemurian age are locally interbedded with andesitic lavas and suggest periodic

incursion of the sea onto the emergent arc in the Early Jurassic.

2.4.2 Upper Hazelton Group

2.4.2-1 Smithers Formation and equivalents

Because of their greater lateral continuity and their relatively constant thickness,
sedimentary units of the UHG are more likely to be traceable regionally than the volcanic
units associated with the LHG. A recognizable lower unit of the UHG includes strata of
the Smithers and Nilkitkwa formations, along with specific units previously assigned
to the Spatsizi (Joan, Wolf Den and Melisson members) and Salmon River (lower
calcareous member) formations (figure 2.16). The erosional surface at the base of the
clastic-dominated succession is used as the boundary between the lower and upper
Hazelton groups. Where exposed, the unconformity is overlain by 1-5 m thick clast-
supported conglomerate that fines upward into cross-bedded, coarse to medium-grained
sandstone, as seen at the Quinlan Mountain, Joan Lake, Mount Will and Oweegee Dome
sections (figures 2.6A; 2.7A, B; 2.10A, B). These units are here assigned to three laterally
equivalent formations: the Smithers Formation (dominantly sandstone), the Nilkitkwa
Formation (interbedded fine-grained sedimentary rocks and volcanics), and the revised
Spatsizi River Formation (dominantly fine-grained sedimentary rocks).

For the most part, basal units of all three fromations consist of interbedded
tuffaceous siltstone and sandstone layers containing abundant marine fossils and trace
fossils. These basal units are diachronous, with ages ranging from Early Pliensbachian—
Late Toarcian in the north to Early Aalenian—Late Bathonian in the south (figure 2.17). In
the east, near the Nilkitkwa Range, there is a lateral facies change from coarser clastics
to interbedded finer-grained sedimentary rocks and mafic volcanics. This is attributed to
sedimentation in a deeper water setting with on-going extensional volcanism, consistent
with Tipper and Richards’s (1976) definition of the “Nilkitkwa depression” as the
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main axis to the Hazelton trough. In almost all the observed and compiled stratigraphic
sections, units of the Smithers Formation and equivalents are overlain by thinly bedded
siliceous mudstone and tuffaceous siltstone of the Quock Formation (below).

Smithers Formation: No type locality has ever been described for the Smithers
Formation because sections measured by Tipper and Richards (1976) were deemed
incomplete. We propose the Quinlan Mountain section as the new unit stratotype (figures
2.5 and 2.6A). Based on our observations, this section meets all the necessary criteria
established by the North American Stratigraphic Code (NASC 2005) to serve as a type
section:

1. Lithological characteristics: bioturbated tuffaceous and calcareous siltstone and
sandstone with abundant marine fossils;

Thickness: 240 metres;

3. Lower contact: unconformable above the oxidized tuffs of the Telkwa Formation.
Boundary defined at the base of a basal conglomerate fining upward into cross-
bedded medium to coarse-grained sandstone (UTM 555130 E 6077435 N —
NADS3 datum);

4. Upper contact: conformable, defined by a fining-upward trend and gradational
transition into units of the revised Quock Formation (below). The boundary is
placed at the first occurrence of thinly interbedded siliceous siltstones and fine
pale tuffaceous laminae (“pyjama beds”) (UTM 554870 E 6078650 N — NADS3
datum);

5. Age: extensive fossil collections suggest an age from Middle Aalenian to Upper
Bathonian (Appendix A);

Nilkitkwa Formation: In the eastern portion of the basin, the Nilkitkwa type
section previously described by Tipper and Richards (1976) is considered valid and
should be retained. Even though units of the Nilkitkwa Formation are demonstrably
laterally continuous with some strata of the Smithers and Spatsizi River (below)
formations, they possess enough lithological differences to merit a separate formal
lithostratigraphic designation. The unit stratotype proposed by Tipper and Richards
(1976) contains interbedded basaltic flows, argillite and sandstone which are unique to
this part of the basin (see also section NR on figure 2.17).

Spatsizi River Formation: Stratigraphic correlations established in figure
2.17 clearly show that “pyjama beds” are distinct from the Smithers and Nilkitkwa
formations and occupy a higher stratigraphic position in all measured sections. However,
when correlations are extended to the northern part of the basin, this poses a problem

because “pyjama beds” of the Quock Member have traditionally been included in the
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Spatsizi Formation (Thomson et al. 1986; Evenchick and Thorkelson 2005). Since the
lowest three members of the Spatsizi Formation (Joan, Wolf Den and Melisson) are
lithostratigraphically equivalent to the Nilkitkwa and Smithers formations (figure 2.17),
we propose a revision of the Spatsizi Formation to include only those three members
(according to article 19 of the NASC (2005), revision of a formally defined unit is
justifiable if a change of the boundaries of a unit makes it more natural for common
usage). Even though the proposed revision constitutes a minor change, it alters the
original type section of the Spatsizi Formation (Thomson et al. 1986) by changing its
upper boundary (according to article 22¢ of the NASC (2005), a type section can never be
changed once it is formally defined). Therefore, we propose a new name (Spatsizi River
Formation) to include the Joan, Wolf Den and Melisson members into one formation.

The type section at Joan Lake identified by Thomson et al. (1986) remains valid, but the
upper boundary of the Spatsizi River Formation is now placed at the top of the Melisson
Member (UTM 507560 E 6372125 N — NADS83 datum). The overlying Quock Member is
elevated in rank to the Quock Formation and is described in the next section.

The Salmon River Formation in the Iskut River area poses even bigger challenges,
as it presently includes a lower Toarcian member of bioclastic calcareous sandstone and
siltstone, and an Aalenian—Bajocian member mainly comprising “pyjama beds” (Troy
Ridge facies) and bimodal volcanic flows (Eskay Creek facies). Furthermore, refinements
and redefinitions of the Salmon River Formation in the last two decades (Anderson and
Thorkelson 1990; Anderson 1993; McDonald et al. 1996) considerably changed the scope
of the formation from the original description of Schofield and Hanson (1921), such
that the type area for the Salmon River Formation defined by Grove (1986) is no longer
valid. In addition, the formal type section exposed near Mount Dilworth actually includes
sedimentary rocks of the Bowser Lake Group (Evenchick and McNicoll 2002; Chapter
5) and lacks the characteristic pillow basalt lithology which is an essential component of
the Salmon River Formation at Eskay Creek (McDonald et al. 1996; Logan et al. 2000;
Alldrick et al. 2004b, 2005b; Barresi et al. 2005). In order to avoid any further confusion,
we recommend the abandonment of the Salmon River Formation following article 20 of
the NASC (2005) for the following reasons:

1. Invalid type area and no existing unit stratotype;
The term has been commonly misused in diverse ways and remains controversial;

Not recognizable or mappable outside the Iskut River area;

b

The name Salmon River Formation is of current usage by many local geologists
and any re-assignation or modification will only add to the existing confusion;

As an alternative, we propose the following changes:
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1. Correlation of the Toarcian bioclastic calcareous lower member with laterally
equivalent units of the revised Spatsizi River Formation;

2. Correlation of the Troy Ridge facies with laterally equivalent units of the revised
Quock Formation;

3. Introduction of a new formal geological unit: the Iskut River Formation;
A complete description of the revised Quock Formation and the proposed Iskut

River Formation are presented in the following sections.

2.4.2-2 Quock Formation

Currently, the thinly bedded dark siliceous mudstone and pale-weathering
tuffaceous siltstone (“pyjama beds”) of the Troy Ridge facies are the only units of
the Salmon River Formation recognized outside the Iskut River area (Anderson and
Thorkelson 1990; Greig 1991, 1992; Marsden and Thorkelson 1992; Anderson 1993;
Evenchick and Porter 1993; Jakobs 1993; Ferri et al. 2004; Evenchick and Thorkelson
2005; Ferri and Boddy 2005; Waldron et al. 2006; Gagnon et al. 2007; Gagnon and
Waldron 2008). Elsewhere, they have previously been referred to as either the Yuen
Member of the Smithers Formation (Tipper and Richards 1976) or the Quock Member
of the Spatsizi Formation (Thomson et al. 1986; Evenchick and Thorkelson 2005).
Lithostratigraphic correlations presented in this study indicate that “pyjama beds” are
thinly interlayered grey to black siliceous siltstone and light coloured dust tuff found at
an equivalent lithostratigraphic position across the basin (figure 2.17). The “pyjama beds”
consistently occur between underlying bioturbated and fossiliferous tuffaceous sandstone
and siltstone of the Smithers Formation (or equivalents), and overlying siliciclastic
sedimentary rocks of the Bowser Lake Group. The widespread use of the informal term
“pyjama beds” shows the need for a regionally recognized lithostratigraphic definition for
this unit. We propose to elevate the rank of the Quock Member to the status of formation
and to keep the original section described by Thomson et al. (1986) as the unit stratotype.
The Quock Formation exposed at its type section north of Joan Lake (figure 2.7A) is
defined as follows:

1. Lithological properties: thinly bedded, dark siliceous blocky mudstone and rusty-
weathering tuff bands (“pyjama beds”) (figure 2.8D). Thin section observations
show abundant recrystalized radiolarian tests in the mudstone intervals as
well as ferruginous clay, likely derived from kaolinisation of orthoclase
minerals. The tuff bands are characterized by angular volcanic fragments and
feldspar grains, including sanidine, in addition to white micas and chlorite.

Calcareous concretionary lenses and thin limestone beds are occasionally found
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throughout this unit. Discontinuous exposures of calcareous to siliceous dark

shale outcropping in the lower portion of the section are included in the Quock

Formation as the Abou Member;

Thickness: 200 m;

3. Lower boundary: conformable and gradational contact above the uppermost
bioturbated sandstone of the revised Spatsizi River Formation (Melisson Member)

(UTM 507560 E 6372125 N — NAD&3 datum);

4. Upper boundary: conformable and gradational with the thinly-bedded fissile

siltstone and shale of the BLG (Todagin assemblage) (UTM 505685 E 6373530

N — NADS83 datum);

5. Age: Bajocian, possibly Upper Aalenian (Appendix A);

On the cross-section shown in figure 2.17, it is convenient to use the first
occurrence of “pyjama beds” as a definition for the base of the Quock Formation.
However, the situation in the Iskut River area is slightly different because “pyjama beds”
interfinger laterally with thick sections of bimodal volcanic rocks (figure 2.18). There, the
uppermost package of “pyjama beds” is tentatively correlated with the Quock Formation
whereas interbedded “pyjama beds” and thick piles of volcanics are included in the

proposed Iskut River Formation (below).

2.4.2-3 Iskut River Formation

With assignment of the calcareous bioclastic lower member to the Spatsizi River
Formation, and the “pyjama beds” of the Troy Ridge facies to the Quock Formation, the
remaining Middle Jurassic facies of the now superseded Salmon River Formation require
formal classification. Unlike laterally equivalent strata, these units are predominantly
mafic volcanics and lesser felsic volcanics and sedimentary rocks. They consist mostly
of: mafic flows with pillow basalt and pillow basalt breccia; rhyolite, in the form of flows,
domes, cryptodomes, dykes, sills, rhyolitic-tuff and agglomerate; and cobble to pebble
conglomerate, typically found at the base of the formation and along basin margins.

The lower contact of the Iskut River Formation is observed at many locations
close to graben-bounding faults as an apparent angular unconformity where
fanglomerates are juxtaposed with various units of the LHG, Stuhini Group or Stikine
assemblage. In a few locations, the lower part of the formation can be traced farther from
the graben margin such that the fanglomerates grade laterally into distal very fine-grained
sedimentary rocks with intercalated tuff and chert, as well as bimodal volcanics including
rhyolite and voluminous tholeiitic basalt (Alldrick et al. 2005b; Barresi et al. 2005). For
example, at the Eskay Creek section (figures 2.12B and 2.18 section EC), rhyolite of the
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Iskut River Formation disconformably overlies Upper Pliensbachian volcaniclastic rocks
and felsic welded lapilli tuff of the LHG. The upper contact of the Iskut River Formation
is typically conformable with the Quock Formation, or siliciclastic strata of the Bowser
Lake Group. Since the section exposed at Table Mountain is the thickest and includes the
greatest variety of lithological units, we proposed it as the unit stratotype for the Iskut
River Formation (figures 2.12A and 2.13). Based on our observations, this section meets
the necessary criteria to serve as a type section:

1. Lithological characteristics: thick volcanic piles of pillow basalt and pillow
basalt breccia interbedded with intervals of rhyolite, conglomerate, and minor
mudstone and dust tuff (“pyjama beds”) (figure 2.14);

2. Thickness: at least 3480 metres;

Lower contact: angular unconformity along the ancient graben margin at
which various stratigraphic levels of the Iskut River Formation onlap against
the LHG; at the best exposed part of the contact (UTM 413550 E 6356000 N

— NAD&3 Datum), rhyolite of the Iskut River Formation rests above feldspar
porphyritic andesite breccia of the lower Hazelton Group. Because the lower
contact at Table Mountain is along a contemporaneous faulted graben margin,
the disconformable boundary at Eskay Creek (UTM 416800 E 6279000 N

— NAD&83 Datum) is designated as a reference section to define the “within
basin” lower contact (figure 2.12B). At this location, rhyolite of the Iskut River
Formation is in contact with Upper Pliensbachian volcaniclastic rocks and felsic
welded lapilli tuff of the LHG.

4. Upper contact: not observed in outcrop but closely constrained with the
overlying siliciclastic rocks of the Bowser Lake Group (UTM 420000 E
6370000 N — NADS83 datum). Conformable with “pyjama beds” of the Quock
Formation in the reference section at Eskay Creek (figure 2.12B);

5. Age: Upper Toarcian to Middle Bajocian fossils have been obtained from thin
shale units here included in the Iskut River Formation (Souther 1972; Evenchick
et al. 2001) (Appendix A). However, undated lower and higher part of the

Formation could range as old as Early Toarcian and as young as Late Bajocian.

2.5  DIiscuUsSION — STRATIGRAPHIC AND TECTONIC EVOLUTION

Evolution of the Stikine terrane in Early Jurassic time was characterized by
voluminous arc-related volcanism. The impressive width of the Hazelton volcanic field
combined with the lack of chemical variability in major and trace element profiles led

Marsden and Thorkelson (1992) to propose that volcanism was generated by concurrent
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subduction of two opposing oceanic plates beneath Stikinia — one, the Cache Creek
oceanic plate (east facing subduction in present coordinates), the other, west-facing
subduction in present coordinates. In their model, the Hazelton Group evolved as a pair
of coeval volcanic arcs separated by a NW-trending interarc basin termed the Hazelton
trough (Tipper and Richards 1976; Marsden and Thorkelson 1992). Development of the
Hazelton trough directly influenced the distribution of volcanic and sedimentary facies
within the Hazelton Group. An understanding of these depositional units is therefore
necessary in order to evaluate the stratigraphic evolution of the northern Stikine terrane in
Early to Middle Jurassic.

The subsidence profile obtained by Gagnon et al. (2009; Chapter 4) in the
northwest portion of the Hazelton trough indicates that extensional faulting and
thermal contraction of the crust were responsible for high subsidence rates observed
during the Pliensbachian. This was followed by exponentially decreasing subsidence
throughout the Middle and Late Jurassic, as suggested by the concave-up profile of the
backstripped tectonic subsidence curve. These results are consistent with the crustal
subsidence model of Thorkelson et al. (1995) who proposed that accumulation of a
thick volcanic pile in the Spatsizi River area represented at least 2 km of synvolcanic
subsidence. Following a protracted period of volcanism during Late Sinemurian, as
suggested by the abundant bimodal volcanic lava of the Cold Fish Volcanics (Marsden
and Thorkelson 1992; Thorkelson, 1992; Thorkelson et al. 1995) and the thick succession
of the Telkwa Formation (Tipper and Richards 1976), thermal contraction of the crust
resulted in widespread subsidence of the Hazelton trough. Aside from a few basaltic
eruptions restricted to the Nilkitkwa depression (i.e. Mount Brock volcanics, Ankwell
and Carruthers members), the Hazelton trough then experienced a progressive decline
of volcanic activity after Sinemurian time (figure 2.19A). Thermally subsiding volcanic
remnants on the periphery of the graben became progressively submerged by the
transgressive sea which led to deposition of shallow-water sedimentary rocks of the
Smithers Formation and equivalents. Where exposed, the base of this unit is marked
by a coarse-grained transgressive lag that fines upward into interbedded sandstone and
siltstone. This contact constitutes the most important lithostratigraphic boundary within
the Hazelton Group and marks the transition from the volcanic-dominated LHG to the
overlying sedimentary-dominated UHG.

Stratigraphic cross-sections shown in figures 2.17 and 2.18 highlight the
variability and diachronous nature of the LHG-UHG boundary. Although development of
a graben structure ensured continuous marine deposition within the Nilkitkwa depression,

rift margins of the Hazelton trough probably experienced occasional uplift and erosion
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(Tipper and Richards 1976). This is a common feature in extensional settings, such as
back-arcs and continental rifts, where graben flanks become subaerially exposed in
response to block tilting, and can lead to development of unconformities (c.f. Baker et
al. 1972; Kusznir and Egan 1990; Ebinger et al. 1991; Lin et al. 2003). The LHG-UHG
contact appears conformable in the central part of the Hazelton trough (figure 2.17) where
Lower Pliensbachian sedimentary rocks of the Nilkitkwa Formation directly overlie
marine volcanic rocks of the Telkwa Formation (Tipper and Richards 1976). Elsewhere,
outside the main trough axis, the base of the UHG is equivalent in age or younger, and
is marked by an unconformity (figures 2.17 and 2.18). In the Spatsizi River area, Lower
Pliensbachian shallow-marine sedimentary rocks of the Joan Member disconformably
overlie the subaerial Cold Fish Volcanics whereas a Toarcian hiatus has been reported in
the Toodoggone, Iskut, Smithers and Terrace areas (Diakow et al. 1991; Anderson 1993;
Greig and Gehrels 1995; Waldron et al. 2006; Gagnon et al. 2007; Nelson et al. 2007).
The diachronous nature of the LHG—UHG transition probably reflects the differential
subsidence rates that affected the Hazelton arc during Early to Middle Jurassic. In
depocenters characterized by intense volcanism and extensional faulting, onlap of the
unconformity by shallow-marine sedimentary rocks occurred immediately after cessation
of back-arc activity. This is attributed to greater post-rift subsidence rates in areas where
the initial amount of lithospheric stretching was more significant (c.f. McKenzie 1978;
Steckler and Watts 1978). On the other hand, sedimentation around slower subsiding
areas began later, when marine transgression reached its maximum extent around the
Toarcian—Aalenian boundary (figure 2.19B). This event was contemporaneous with the
onset of sedimentation of the Quock Formation, whose base is interpreted to represent a
maximum flooding surface.

Extensive paleontological data reported from the Quock Formation at Diagonal
Mountain indicate that “pyjama beds” accumulated over a protracted period (Late
Toarcian to Early Oxfordian) (Evenchick and Porter 1993; Jakobs 1993; Evenchick
et al. 2001, submitted). The fine grain size and thinly bedded nature of the Quock
Formation, combined with its high organic content (TOC values up to 6%, Ferri and
Boddy 2005), suggest that it was deposited mainly from suspension in a deep-water,
anoxic environment. Regionally, condensed sections of “pyjama beds” form a basin-wide
stratigraphic marker and are commonly found near the top of the Hazelton Group (figure
2.17).

The situation is different in the Iskut River area where extension-controlled
volcanism prevailed in an elongate, narrow rift basin during a short period, from Late

Toarcian to Middle Bajocian time (figure 2.18). Fault-controlled subsidence led to
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compartmentalization of at least 12 north-trending sub-basins within the 300 km long by
50 km wide volcanic belt of the Eskay rift (Alldrick et al. 2005b; T. Barresi, Dalhousie
University, pers. comm. 2010) (figure 2.19C). The irregular topography of the rift
basement characterized by depocenters and uplifted horst blocks considerably hampers
stratigraphic correlations within the Iskut River Formation. Volcanic and sedimentary
units have highly inconsistent stratigraphic order and thickness because of the limited
connectivity between each sub-basin. In addition, the local nature of volcanic stratigraphy

probably had a significant impact on the extreme thickness change of units observed

A) Late Pliensbachian (ca. 185 Ma) B) Middle Toarcian (ca. 180 Ma)

Figure 2.19: Conceptual block diagrams showing the interpreted depositional environment of

the upper Hazelton Group in the Early to Middle Jurassic. A) In the Pliensbachian (ca. 185 Ma),
mafic volcanism and deep-water sedimentation dominated the central portion of the Hazelton
trough while coarser clastic rocks accumulated on the margins. B) In the Toarcian (ca. 180 Ma),
progressive decrease in volcanic activity led to thermal subsidence of the Stikine terrane and rela-
tive sea-level rise. Pyjama beds of Quock Formation began to accumulate in the central portion of
the Hazelton trough. C) In the Aalenian (ca. 175 Ma), pyjama beds of the Quock Formation were
deposited throughout the basin and back-arc extension in the Iskut River area led to accumulation
of the rift-related facies of the Iskut River Formation.
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from different sub-basins. Nearly uninterrupted successions of pillow basalt up to 2 km
thick exposed at Pillow Basalt Ridge (PBR) and Table Mountain (TB) suggest relatively
rapid extrusion and basin filling, whereas other sub-basins (e.g. Eskay Creek - EC and
Treaty Glacier - TG) have a higher proportion of fine-grained sedimentary rocks and lack
thick basaltic flows (figure 2.18). Such intense volcanic activity above restricted feeder
zones locally out-competed the accumulation of “pyjama bed” successions. However,
rare occurrences of thin “pyjama bed” intervals between basaltic flows attest to short
episodes of volcanic quiescence, when conditions favourable to pelagic sedimentation
were re-established. According to Alldrick et al. (2004b), such quiescent depositional
environments were more prone to accumulation and preservation of exhalative sulphides.
In summary, the Iskut River Formation differs from the rest of the UHG in several ways:
1. Deposition was restricted to a set of narrow, north-trending sub-basins that
extended from Anyox in the south to Kinaskan Lake in the north (figure 2.1);
2. Stratigraphic record dominated by bimodal volcanics and polymictic
fanglomerates;
3. Extreme thickness changes related to fault-controlled subsidence and localised
volcanic feeders;
4. Narrow age bracket (Upper Toarcian to Middle Bajocian) compared with the rest
of the UHG (Lower Pliensbachian to Lower Oxfordian).

2.6  CoNCLUSIONS

Regional correlations of lithostratigraphic units based on new detailed measured
sections indicate that the Lower to Middle Hazelton Group can be divided in two distinct
intervals separated by an unconformity in most places. The lower Hazelton Group is
dominated by arc-related volcanic rocks whereas the upper Hazelton Group contains
mainly fine-grained clastic rocks and bimodal rift-related volcanic rocks. A sharp
decline of volcanic activity following a back-arc rifting event in the Sinemurian led to
widespread thermal subsidence of the magmatic arc and initiation of sedimentation in
the Hazelton trough. Thick mudstone-dominated successions (Nilkitkwa Formation and
most of the Spatsizi River Formation) accumulated in the central portion of the Hazelton
trough, whereas topographically higher areas along the margins were the loci of shallow
marine coarse-grained sedimentation (Smithers Formation and parts of the Spatsizi River
Formation). Continuation of subaerial arc volcanism as late as Toarcian is recorded in
the Terrace to Smithers area with accumulation of the Red Tuff member. Progressive
onlap of the unconformity by lowermost strata of the UHG was diachronous at the

basin scale, reflecting differential subsidence rates across the Stikine terrane. Ongoing
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rise in relative sea-level, in part attributed to eustasy, eventually led to accumulation of
siliceous mudstone and tuff of the Quock Formation above a flooding surface, when the
sea reached its maximum extent at the Toarcian—Aalenian boundary. Regionally, “pyjama
beds” of the Quock Formation constitute an excellent stratigraphic marker and are
characterized by moderate to high TOC values, which under the proper thermal maturity
levels, would have been favourable for generation of hydrocarbons. In the northwest
portion of the basin, the Quock Formation is laterally equivalent to bimodal volcanic
rocks and associated volcanic massive sulphide deposits of the Iskut River Formation.

In contrast to other units of the UHG, deposition of the rift-related rocks of the Iskut
Formation was not diachronous. It mostly occurred during a limited period of time
between the Aalenian and Bajocian, and was independent of extension and volcanism
experienced earlier by the Hazelton trough. Therefore, northern Stikine was affected

by at least two independent rifting events during deposition of the Hazelton Group: a
widespread Late Sinemurian to Early Pliensbachian extension phase in the northwest-
trending Hazelton trough, and a more restricted Aalenian to Bajocian extensional event in
the north-trending Eskay rift.
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CHAPTER 3: ICHNOLOGY AND SEDIMENTOLOGY OF A VOLCANIC ARC
SUCCESSION: JURASSIC SMITHERS FORMATION, NORTH-CENTRAL

BritisH CoLuMBIA, CANADA?

3.1 INTRODUCTION

The upper Lower to Middle Jurassic Smithers Formation of the Hazelton Group,
exposed south of the Bowser basin in north-central British Columbia, Canada, is a
volcano-sedimentary succession deposited in a volcanic arc setting. It is also considered
to be one of the most fossiliferous geologic units of all Mesozoic formations within
the Canadian Cordillera (Tipper and Richards 1976; Poulton and Tipper 1991) (figure
3.1). Strata of the Smithers Formation contain an abundant and diversified fossil
record including ammonites, bivalves, gastropods, belemnites and scleratinian corals.
Recently, a well-preserved single carapace of an erymoid lobster was recovered from a
fossiliferous unit of the Smithers Formation by Feldmann and Haggart (2007), which led
to the introduction of a new species, Eryma walkerea. Even though the biostratigraphy
of the Smithers Formation is well known from various related studies (e.g. Hanson
1926; Frebold and Tipper 1973; Tipper and Richards 1976; Poulton and Tipper 1991;
Johnston 2002; Gagnon and Waldron 2008; Chapter 2), no detailed ichnological and/or
sedimentological investigations have ever been reported for these strata. As a result, the
sedimentary environments in which the shallow marine rocks of the Smithers Formation
were deposited remain poorly understood.

Biogenic sedimentary structures are autochthonous indicators of environmental
conditions and provide valuable information for paleoecological studies (Ekdale 1985;
Pemberton et al. 2001). In fact, ichnology can sometimes constitute one of the most
useful criteria in recognizing sub-environments of shallow marine siliciclastic systems
(Pemberton et al. 1992). The most relevant ichnological classification scheme commonly
used in paleoenvironmental reconstructions is known as the ichnofacies paradigm
(MacEachern et al. 2005a). Ichnofacies are recurrent archetypal associations of trace
fossils that reflect specific combinations of organism behaviour (ethology) in given
environmental conditions (Seilacher 1967). The ichnofacies paradigm constitutes a
benchmark in paleoenvironmental analyses, in which archetypal ichnofacies are used as
a norm for comparison between different case studies (MacEachern et al. 2005b). When

combined with the appropriate lithofacies, ichnofacies analyses provide a useful tool to

2 A version of this chapter will be submitted for publication under the authorship of Gagnon, J.-
F, Gingras, M.K., Waldron, J. W.F. and Poulton, T.P.
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assist in the identification of a specific sedimentary environment (Gingras et al. 1998;

Hubbard et al. 2004; Buatois et al. 2008; Carmona et al. 2009). However, there have been

very few detailed ichnological analyses in environments influenced by volcanic ash fall

(c.f. Grimm et al. 1989; Wetzel 2002, 2008), and the dominant ecological parameters in

such settings remain poorly constrained.
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Figure 3.1: A) Simplified geology map showing the distribution of the sedimentary rocks of the
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In this paper, we present the first rigorous sedimentological and ichnological study
of the Smithers Formation using field observations from four well-exposed stratigraphic
sections in north-central British Columbia (figure 3.1). By fully integrating lithofacies
and ichnofacies analyses, we aim to better constrain the paleoenvironmental conditions in
which the tuffaceous strata of Smithers Formation were deposited. In addition, the well-
preserved bioturbated rocks of the Smithers Formation could provide new insights on the

animal response to distal volcanic activity in an island arc setting.

3.2  GEOLOGICAL SETTING

Siliciclastic strata of the Smithers Formation are well exposed on the southern
margin of the Bowser basin in north-central British Columbia (figure 3.1). These
sedimentary rocks were deposited in the shallow marine portion of the Hazelton trough,
a northwest trending intra-arc extensional basin located on the Stikine terrane (Tipper
and Richards 1976; Marsden and Thorkelson 1992; Chapter 2). The Smithers Formation
mostly consists of interbedded tuffaceous siltstone and sandstone with thin intervals
of conglomerate, shale, tuff and limestone. Extensive paleontological data suggest that
most of the Smithers Formation is Aalenian to Bajocian in age, but ranges from Middle
Toarcian to Lower Callovian in some places (e.g. Hanson 1926; Tipper and Richards
1976; Poulton and Tipper 1991; Johnston 2002; Gagnon and Waldron 2008; Evenchick et
al. submitted).

The Smithers Formation constitutes one of the five units formally recognized
within the upper Hazelton Group (figure 3.2). It is laterally equivalent to the Nilkitkwa
Formation to the east, and to the Spatsizi River Formation to the north (Tipper and
Richards 1976; Thomson et al. 1986; Chapter 2). In the vicinity of Terrace and Smithers,
sedimentary rocks of the Smithers Formation unconformably overlie the calc-alkaline
volcanic and volcaniclastic rocks of the Telkwa Formation (Tipper and Richards
1976; Nelson et al. 2007; Evenchick et al. 2008a, 2008b) (figure 3.2). Regionally, the
Smithers Formation constitutes an important stratigraphic marker because it delineates
the transition from the volcanic-dominated lower Hazelton Group to the sedimentary-
dominated upper Hazelton Group. According to Tipper and Richards (1976), onlap
of the shallow marine strata of the Smithers Formation over the subaerial volcanics
of the Telkwa Formation corresponds to a widespread transgression over the Stikine
terrane, probably triggered in part by thermal subsidence of the waning volcanic arc.
Sustained relative sea-level rise eventually led to accumulation of thinly interstratified
siliceous mudstone and dust tuff (“pyjama beds”) of the Quock Formation, which

conformably overlie the Smithers Formation above a flooding surface (Chapter 2). The
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Quock Formation is conformably overlain by a variety of laterally equivalent lithofacies

assemblages of the Bowser Lake Group over a gradational contact (Evenchick et al.

2008a, 2008b, submitted).
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Figure 3.2: Generalized stratigraphic framework of the Hazelton Group showing the principal
lithostratigraphic units recognized in the Smithers-Terrace area. Shallow-marine units of the
Smithers Formation are in part laterally equivalent to the mudstone-dominated Nilkitkwa Forma-
tion, and are conformably overlain by the thinly bedded siliceous mudstone and ash tuff of the

Quock Formation. Modified after figure 2.16.

3.3  FACIES ANALYSIS AND DEPOSITIONAL ENVIRONMENTS

The geological data presented in this study primarily come from stratigraphic and

structural field mapping. In addition to the extremely well exposed Quinlan Mountain

section, which has recently been defined as the unit stratotype for the Smithers Formation

(Chapter 2), three other stratigraphic sections originally described by Tipper and Richards
(1976) were revisited during this study (i.e. Ashman Ridge, Tenas Creek and Netalzul

Mountain; figure 3.1). Measurements and sedimentological observations for each

section were recorded with 30 cm scale vertical resolution. Based on the integration of

lithological, ichnological and paleontological data, individual sedimentary units of the
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Smithers Formation were divided into six facies. The distribution and thickness of each
facies in respective measured sections are presented in figure 3.3. Recurring packages
of genetically related facies were then grouped into three facies associations, each

representing distinct depositional environments.

3.3.1. Shoreface facies association

3.3.1-1 Facies 1: Clast-supported conglomerate

Medium to thick beds of poorly sorted conglomerate characterize most of facies
1, which was only observed at the base of the Quinlan Mountain section. Grain size
varies from granule to pebble conglomerate, with less than 10% very coarse sandstone in
the matrix. Bioclastic debris comprising disarticulated marine bivalve shells is commonly
scattered throughout the unit. The remaining clasts are moderately to well rounded,
and have a modal composition dominated by white, silicified, crystal lithic dust tuff.
Individual beds are lenticular in shape and display lateral pinch-outs over a few metres.
Cross-bedding and truncated beds are common (figure 3.4A). No evidence of bioturbation
was observed in this facies.

Interpretation: The occurrence of facies 1 immediately above the subaerial
maroon rhyodacite tuff of the Telkwa Formation marks a profound change in depositional
conditions. It corresponds to the initial transgressive lag associated with inundation of the
Hazelton volcanic arc by the Middle Jurassic sea (Tipper and Richards 1976). The well-
rounded morphology of the clasts suggests significant transport and reworking prior to
deposition. The presence of trough cross-bedding and lower scoured contacts is indicative
of high energy conditions that were probably unsuitable for most shallow-marine
organisms (figure 3.4A). Other environmental parameters, such as fluctuating salinity and
elevated sedimentation rates, could have also precluded the establishment of an infaunal
community. Based on these observations, facies 1 is interpreted to have accumulated in

the upper shoreface of a coastal environment during the early stage of transgression.

3.3.1-2 Facies 2: Cross-bedded to massive sandstone

Facies 2 is present in all four measured sections, but the thickest and best
preserved exposure was observed near the base of the Netalzul Mountain section. It
consists of well-sorted, medium to coarse-grained light grey sandstone. The beds are
mostly medium to thickly bedded, and arranged in coarsening- and thickening-upward
successions (figure 3.3C). Oscillation ripple laminae, low-angle cross-stratification, and

occasional trough cross-stratification indicate that sediments were repeatedly reworked
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Figure 3.3: Detailed measured stratigraphic sections of the Smithers Formation showing the
different facies decribed in this study. A) Ashman Ridge (AR). B) Quinlan Mountain (QM). C)

Netalzul Mountain (NM). D) Tenas Creek (TC). Measured intervals are given in metres above the

base of the Smithers Formation. See figure 3.1 for location of the sections.
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by wave and current action. Multiple scour-based sandstone beds with shell fragments
and hummocky cross-stratification (HCS) are also present. Scarce ammonites, belemnites
and marine bivalves are haphazardly distributed throughout the interval. The ichnological
suite associated with facies 2 is dominated by the ichnogenus Skolithos, which consists of
vertical unbranching burrows (figure 3.4B). Skolithos is cylindrical in cross-section, 5-10
cm long, and usually shows thinly lined walls. Other common traces in sandstone beds
include Diplocraterion, Arenicolites and Cylindrichnus (figures 3.4B, C). Rare escape
biogenic structures (fugichnia) were also observed in HCS (figure 3.4D).

Interpretation: The moderate-diversity ichnological suite of predominantly
vertical, cylindrical, and U-shaped burrows identified in facies 2 is characteristic of the
Skolithos ichnofacies. This ichnofacies, found in well-sorted, loose or shifting sandy

substrates, is usually indicative of high levels of wave or current energy (MacEachern

et al. 2005a). Low angle cross-stratification and HCS present in medium- to coarse-

Figure 3.4: Shoreface facies association (facies 1 and 2). A) Trough-cross stratification in very
coarse-grained sandstone of facies 1 at Quinlan Mountain. B) and C) Bioturbated medium-
grained sandstone of the Skolithos ichnofacies (facies 2) located at the base of the Netalzul Moun-
tain section. Trace fossils include: Skolithos (Sk), Diplocraterion (Di), Cylindrichnus (Cy), and
Arenicolites (Ar). D) Hummocky cross stratification in medium-grained sandstone of facies 2 at
Netalzul Mountain. The presence of escape traces (fugichnia - fu) in these deposits attest to rapid
accumulation of sand during a storm event. Bear banger launcher for scale is 15 cm long.
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grained sandstone are interpreted to represent the combined action of currents and waves
in a high energy setting (Arnott and Southard, 1990). The moderate density of dwelling
structures made by suspension-feeding vermiform organisms suggests a low level of
water turbidity with sufficient food material held in suspension. Recurring tempestites
with fugichnia attest to high-frequency storms during which the infauna had to rapidly
adjust to a sudden increase in sedimentation rate (figure 3.4D). The occurrence of marine
fossils, combined with the absence of apparent reduction in size of marine forms, suggest
that salinity was relatively stable. When integrated with the available physical structures,
the Skolithos ichnofacies observed in the Smithers Formation is interpreted to represent

deposition in an unrestricted, storm-dominated shoreface setting.

3.3.2 Offshore facies association

3.3.2-1 Facies 3: Laminated muddy siltstone and very fine-grained sandstone

Facies 3 was observed near the top of the Smithers Formation at Netalzul
Mountain and Quinlan Mountain. It is characterized by medium to thickly bedded,
greenish-brown laminated silty sandstone, which contains a diversified marine fossil
assemblage including bivalves, belemnites and ammonites. Low-angle cross-stratification
occurs sporadically throughout the interval which indicates occasional reworking
of the sediments by bottom currents. Elsewhere, physical sedimentary structures
become indistinguishable, which suggests that they have been obliterated by intense
biogenic reworking. The ichnological suite of facies 3 is comprised of Thalassinoides,
Ophiomorpha, Teichichnus, Cylindrichnus, and Chondrites (figure 3.5A). Other less
common traces include Asterosoma, Granularia, Planolites, Palaeophycus, Zoophycos,
and Phycoshiphon. On bedding surfaces, Ophiomorpha is represented by irregular
burrow systems in which tube margins are distinctly lined with agglutinated fecal
pellets, whereas Granularia consists of fecal pellets packed in tubes (figure 3.5B). In
finer-grained intervals, Thalassinoides become more common and consist of relatively
large (1 to 2 cm diameter) galleries arranged in Y- and T-branching systems (figures 3.5
C). The cylindrical tubes display smooth unlined walls and are commonly enlarged at
junctions. Pervasive Chondrites, which consists of a complex root-like burrow system of
downward-branching tunnels, appear to crosscut most of the larger structures associated
with a shallower tier (figure 3.5D). In some cases, Chondrites is restricted to the fill of
other burrows such as Thalassinoides and Palaeophycus.

Interpretation: The high diversity of trace fossils observed in facies 3 indicates

relatively stable physiochemical conditions in a fully marine environment. Structures
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associated with deposit-feeding and grazing ethologies suggest abundant deposited food
resources and low sedimentation rates (MacEachern et al. 2005a). Facies 3 also displays
significant proportions of passive carnivore structures (Palaeophycus) and simple
feeding structure of trophic generalists (Planolites). Rare occurrence of the specialized
feeding structure Zoophycos in isolated intervals is indicative of a more complex feeding
strategy, usually reserved for deeper depositional environment where food resources are
less abundant. According to Ekdale (1985), alternating fodinichnia could correspond to
periodic changes in organic influx to the basin.

Crosscutting relationships between shallow and deep tier structures provide

information about the succession of burrows and have been interpreted in other studies

Figure 3.5: Trace fossil assemblage of facies 3 (proximal offshore). A) Ichnological assemblage
of the Cruziana ichnofacies observed at Quinlan Mountain. The high diversity and high density
of traces suggest abundant food resources and overall slow sedimentation rates. B) Ophiomorpha
traces with tube margins distinctly lined with agglutinated fecal pellets. C) Cylindrical tubes with
unlined walls characteristic of the trace Thalassinoides. Galleries are arranged in Y- and T-branch-
ing systems and commonly display enlargement at junctions. D) Mixed assemblage of Thalassi-
noides and Chondrites observed near the top of the Netalzul Mountain section. Chondrites is
commonly observed as the deeper tier structure around abandoned larger burrows filled by mud.
Trace fossils include: Thalassinoides (Th), Ophiomorpha (Op), Cylindrichnus (Cy), Skolithos
(Sk), Teichichnus (Te), and Chondrites (Ch).
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to represent environmental changes to which infaunal organism respond (c.f. Wetzel
and Uchman 2001). In facies 3, the high diversity and large size of structures associated
with the shallow tier suggest that the sediment-water interface was not significantly
affected by oxygen depletion. However, overprinting of shallow tiers by animals
producing Chondrites could reflect opportunistic feeding strategies. By maintaining
open connection to the seafloor, small polychaete worms were able to burrow down 20
cm to feed on organics concentrated in abandoned Thalassinoides and Palaeophycus
burrows (figure 3.5D). A similar situation was described by Bromley and Ekdale (1984),
in Upper Cretaceous chalk units, where they suggested that Chondrites must have been
emplaced later and at greater depth than any other associated traces. This evolution
towards a Chondrites-dominated suite with increased burial could be regarded as
indicating conditions of reduced bottom-water oxygenation, as suggested in other studies
by Rhoads and Morse (1971); Bromley and Ekdale (1984); Savrda and Bottjer (1989)
and Wignall (1991). The ichnological suite of facies 3 contains abundant and diversified
deposit-feeding and grazing structures, corresponding to a distal Cruziana ichnofacies

representative of the proximal offshore.

3.3.2-2 Facies 4: Densely bioturbated muddy siltstone and very fine-grained tuffaceous

sandstone

Facies 4 is the most widespread facies of the Smithers Formation. It represents
more than two thirds of the stratigraphic sections exposed at Ashman Ridge and Quinlan
Mountain. It is composed of interbedded greenish-grey muddy siltstone, very fine-grained
sandstone, and pale beige ash tuff. This facies is thinly bedded and sandy siltstone
beds are normally graded. Common sedimentary structures consist of low-angle cross-
lamination and asymmetric ripples. Marine bivalves found in facies 4 are diverse and
abundant. They include Plagiostoma sp., Myophorella spp., Pleuromya sp., Pinna sp.,
Grammatodon sp., Ostrea sp., Ctenostreon sp., Gervillella sp., Lima sp. and Entolium sp.
(figures 3.6A-F). Since most of these benthic organisms can only thrive within the photic
zone, water depth is interpreted to have been less then a few tens of metres. Common
ammonoids include Sonninia sp., Stephanoceras sp. and Chondroceras sp. (figures 3.6G,
H). The belemnite Cylindrotheuthis sp. is also present throughout the succession (figure
3.0l).

In addition to its abundant marine fossil content, facies 4 hosts the most
abundant and diverse trace fossil suite of the Smithers Formation. Dominant trace fossils
include Rosselia rotatus, Rosselia socialis, Cylindrichnus, Teichichnus, Palaeophycus,

Asterosoma, Chondrites, and Planolites (figures 3.7A-E). These structures constitute a
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mixed association of horizontal to vertical burrows, corresponding to a combination of
feeding burrows and permanent to semi-permanent dwellings of vermiform organisms

such as polychaete worms. Rare Thalassinoides occur immediately below 5-10 cm thick

tuff beds (figures 3.7G, H). Another less common trace fossil is Piscichnus, a concentric

iliin |I||.|.|.'-.|J|J.|...

Figure 3.6: Abundant and diversified marine fossils found in the offshore facies association
(facies 3 and 4) at Ashman Ridge and Quinlan Mountain. A) Myophorella sp. B) Ctenostreon
gikshanensis McLearn. C) Lima tizglensis McLearn. D) Pinna sp. E) Plagiostoma hazeltonense
McLearn. F) Pleuromya sp. G) Stephanoceras sp. aff. S. skidegatensis (Whiteaves). H) Sonninia
sp. ) Cylindrotheuthis sp.
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bowl-shaped trace interpreted to result from biogenically induced hydraulic excavation
of sedimentary substrates by marine vertebrate animals such as sturgeons and rays (figure
3.7F) (Gregory 1991).

Interpretation: The general abundance and high diversity of horizontal, inclined
and vertical trace fossils observed in facies 4 is characteristic of the Cruziana ichnofacies.
This ichnofacies is commonly associated with soft, cohesive muddy substrates in
a relatively low energy environment (MacEachern et al. 2005a). Predominance of

mobile and sessile deposit-feeding structures suggests that food supply was available

Figure 3.7: Trace fossil assemblage of facies 4 (inner shelf). Rare occurence of Thalassinoides
(Th) in an otherwise densely bioturbated ichnological suite suggests an impoverished Cruziana
ichnofacies. A) Cross-section view of Rosselia socialis (Ro) interpreted as a dwelling structure

of filter-feeding vermiform organisms. B) Cross-section view of 25 cm-long Cylindrichnus (Cy).
C) Cross-section view of Teichichnus (Te). D) Downward-branching galleries interpreted as the
predatory trace Palaeophycus (Pa). E) Abundant Planolites (P1) exposed on a bedding surface.

F) Large concentric trace on bedding surface interpreted as Piscichnus (Pi). G) and H) Rare oc-
curence of Thalassinoides (Th) concentrated below tuff beds. The incorporation of volcanic ash in
underlying Thalassinoides burrows indicates that crustaceans were active shortly after deposition
of the ash layer.
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in both suspended and deposited components. However, one peculiarity with the
ichnological suite of facies 4 is that traces commonly associated with crustaceans, such
as Ophiomorpha, Granularia, Gyrolithes, Thalassinoides, and Rhizocorallium, are
scarce. This is rather unusual for the archetypal Cruziana ichnofacies and suggests that
some sort of environmental stress probably inhibited crustacean activities. In a recent
survey on the global diversity of thalassinideans, Dworschak (2000) reported that the
vast majority of modern burrowing decapod shrimps are found in a restricted water depth
range between 0-20 m. Since units of facies 4 probably accumulated in relatively shallow
water environment with abundant food resources, the reasons for under-representation

of crustacean traces in this intensely bioturbated and diversified ichnological assemblage
are unclear. Hence, the trace fossil suite of facies 4 is better described as a proximal
impoverished Cruziana ichnofacies. Based on the great numbers of mollusc fossils and
the diversity and density of biogenic structures, the fine-grained sedimentary rocks of
facies 4 are interpreted to represent deposition in fully marine, low-energy conditions

usually found on the inner shelf.

3.3.3 Deltaic facies association

3.3.3-1 Facies 5: Thickening- and coarsening-upward cross-laminated sandstone

Facies 5 consists of interbedded greenish sandy siltstone and tuffaceous pale
beige fine-grained sandstone arranged in coarsening- and thickening-upward packages
of medium to thick beds (figures 3.3A, B and 3.8A). The geographic distribution of this
facies is limited to the middle part of the stratigraphic sections exposed at Ashman Ridge
and Quinlan Mountain. Common symmetrical ripples throughout the interval indicate
that sediments were continuously reworked by waves (figure 3.8B). Marine fossils such
as belemnites and bivalves are common. These strata display a moderate degree of
bioturbation in which Teichichnus and Cylindrichnus are the most common structures.

In cross-section, Teichichnus consists of unlined retrusive spreite filled by dark grey to
black mud (figure 3.8C). Well-preserved Cylindrichnus are represented by non-branching,
vertical to gently-inclined sub-cylindrical burrows with concentric layered walls. The
shafts range from 5-10 cm in length but reach up to 30 cm in some cases (figure 3.8D).
Other less common traces include Diplocraterion, Rosselia, and Planolites.

Interpretation: The density of trace fossils observed in facies 5, though moderate,
is much less than in facies 3 and 4. This suggests that one or more paleoenvironmental
factors acted as a stress on the benthic community. The preponderance of structures
produced by deposit feeders, combined with the variety of dwellings facilitating
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readjustment, are indicative of relatively high sedimentation rates in an environment
where turbidity was high enough to inhibit most filter-feeding strategies. Association of
Teichichnus, Diplocraterion and Cylindrichnus has been reported from aggradational
depositional environments, such as deltas, where the organisms consistently migrate
upward to keep pace with sedimentation (MacEachern et al. 2005¢; Buatois et al. 2008).
Although deltaic environments are commonly associated with brackish water conditions,
which could explain the reduction in number and diversity of ichnogenera observed

in facies 5, the abundant marine fossil content suggests that salinity fluctuations were
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Figure 3.8: Characteristics of the wave-dominated delta (facies 5). A) Coarsening and thickening

upward succession exposed at 45 m above the base of the Smithers Formation at Ashman Ridge.

B) Cross-section view of Teichichnus (Te) displaying retrusive spreiten. This suggests heightened
sedimentation rate locally. C) Layers of regularly spaced symmetrical ripples suggest continuous

agitation of the substrate by fair-weather waves. D) Cross-section view of Cylindrichnus (Cy).
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minimal. Also, no evidence of syneresis cracks was observed. Ichnological analyses
from various delta types have shown that marine benthic communities found in wave-
dominated deltas are less likely to be affected by reduced salinity levels compared to
their fluvial-dominated equivalents (Gingras et al. 1998; Coates 2001; MacEachern and
Loseth 2003; Bann and Fielding 2004; MacEachern et al. 2005¢). In these sedimentary
environments, wave energy generally buffers fluvial effect by dispersing suspended
sediment and mixing waters of contrasting salinity. In addition, longshore drift has
been shown to dissipate fluvial effects away from the fluvial input point, such that
deltaic stresses may be very localized (Bhattacharya and Giosan 2003). Based on these
observations, the stratal stacking pattern of facies 5 is interpreted to represent delta

progradation in a wave-dominated setting with minimal fluvial influence.

3.3.3-2 Facies 6: Fossiliferous sandy siltstone with calcareous nodules

Thin to medium sandy siltstone beds and tuffs of facies 6 were observed in close
association with interbedded units of facies 5 (figures 3.3A, B). Physical sedimentary
structures include regularly spaced symmetrical ripples and wavy mud laminations.
Systematic measurements of sub-parallel ripple crests and belemnite long-axes found
on well-exposed bedding surfaces suggest a slight preferred orientation of oscillation
currents towards NW-SE. Wood fragments, shell debris, bioherms of colonial scleratinian
corals, and serpulid worm tubes are also present (figures 3.9A, B). A distinctive feature
of facies 6 observed at Quinlan Mountain is the presence of large articulated bivalves
aligned along specific horizons (figure 3.9C). They include 20 to 25 cm long Plagiostoma
sp. and Lima sp. commonly associated with elliptical calcareous nodules up to 40 cm
long. Small scale threadlike burrows similar to the trace fossil Trichichnus linearis were
observed inside a few bivalve shells which likely provided refuge for sipunculid worms
(figure 3.9D). Other traces included Skolithos, Teichichnus, Cylindrichnus and Planolites.

Interpretation: The ichnological suite of facies 6 is somewhat similar to that
observed in facies 5 with the addition of Skolithos and Trichichnus. The occurrence of
structures produced by filter feeders suggests a return to less turbid conditions. This
is consistent with the presence of well-developed isolated patch-reefs and bioherms,
which would not have prospered under a high turbidity level. Concentration of large
articulated bivalves along individual layers probably indicates long periods of stability
at the sediment-water interface, which allowed these organisms to remain stationary
during filter-feeding (figure 3.9C). Equal abundance of deposit- and filter-feeding
structures in facies 6 indicates a mixed Skolithos-Cruziana association. Decrease of

turbidity and sedimentation rates in comparison to facies 5 reflects periods of lower
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sediment discharge. Although most wave-dominated deltas are usually associated with
extensive beach deposits which can form barrier-lagoon complexes (Bhattacharya and
Giosan 2003), the diverse marine fauna observed in strata of facies 6 suggest that open
connections to the sea were maintained. Therefore, facies 6 is interpreted as having
formed in an interdistributary-bay complex adjacent to the distributary-mouth bars where

wave influence was diminished to the point that longshore drift no longer isolated low-

energy areas from the sea by building barriers.

Figure 3.9: Characteristics of the interdistributary bay (facies 6). A) Bioherm of colonial sclera-
tinian corals. B) Well-preserved serpulid worm tubes (Sp). These organisms are indicative of fully
marine conditions in a low turbidity environment. C) Distinct layers containing large articulated

bivalves (Sh). This suggests relatively slow sedimentation rate. D) Trichichnus (Tr) observed
inside bivalve shells.
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3.4 PETROGRAPHY OF THE SMITHERS FFORMATION

3.4.1 Thin-section observations

Microscopic investigations from thin sections indicate that sandstones of the
Smithers Formation are mostly composed of volcanic lithic fragments and detrital
feldspar grains. A rough estimate of the modal composition of these rock based on the
abundance of the various grain types suggests that sandstones of the Smithers Formation
correspond to volcanic litharenites (c.f. Folk et al. 1970). Detrital grains are mostly sub-
angular to sub-rounded, and are poorly to moderately sorted. Some volcanic fragments
are composed of euhedral lathwork (twinned) and microlitic feldspar phenocrysts
arranged in an altered cryptocrystalline groundmass (figures 3.10D, F, H). Because of
their unstable chemical nature, feldspar and plagioclase grains tend to show partial to
complete replacement by calcite and authigenic clay minerals. Occasional siliceous
speckled chert grains and felsic volcanic clasts were also identified. These grains
usually display a higher degree of sphericity and roundness compared to the other lithic
fragments. Fossil-rich intervals in volcanic litharenites of facies 2 contain abundant
disarticulated bivalve fragments, which are supported in a dark brown very fine-grained
calcareous matrix (figures 3.10A, B). The intergranular lime mud matrix probably
corresponds to micrite formed as a result of microbial activity in the photic zone. This
would further suggest that strata of facies 2 accumulated in an interval of less turbidity
that allowed carbonate-producing organisms to get established. In a few places, the
carbonates experienced dissolution during later diagenesis to generate secondary porosity
in the order of 10—-15% (figure 3.10C).

Thin section observations of finer grained lithologies from units of the offshore
facies association are petrographically similar to sandstone of the shoreface and delta
facies association. The framework is a very fine-grained volcanic litharenite dominated
by lithic fragments, feldspar grains and detrital clays. Detrital feldspar and volcanic
fragments are variably altered, including albitization of plagioclases and replacement
by zeolites (figures 3.10G, H). Some detrital plagioclase grains display pronounced
replacement by secondary calcite along the cleavage planes. Diagenetic chemical
alteration of the labile volcanic fragments seems to be associated with precipitation
of authigenic clays, which form a very fine-grained argillaceous cement. A portion of
the apparently authigenic clays may also be related to recrystallization of detrital clays
(Singer and Muller, 1983) These reactions generally occur early in the diagenetic

sequence of volcanogenic sandstones (c.f. Surdam and Boles, 1979; Tang et al. 1997).
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3.4.2 X-Ray diffraction analyses

Since the majority of samples observed in this study display strong post-
depositional alteration due to the abundance of labile volcanic fragments, volcanic glass,
and detrital feldspar grains, X-Ray diffraction analyses were conducted to document
the crystallographic structure and chemical composition of the argillaceous matrix. The
most common minerals encountered are quartz, muscovite, calcite, albite and clinochlore
(figure 3.11). Preferential replacement of plagioclase and feldspar grains by calcite and
dolomite is consistent with distinctive peaks at 34° and 36° (20) respectively.

Although previous authors have suggested that glauconite was responsible for
the green color of the rocks (Tipper and Richards 1976), X-Ray diffraction analyses
performed on greenish siltstones taken from all four stratigraphic sections indicate that
clinochlore (chlorite group) is the most abundant Mg-bearing phyllosilicate (figure
3.11). Since minerals of the chlorite group are commonly found as an alteration product
of mafic rocks, recycled basalt fragments from the underlying Telkwa Formation and
contemporaneous volcanic ash are interpreted as the most likely source of iron and
magnesium. Other less abundant clay minerals include kaolinite, nacrite and rectorite
(figures 3.11A, B). These clay minerals probably precipitated from alteration of alumino-
silicates such as albite and microcline, or from diagenesis of muscovite. Illite may also
be present in the samples, but is indistinguishable from muscovite in X-Ray diffraction
analyses since both minerals have a similar 2:1 basic structure in which potassium is the
principal interlayer cation (Grodon and Eberl, 1984).

Zeolites also occur as pore-filling cement and as part of the cryptocrystalline
groundmass in some samples. Different varieties of zeolite minerals include wairakite,
analcime, and clinoptilolite (figures 3.11D, E). Formation of zeolites is most likely
derived from devitrification of the extremely labile volcanic glass present in the
volcaniclastic rocks (Hawkins 1981). According to Galloway (1979), zeolite authigenesis
is common in back-arc and fore-arc basins where volcanic rocks react with alkaline
interstitial water. The abundance of authigenic clay minerals and zeolites in the Smithers
Formation significantly reduces the porosity and permeability of the rock, which can

cause deterioration of reservoir potential.
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Figure 3.10: Thin-section photomicrographs of lithological units of the Smithers Formation. A)

and B) Fossil-rich intervals of facies 2 containing abundant disarticulated bivalve fragments (Sh).

Detrital plagioclase grains (PI) and speckled chert grains (Si) are also present in the framework.
C) and D) Coarse-grained volcanic litharenite typical of the lower Smithers Formation. Detrital
grains include: volcanic fragments (Vo), plagioclases (Pl), feldspars (Fd), and intraformational
mud clasts (Mc). Dissolution of micrite during later diagenesis produced secondary porosity in
the order of 10-15% (Po). E) and F) Strongly altered fine-grained volcanic litharenite of facies
3 and 4. Bulk of the volcanic fragments and plagioclase grains are replaced by authigenic clays
(Au) and calcite (Ca). Rare monocrystalline quartz grains (Qz) were also observed. G) and H)
Greenish volcanic siltstone showing pronounced replacement of original grains by authigenic
clays (Au). With increasing burial, the remaining porosity was filled by a variety of zeolite
minerals (Ze). This phenomenon is commonly associated with devitrification of volcanic glass in
volcanic-arc derived sedimentary rocks. PPL: plane poralized light; XPL: cross poralized light.
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Figure 3.11 (previous 2 pages): Diagrams of X-Ray Diffraction (XRD) showing the main peaks
of mineral assemblages present in the very fine-grained argillaceous matrix. Identification of the
mineral forms was based on their crystallographic structure. Major mineral phases include: quartz
(Qu), muscovite (Mu), calcite (Ca), albite (Al), and clinochlore (Cl). Common clays include:
kaolinite (Ka), nacrite (Na), and rectorite (Re). These clay minerals probably resulted from the
alteration of alumino-silicates such as albite and microcline, or from diagenesis of muscovite.
Common varieties of zeolite minerals include wairakite (Wa), analcime (Ac), and clinoptilolite
(Cp). These minerals occur as pore-filling cement, and as part of the cryptocrystalline groundmass
mainly composed of devitrified volcanic glass.

3.5 Discussion: PALEOENVIRONMENTAL IMPLICATIONS

The vertical succession of facies identified in this study clearly indicates a
retrogradational depositional trend regionally (figure 3.3). Conglomerate and very
coarse-grained sandstone are found exclusively at the base of the Smithers Formation,
where they disconformably overlie subaerial volcanic rocks of the Telkwa Formation.
These coarse-grained shoreface deposits generally fine upward into fossiliferous and
highly bioturbated siltstone and mudstone, in which physical and biogenic structures
suggest deposition in a more distal setting. This is consistent with a widespread marine
transgression over the waning Hazelton volcanic arc in the late Early to Middle Jurassic
(Tipper and Richards 1976). The best display of this transition was observed at the
Netalzul Mountain section (figure 3.3C), where cross-bedded and massive sandstone
(facies 2) is overlain by finely laminated siltstone and mudstone (facies 3). The contact
is gradational over an interval of 20 m, and marks a change from a Skolithos archetypal
ichnofacies to a Cruziana archetypal ichnofacies.

On the other hand, two other facies characterized by impoverished ichnological
suites were identified at Quinlan Mountain and Ashman Ridge. Coarsening- and
thickening-upward stacking patterns of facies 5 (figures 3.3A, B and 3.8A), in which
trace fossil are predominantly associated with deposit feeding strategies, are consistent
with deposition in a wave-dominated deltaic environment (c.f. Gingras et al. 1998;
MacEachern et al. 2005¢). Where exposed, the transition from the deltaic facies
assemblage into the offshore facies assemblage is marked by a significant increase in
trace fossil abundance. However, paucity of Thalassinoides, Gyrolithes, Ophiomorpha
and Rhizocorallium, in the otherwise diversified and densely bioturbated suite of facies
4, indicates that one or more parameters inhibited crustacean activities on the inner shelf.
Since organism behaviours and the resulting biogenic structures are principally controlled
by physio-chemical parameters, departures from the archetypal ichnofacies are attributed
to stresses operating in specific environmental conditions. According to MacEachern

et al. (2005b), the most common stresses delineated ichnologically are reduced
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salinity, oxygen depletion near the sediment-water interface, temperature, increased
sedimentation rates, heightened water turbidity, and lack of food resources. However,
given the tectonic setting in which volcanic litharenite of the Smithers Formation was
deposited, less common factors such as occasional deposition of significant ash layers
could also be envisaged. In the following sections, the potential roles played by these
different environmental parameters are considered in order to explain the departures from

archetypal ichnofacies observed in some sedimentary units of the Smithers Formation.

3.5.1 Salinity and oxygen fluctuations

Although most marginal marine settings are usually characterized by salinity
gradients that lead to impoverished ichnological suites (e.g. Pemberton et al. 1982;
Wightman et al. 1987; Pemberton and Wightman 1992; MacEachern and Pemberton
1994; Gingras et al. 1999), no clear evidence of brackish water conditions was observed
in units of the Smithers Formation in this study. Anomalous ichnological suites of facies
4 and 5 show no pronounced size reduction of structures, and the bioturbation index is
consistently moderate to high. The abundance of large and diversified marine fossils
throughout the succession reflects fully marine conditions, in which pelagic and benthic
organisms thrived (figure 3.6). Therefore, if units of facies 5 are indeed representative
of a deltaic environment, as inferred from the isolated well-defined regressive trend in a
regional transgressive setting, then fluvial-induced stresses must have been negligible. As
observed in other case studies (Bhattacharya and Giosan 2003; MacEachern and Loseth
2003; MacEachern et al. 2005¢), sustained wave energy and unidirectional longshore drift
can significantly buffer the effects of fresh water discharge at the river mouth, especially
for small ephemeral tributaries (figure 3.12). In such cases, trace fossil distribution
displaying a more marine, less stressed suite is expected updrift of the river mouth.

In a similar way, dysaerobic conditions do not seem to have played an important
role in depositional environment of the Smithers Formation. Low dissolved oxygen
concentrations are usually associated with a noticeable reduction in the size of burrows,
and affect the diversity of ichnogenera markedly (Savrda and Bottjer 1989; Wignall
1991). Although a deeper tier of low-diversity Chondrites was observed in the mud-rich
distal Cruziana assemblage of facies 3, the high diversity and large size of structures
associated with the shallow tier suggest that the sediment-water interface was not

significantly affected by oxygen depletion.

3.5.2 Increased water turbidity and sedimentation rates

The preponderance of structures produced by deposit feeders in interbedded
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sandstone and siltstone of facies 5 is interpreted to represent conditions of elevated
turbidity in the water column. This bias towards deposit-feeding ethologies is typically
derived from the fact that high suspended loads tend to clog the filter-feeding apparatus
of organisms, while lowering the overall concentration of available organic material
(Gingras et al. 1998; MacEachern et al. 2005b; 2005¢). Consequently, this leads to a
reduction of Skolithos ichnofacies structures while Cruziana ichnofacies elements remain
abundant. These characteristics are considered typical of deltaic conditions (e.g. Moslow
and Pemberton 1988; Gingras et al. 1998; MacEachern et al. 2005c). Close association
of facies 5 and 6 suggests that sedimentation was episodic and overall sedimentation rate
was relatively low. Concentration of large articulated bivalves along distinct layers of
facies 6 indicates extended periods of non-deposition (figure 3.9C).

Although heightened turbidity levels might explain the impoverished ichnological
assemblage in deltaic units of facies 5 reasonably well, the same argument does not
apply for departures observed in facies 4. Filter-feeding traces such as Rosselia rotatus
and Rosselia socialis are common (figure 3.7A), and the beds are heavily bioturbated
throughout the succession. This suggests slow sedimentation rate in an overall low
turbidity environment, in which suspended and deposited food resources were present in

sufficient quantity to support a large and diverse infaunal community.

3.5.3 Deposition of ash layers (event beds)
The high proportion of tuff beds in the Smithers Formation indicates that

sedimentation was contemporaneous with distal volcanism (figure 3.12). These tuff beds
are especially well preserved in offshore units deposited on the inner shelf, where fair-
weather wave activity was not significant. Frequent accumulation of 5-10 cm thick ash
layers on the sea-floor repeatedly provided a new substrate, which could have affected
the infaunal community. Wetzel (2002, 2008) recently documented the impacts of syn-
sedimentary volcanism on benthic organisms in modern deep-marine turbidites of the
South China Sea. According to Wetzel (2008), colonization of an ash layer shortly after
the widespread 1991 Pinatubo volcanic eruption provides evidence for the restoration
of the endobenthos. More specifically, Wetzel (2008) noted that Thalassinoides were
commonly observed as the deepest tier of the post-recovery trace assemblage, whereas
traces made by polychaetes tend to be missing when the ash layer exceeds 5 cm in
thickness.

In units of the Smithers Formation, the few Thalassinoides identified in facies
4 are separated from the more representative, highly diverse ichnological assemblage

dominated by polychaete traces, and appear to be concentrated below isolated tuff beds
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(figures 3.3 and 3.7G). The burrows commonly contain ash, indicating that they were
produced after deposition of the ash layer and filled by the burrowing organisms (figure
3.7H). This suggests that the burrowing shrimps were able to colonize the new substrate
rapidly and exploit this open niche to their advantage. A similar scenario was documented
by Grimm and Follmi (1994) in hemipelagic sedimentary rocks of the San Gregario
Formation in Baja California, in which Thalassinoides traces are exclusively associated

with gravity-flow event deposits. In their doomed pioneer model, Follmi and Grimm
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Figure 3.12: Conceptual diagram showing the interpreted depositional model of the Smithers
Formation and the distribution of facies. See figure 3.3 for legend details.
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(1990) proposed that crustaceans were introduced into a new environment during some
type of turbulent event, but persistence of dysaerobic conditions limited their survival.
However, in contrast to the doomed pioneer model (Follmi and Grimm 1990), it is
unlikely that crustaceans of facies 4 were introduced during deposition of an ash layer.
The data suggests that trace makers of Thalassinoides were preferentially able to survive
the deposition of 5-10 cm thick ash layers; present in small numbers, or in an adjacent
environment prior to ash deposition, they were able to exploit the environment of facies 4
when the majority of polychaetes were eliminated during the volcanic event. Eventually,
the resident community largely composed of polychaetes re-established itself, but it

remains unclear why arthropods became less abundant at this point.

3.6 CONCLUSIONS

Integration of lithological, petrological and ichnological data collected from
four detailed measured sections in north-central British Columbia allow for a better
understanding of the sedimentary environment in which volcanic litharenite of the
Smithers Formation was deposited (figure 3.12). At Netalzul Mountain, a gradual change
from a sandstone-rich Skolithos ichnofacies towards an intensively bioturbated, finer-
grained Cruziana ichnofacies indicates a retrogradational trend in an unrestricted storm-
dominated shoreface environment. This is consistent with the widespread transgression
proposed by Tipper and Richards (1976) in late Early to early Middle Jurassic. An
isolated regressive event marked by a thickening- and coarsening-upward succession was
identified at Ashman Ridge and Quinlan Mountain (figures 3.3A, B and 3.8A). The high
proportion of mobile deposit feeder traces and readjustment structures in sandy substrate
suggest a turbid environment with moderate sedimentation rates commonly observed in
deltaic environments (Gingras et al. 1998; MacEachern et al. 2005¢). Although there is
a noticeable absence of filter-feeding structures in these units, the impoverished deltaic
ichnological suite shows no sign of brackish water influence, which suggest that fluvial
effects were minimal. Therefore, the regressive cycle observed at Quinlan Mountain
and Ashman Ridge probably corresponds to accumulation in a restricted, updrift portion
of a wave-dominated delta (figure 3.12). These units are overlain by a thick package of
intensively bioturbated sandstone, siltstone, and tuff, in which sedimentary structures
and trace fossils are consistent with accumulation on the inner shelf. However, rare
occurrence of traces attributed to decapod crustaceans, in this otherwise diversified
ichnological assemblage, suggest some sort of environmental stress. Since none of
the most common control parameters (i.e. salinity, oxygen, temperature, turbidity,

and sedimentation rate) seems to have affected the infaunal community, the poor
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representation of crustacean traces in facies 4 must have some other explanation. The
rare Thalassinoides, mostly concentrated near or below distinctive tuff beds, represent
opportunistic organisms that benefited from introduction of event beds and rapidly
colonized the 5—10 cm thick tuff layers. The Smithers Formation thus clearly documents
the modification of archetypal ichnofacies by volcanic activity. Return to more normal,
but still ash-influenced conditions, led to re-establishment of the diverse and abundant
polychaete community and demise of the the opportunistic crustaceans. Nevertheless, the
response of shallow marine burrowing organisms to rapid deposition of ash beds remains
poorly understood, and would greatly benefit from additional case studies of modern

analogues, in which individual ecological parameters could be calibrated.
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CHAPTER 4: JURASSIC SUBSIDENCE HISTORY OF THE HAZELTON
TROUGH—BOWSER BASIN IN THE AREA OF TODAGIN MOUNTAIN,

NORTH-CENTRAL BRITISH COLUMBIA, CANADA?

4.1 INTRODUCTION

The Bowser basin is a large sedimentary basin that developed during late Middle
and Late Jurassic time on the Stikine terrane in the Intermontane Belt of the Canadian
Cordillera in British Columbia (figure 4.1). Its tectonic evolution records the deposition
of a thick (>6 km) sedimentary succession over the Lower to Middle Jurassic Hazelton
trough (Evenchick and Thorkelson 2005). Recent work by the Geological Survey of
Canada has shown the existence of an effective petroleum system in the basin, which
already has significant proven coal resources (Bustin and Moffat 1989; Ryan and Dawson
1993; Evenchick et al. 2002, 2003; Osadetz et al. 2003; Ferri et al. 2004; Osadetz et al.
2007).

Models for the origin of the basin are based on regional stratigraphic relationships
and interpretations of tectonic setting. One model proposed by Eisbacher (1985) and
elaborated by Ricketts et al. (1992) suggests that overthrusting of the Cache Creek
terrane (figure 4.1) in the Aalenian was responsible for flexural subsidence of Stikinia
which created the accommodation space necessary to generate the Bowser basin. Other
postulated basin-forming mechanisms include crustal stretching during a rifting episode
on Stikinia (Anderson 1993; Thorkelson et al. 1995), a forearc setting (Dickinson 1976),
and a strike-slip setting (Greig et al. 1991). Basin subsidence is also interpreted to
have been a result of a combination of thermal contraction, sediment load, and flexure
associated with obduction of Cache Creek terrane (Evenchick et al. 2007).

In this paper, we present the results of the first quantitative analysis of
subsidence for the upper Hazelton and Bowser Lake groups, from examination of Lower
Pliensbachian to Middle Oxfordian successions exposed at the northwestern limit of the
Bowser basin (figure 4.2). By determining how and when most of the accommodation
space was generated, we hope to determine the origin of this part of the basin and shed
light on the timing and nature of terrane accretion in the Middle Jurassic. Understanding
the tectonic setting of the Bowser basin has important implications for the evolution of

the Canadian Cordillera and for the petroleum prospectivity of the basin.

3 A version of this chapter has been published. Gagnon, J -F., Evenchick, C.A., Waldron, J.W.F,
Cordey, F. and Poulton, T.P. 2009. Bulletin of Canadian Petroleum Geology, vol. 57, no. 4, pp.
430-448.
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4.2  GEOLOGICAL SETTING AND STRATIGRAPHY

The allochthonous Stikine terrane, on which the northern Bowser basin was
developed, consists mainly of Lower Devonian to Middle Jurassic magmatic arc rocks
and associated sedimentary units (Anderson and Thorkelson 1990; Brown et al. 1991;
Anderson 1993; Gunning et al. 2006). Most earlier studies suggest that the Stikinia

substratum is isotopically primitive, mantle-derived and Paleozoic in age or younger

t‘f\

12n0
~. 120
T 60°
. I
: c/
YL
19 !
' !
D !
A
2 ‘; i
wo\ o 200
.~
v ; km

cee L
O -7
e

<)
W e -

Vo
[ Bowser Basin ty
[ Stikine Terrane 49°
1 Cache Creek Terrane

[ Yukon Tanana Terrane and related terranes
----Limit of major tectonic belts
----- Political boundaries

[ ] Quatemary I Eaglenest assemblage
[ | Devils Claw assemblage [ | Skelhome assemblage
] Jenkins Creek assemblage [ Muskaboo Creek assemblage
[ ] Groundhog-Gunanoot assemblage [ | Undivided Bowser Lake Group

[ Todagin assemblage
I Ritchie-Alger assemblage
| Upper Hazelton Group
[ ] Lower Hazelton Group
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(Gabrielse et al. 1980; Samson et al. 1989; Greig and Gehrels 1995). This is consistent
with SNORCLE seismic reflection profiles which indicate that for the most part, the
Stikine terrane is not underlain by evolved continental crust except for a tapering wedge
to the northeast (Snyder et al. 2002; Cook et al. 2004; Evenchick et al. 2005). On the
other hand, the presence of an evolved Precambrian basement in the Stikinian subsurface
was proposed by Thorkelson et al. (1995) based on discordant zircons. This might
correspond to a minor local component in an overall juvenile crust.

The evolution of the Stikine terrane is characterized by three major episodes
of volcanic activity represented by: the Lower Devonian to Upper Permian Stikine
assemblage; the Middle to Upper Triassic Stuhini Group; and the widespread Lower to
Middle Jurassic Hazelton Group (figure 4.3) (Alldrick 1993; Anderson 1993; Thorkelson
et al. 1995). According to Tipper and Richards (1976), rocks of the Hazelton Group
were deposited within the Hazelton trough, in which subsidence by graben faulting
was continuous during most of the Early to Middle Jurassic. Field relationships within
the northwest parts of the Hazelton trough combined with U-Pb geochronologic and
biostratigraphic data have shown that calc-alkaline volcanic units of the lower Hazelton
Group are unconformably overlain by Pliensbachian to Toarcian volcanic rocks and
associated shallow-marine sedimentary rocks of the upper Hazelton Group (Greig and
Gehrels 1995; Thorkelson et al. 1995; Chapter 2). This regional unconformity marks
an important change from a volcanic-dominated depositional regime to a subsiding
sedimentary basin with waning volcanic activity. Geochemical analyses of Hazelton
Group volcanic rocks in the vicinity of Joan Lake (figure 4.1) show pronounced
bimodality of silica concentrations and great variability of trace element compositions
(Thorkelson et al. 1995), characteristics commonly observed in profiles of volcanic
rocks deposited in extensional settings (Martin and Piwinski 1972; Strong 1979;
Bacon et al. 1984). Other indications of extension west of the Bowser basin during
deposition of the upper Hazelton Group are volcanic-hosted massive sulphide deposits
(VHMS) accumulated on the sea-floor of a dissected fault-bounded basin (Anderson
and Thorkelson 1990; Barrett and Sherlock 1996; McDonald et al. 1996; Roth 2002;
Alldrick et al. 2005). In the area of this study, the laterally equivalent marine sedimentary
succession of the upper Hazelton Group is capped by laminated radiolarian mudstone
and recessive tuff bands which were originally assigned to the Quock Formation of
the Spatsizi Group by Thomson et al. (1986); these units were later lowered in status
to member and formation by Evenchick and Thorkelson (2005), but more recently re-
elevated to the rank of formation (Chapter 2). Because the Pliensbachian to Bajocian

sedimentary rocks of the upper Hazelton Group are conformably overlain by the Bowser
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Lake Group with a gradational contact, we believe that they represent a continuous

sedimentary succession with local disconformities associated with short periods of non-

deposition.
System| Stage Ma| Group Formation, units and thickness (m)
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Tithonian 2 Skelhorne
R 2 Muskaboo™s assemblages
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Figure 4.3: Simplified stratigraphic chart of the units found in the Spatsizi map sheet 104H.
Modified from Evenchick and Thorkelson (2005).

The term Bowser group was originally assigned informally to an assemblage of

mudstone, sandstone and conglomerate exposed around Bowser Lake during “Operation
Stikine”” conducted by the Geological Survey of Canada (1957). After Duffell and Souther

(1964) proposed an Upper Jurassic to Lower Cretaceous age for those sedimentary rocks,

Tipper and Richards (1976) extended the group to the area around Smithers and changed

the name to Bowser Lake Group. They described it as a thick assemblage of marine

and non-marine sedimentary rocks deposited in the Bowser basin. Tipper and Richards

(1976) assigned a Middle to Upper Jurassic age to the group, based on an extensive fossil
collection. In the north of the basin, Evenchick and Thorkelson (2005) showed that
lithologically similar strata, included in the Bowser Assemblage by Eisbacher (1974),
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are as young as mid-Cretaceous. The Bowser Lake Group, thus defined, consists of at
least 6000 m of siliciclastic sedimentary rocks (Evenchick and Thorkelson 2005). This
thick sedimentary package represents a generally shallowing-upward succession that is
divided into diachronous lithofacies assemblages defined by sedimentological features
(Eisbacher 1974; Evenchick et al. 2001; Evenchick and Thorkelson 2005). Submarine fan
turbidites at the base pass upward and laterally into slope, shelf, deltaic and fluvial facies
near the top of the succession. In the northern two-thirds of the basin these lithofacies
assemblages likely prograded towards the south and southwest during Bathonian to Early
Oxfordian time, as they continuously overlap in age and become progressively younger
towards the south (Evenchick and Thorkelson 2005).

At the northwest edge of the basin, in the vicinity of Todagin Mountain (figure
4.2), Lower Pliensbachian to Toarcian bimodal volcanic flows interbedded with shallow
marine sedimentary rocks of the upper Hazelton Group unconformably overlie subaerial
welded tuffs and oxidized volcaniclastics (figure 4.4). The succession includes marine
pillow basalts, hyaloclastites, and fine-grained sedimentary units with diagnostic
Pliensbachian ammonoids, such as Dubariceras freboldi and Oistoceras sp., confirming
the ages previously determined by Palfy et al. (2000) and Evenchick et al. (2001).
Friedman and Ash (1997) also reported a radiometric age of ca. 181 Ma from a felsic
layer within the bimodal succession, indicating that the top of this unit could be as young
as Late Toarcian. Geological mapping suggests that the interbedded volcanic flows and
sedimentary rocks are preserved preferentially in fault-bounded structures (figure 4.2),
consistent with deposition in a graben system that was inverted during later deformation.
A shallow discordance within the Pliensbachian interval was observed in the field. Fossils
collected immediately above and below the discordance indicate no significant hiatus,
which suggests that the discordance developed during syn-sedimentary faulting.

These units are overlain by 110 m of interbedded siliceous mudstone and
tuffaceous siltstones of the Quock Formation (Evenchick and Green 2004; Chapter 2).
Although no fossils were recovered in the Quock Formation at Todagin Mountain, well
documented collections of ammonites in lithologically equivalent stratigraphic units 65
km to the east near Joan Lake yielded an Aalenian to Early Bajocian age (Thomson et al.
1986; Poulton and Tipper 1991; Chapter 2). The fine grain size, lack of bioturbation, and
absence of wave-generated sedimentary structures, combined with significant organic
content in the radiolarian mudstone near Joan Lake (figure 4.1) (TOC values of 1.74 to
3.45%, Ferri and Boddy 2005), suggest that the sediments accumulated mainly from
suspension in a deep-marine, anoxic environment. Approximately 3 km northeast of

the measured section, outside the graben structures (figure 4.2), the Quock Formation
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overlies successively older rocks indicating an unconformity (Evenchick and Green
2004). On the other hand, in the Joan Lake area (figure 4.1), the formation rests without
apparent discordance on the Pliensbachian to Toarcian sedimentary units of the Spatsizi
River Formation (Thomson et al. 1986; Chapter 2). These relationships suggest that the
base of the Quock Formation represents a regional deepening and transgression across an
irregular topography of lower Hazelton Group rocks.

The Quock Formation is conformably overlain by a broad variety of lithofacies
assemblages of the Bowser Lake Group. These rocks are superbly exposed in continuous
sections 8 km to the south on Tsatia Mountain (figure 4.2), where they were examined
in detail by Green (1991, 1992) and Evenchick and Green (2004). The lowermost units
observed by Green (1991) are part of the pro-delta slope facies which includes at least
1100 m of dark grey siltstones monotonously interbedded with buff-weathered mudstones
and very fine grained sandstones. Thick (30 m) conglomerate bodies are embedded in the
fine-grained strata and represent a series of coalescent wedges that overlap one another
(Green 1991). This unit was later assigned to the Todagin assemblage by Evenchick and
Thorkelson (2005). According to Ricketts and Evenchick (1991), these sedimentary rocks
were deposited on a slope where channelized conglomerates constituted infills of incised
canyons and gullies. Soft-sediment deformation structures and debris flows are common
in this unit, probably reflecting slope instability induced by high sedimentation rate and
over-pressuring. Marine fossils found at the base of the Todagin assemblage indicate an
Early Bathonian age (Green 1992) (Table 1).

Up-section, the sandstone content of the Todagin assemblage increases gradually
and bioturbation becomes more common, marking a transition into a shallow marine shelf
succession (Green 1992) correlated with the Muskaboo Creek assemblage (Evenchick
and Thorkelson 2005). In this assemblage, trough-cross stratification and planar beds
are common in medium to coarse-grained sandstone. Cyclicity in both lithology and
fossil content suggests relatively shallow waters which were sensitive to base level
fluctuations producing transgressive and regressive events (Green 1991). In a number of
sections measured by Green (1992), the Muskaboo Creek assemblage ranges in thickness
from 200 to 1050 m and is constrained to Lower Callovian—Lower Oxfordian by
paleontological data (Evenchick and Thorkelson 2005) (Table 4.1). The shelf assemblage
is overlain by 250 m of rusty weathered chert-pebble conglomerates of the fan-delta
Eaglenest assemblage (Green 1992; Evenchick and Thorkelson 2005). Coarsening-
upward cycles and diversely oriented delta fronts within sheet-like units led Ricketts
and Evenchick (1991) to interpret the depositional environment as coalescent fan deltas

or gravel bars on braided deltas. Rare bivalves and ammonites within the conglomerate
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indicate an Oxfordian to Kimmeridgian age (Green 1992).
SW NE

Figure 4.4: Upper Pliensbachian to Lower Toarcian? stratigraphic succession (interval 355-460 m
of figure 4.5) showing laminated fine-grained sandstone and siltstone overlain by a thick unit of
pillow basalt (MPB). Person in circle for scale.

4.3 METHODS AND DATA

4.3.1 Subsidence analysis

Strata of the upper Hazelton Group and Bowser Lake Group exposed near
Todagin Mountain provide an excellent record of the subsidence of the northwest portion
of the basin. Because much of the stratigraphic column records the transition from pro-
delta slope to shallow marine shelf and coastal environments, in which water-depth can
be reasonably inferred, the amount of accommodation space can be deduced from the
thickness of stratigraphic units.

In subsidence analysis, isolation of the tectonic component can provide insights
into the evolution of sedimentary basins (Bond and Kominz 1984; King 1994; Waldron
et al. 1996; Prigmore et al. 1997; Lin et al. 2003). This enables the tectonic subsidence
history of a sedimentary basin to be compared with theoretical curves associated with
specific basin-forming mechanisms. Concave-upward profiles are commonly related
to rifting events and subsequent cooling of the lithosphere (Steckler and Watts 1978;
Keen 1979; Angevine and Turcotte 1981; Watts 1982). According to McKenzie’s (1978)
uniform stretching model, instantaneous extension of continental lithosphere by a factor
B will produce passive upwelling of the asthenosphere in response to crustal thinning.
Subsequent thermal subsidence takes place as the lithosphere cools and thickens, and

the isotherms return to their pre-stretching position. On the other hand, most tectonic
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foreland models predict an acceleration of subsidence with time, represented by convex-
upward profiles, whether in basins developed on ancient cratonic crust (Price 1973;
Beaumont 1981; Jordan 1981; Turcotte and Schubert 2002) or on more juvenile arc-
dominated crust (King 1994; Trop and Ridgway 2007).

Selected stratigraphic sections of the Bowser Lake Group, previously measured
and described by Green (1991, 1992) were revisited. Additional paleontological
collections and observations were made on a section of upper Hazelton Group and lower
Bowser Lake Group strata west of Todagin Mountain (Gagnon et al. 2007) and were
added to the data set. The stratigraphic sections of Green (1991, 1992), as compiled by
Evenchick and Thorkelson (2005), were extended downward with the new data to obtain

a composite section with known paleontological ages at different horizons (figure 4.5).

4.3.2 Decompaction

In order to estimate the true thickness of a stratigraphic interval before burial, it
is necessary to remove the effect induced by compaction. Landmark work on sediment
compaction by Athy (1930) proposed an exponential decrease of porosity during burial.
Following the same idea, Sclater and Christie (1980) empirically determined parameters
for sediment compaction curves using an exponential porosity—depth relationship:

Porosity at depth y: O =0, e
where @ is the initial porosity of the sediment and ¢ is a coefficient describing the rate at
which porosity decreases with depth.

In this study, ® and c are estimated based on values empirically determined by
Sclater and Christie (1980) for the observed relative abundance of sandstone, siltstone
and mudstone in stratigraphic interval where there are good age constraints. These values
are then entered in the general decompaction equation to obtain the original thickness
of the sedimentary column before burial. The method for determining the extent of
decompaction is an iterative procedure (Allen and Allen 2005). We used an equivalent
formulation in a Microsoft Excel spreadsheet and applied iterative recalculations that
allows the values to converge on a unique solution that satisfies the decompaction
equation (Waldron and Bradley 2006).

Because the Bowser Lake Group was exhumed after its maximum burial, the
observed porosity of the rocks is a function of burial under an unknown thickness of
younger strata that have been removed by erosion. In order to evaluate any effect of
removed overburden, helium porosity measurements were performed on samples of silty
sandstones located at 2285 m on the measured section (figure 4.5). Calculated porosity

measurements yielded values of 1.45% +/- 0.50%, which corresponds to a depth of
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burial greater than 8 km according to the Sclater and Christie (1980) curve. However,
large errors in burial depth estimation can occur when using an exponential function for
low porosity values; other authors (Selley 1978; Magara 1980; Korvin 1984; Issler and
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Figure 4.5: Composite stratigraphic section summarizing sedimentary facies distribution and
thickness of lithostratigraphic units. Numbers 1 to 31 correspond to fossil localities used to
construct the cross-section shown in figure 4.2. Stratigraphic section compiled from figure 48 of
Evenchick and Thorkelson (2005).
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Beaumont 1988; Palciauskas and Domenico 1989; Issler 1992) have suggested that a
linear reduction of porosity with depth as a result of compaction is more appropriate. In
the case of a linear porosity—depth relation, sediment compaction is usually completed in
the first 4 km of burial so that only a lower limit of removed overburden can be derived
from low porosity values (Issler 1992). In addition, the presence of diagenetic calcareous
cement filling most of the remaining primary porosity in the Bowser Lake rocks is

likely to alter the compaction estimates, whether the algorithm is linear or exponential.
In the case of the Todagin section, maximum paleotemperature values inferred from
vitrinite reflectance Ro data on Middle Callovian Muskaboo Creek strata near Tsatia
Mountain also suggest a more conservative estimate for maximum burial; Stasiuk

et al. (2005) obtained Ro of 1.1 to 1.2 % which correspond to an average maximum
temperature between 120—160°C. These results are consistent with apatite fission-

track thermochronology analysis, which has shown average peak burial temperatures

of >135°C for equivalent strata (O’Sullivan et al. 2005). Based on these results and
available bottom-hole temperature well profiles, Majorowicz and Osadetz (2008)
estimated a regional paleogeothermal gradient of 37°C / km which would correspond

to a total erosional denudation of approximately 4 000 m. Consequently, this value is
used as a lower estimate for overburden thickness, although the choice of a greater value
would have little effect on the results of our decompaction calculations because the initial

porosity of the sedimentary rocks is almost entirely eliminated at these depths (figure
4.6).

4.3.3 Age Ranges

Table 4.1 summarizes the available paleontological data used in this study.
Chronostratigraphic assignments obtained from marine fossils are related to absolute time
using the geological time scale of Gradstein et al. (2004), modified to take into account
the recently revised Oxfordian—Kimmeridgian boundary (154.1 +/- 2.2 Ma; Selby 2007).
Although uncertainties on absolute ages of stage boundaries in the Middle Jurassic are
significant, the relative durations of stages are better constrained. The estimated 2-sigma
error assigned to stage duration provided in Gradstein et al. (2004) is used to calculate the
error for data points.

An additional uncertainty arises from positioning of fossil locations when
integrating data from multiple stratigraphic sections. In order to deal with these
uncertainties, additional fossil locations from this study were projected onto a cross-
section on which time lines and sedimentary facies boundaries were constructed. The

resulting cross-section of figure 4.2 incorporates lithostratigraphic profiles and time lines
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of Ricketts and Evenchick (1991), and a structural profile with previous fossil localities
after Evenchick and Thorkelson (2005). The cross-section shows how facies boundaries
become progressively younger to the south, indicating a southward progradation of
deltaic systems in the Middle to Late Jurassic (Evenchick and Thorkelson 2005). The
thickness of each chronostratigraphic unit was then corrected for post-depositional

decompaction to determine sediment accumulation with time (figure 4.6).
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Figure 4.6: Burial history diagram corrected for sediment compaction showing the amount of
sedimentation through time. Bold curve represents the position of the basement below sediment
surface. Time scale from Gradstein et al. (2004).

4.3.4 Eustasy and water depth

Eustatic change and water depth can have a significant impact on subsidence
curves, especially for deep marine conditions. Information on water depth is usually
deduced from benthic fossil records, sedimentary facies and geochemical signatures
(Allen and Allen 2005). In the absence of consistent benthic fossil information for the
Bowser basin, sedimentary structures that reflect physical processes are used to estimate
water depth. However, such structures are not necessarily diagnostic of specific water
depth. For example, there is incomplete information on the size and the geometry of
the basin and therefore the depth of storm wave base is uncertain. If the Bowser basin
was open to the Panthalassan Ocean to the west, as proposed by Poulton et al. (1994), it
would have had a fetch resulting in waves with great wavelength and amplitude. In this
case, sedimentary structures generated by storm waves could have conceivably occurred

at depths up to 100 m.

111



The base of the composite stratigraphic section contains interbedded bimodal
subaqueous volcanic flows and marine sediments that disconformably overlie a subaerial
unit of welded tuff and oxidized volcaniclastics (figure 4.4). A high proportion of
terrestrial debris along with sparse bioturbation and oscillation ripple marks suggest
that most of the Pliensbachian—Lower Toarcian succession was dominated by shallow
water environments. Establishment of deep water conditions (> 500 m) by the Aalenian
is inferred from the characteristics of the Quock Formation (Thomson et al. 1986). This
condensed section consists of unburrowed finely laminated radiolarian mudstone and tuff,
mainly deposited from suspension in an anoxic environment, and is completely devoid of
coarse clastic input.

The prodelta slope facies of the Todagin assemblage is dominated by thinly
bedded turbidites with abundant soft-sediment deformation features that attest to a deep-
marine slope environment (Ricketts and Evenchick 1991; Evenchick and Thorkelson
2005). Fine parallel-laminated siltstone and mudstone are locally incised by coarse-
grained meandering channel complexes. The absence of wave-generated structures
suggests that the depth of water was at least 100 m at the time of deposition. Hummocky
cross-stratification and planar cross-bedding occur at the base of the Muskaboo Creek
assemblage and become more common up section (Green 1992). Increasing grain size
along with more diversified bioturbation indicators are probably correlative with an
overall shallowing on the marine shelf. Near the top of the Muskaboo Creek assemblage,
repetitions of sedimentary facies reflect relatively shallow water conditions which
would have been sensitive to eustasy (Green 1991). Since the fluctuations of sea-level
during the Late Callovian were probably in the order of a few tens of metres (Haq et al.
1987; Sahagian et al. 1996), it is reasonable to infer that water depth must have been
less than 50 m. Rusty-weathered chert-pebble conglomerate, coarsening-upward cycles
and abundance of terrestrial plant fragments in the Eaglenest assemblage (Ricketts and
Evenchick 1991) attest to a near-shore environment where water depths were probably in
the range of 25 m or less. Even though development of local swamps on the braided delta
plain led to deposition of coal, rare marine fossils throughout the succession indicate that
sediments accumulated near sea-level.

Uncertainties associated with eustatic variations are minor compared to those
attributed to paleo-water depth. The eustatic curve from Haq et al. (1987) suggests that
sea level remained generally low throughout the early and middle Jurassic, with the
exception of a minor rise in the Bajocian. After falling again in the Bathonian, the long
term sea-level trend was reversed at the onset of the Callovian and continued to rise

until the Kimmeridgian. Another eustatic curve proposed by Sahagian (1996) displays
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similar long term trends, with more pronounced high frequency sea-level oscillations
for the Middle and Late Jurassic. The quantified eustatic curve of Haq (1987) was used
to calibrate the detailed subsidence curves because it provides detailed information

for the entire Jurassic. Subsidence analyses for the basin examined are not sensitive to
the precise curve used, as stratal thicknesses are much greater than the global range of

eustatic variation.

4.4  SUBSIDENCE HISTORY

By applying decompaction calculations to detailed measured stratigraphic
sections in the Todagin Mountain area, we are able to restore each sedimentary layer to
its original thickness at the time of deposition to produce a burial history diagram (figure
4.6). Once all stratigraphic layers of the section have been successively decompacted,
the restored sediment thickness is added to the approximate water depth at the time of
deposition of each unit, to calculate the accommodation space at that specific time. The
accommodation space is then adjusted for eustatic variations to determine the subsidence
history of the basin. The total subsidence equation is therefore:

H=H,-ASL+W_ +S
where H is the total subsidence, H| is the initial elevation of the basin floor, ASL is the
eustasy, W is the water depth and S represents the sediment thickness corrected for
compaction (Allen and Allen 2005).

Figure 4.7 shows the effect of corrections for decompacted sediment thickness,
water depth and eustasy on the subsidence curves. In decompaction analysis, imprecise
assumptions of parameters for the porosity-depth relationship can affect the predicted
subsidence curve in the order of 100 m or less (Gallagher 1989). Lacking in-situ porosity
measurements at depth for the Bowser basin, uncertainties related to the use of Sclater
and Christie’s (1980) compaction parameters are included in the errors shown in figure
4.7.

Although sea-level fluctuations are relatively well constrained for the Jurassic
period (Haq et al. 1987), the errors associated with water depth estimation remain
significant. For the deep-water sedimentary rocks deposited during the Aalenian and
Bajocian, the uncertainty could be as much as 3000 m. In addition, the age constraint
associated with this interval is relatively poor because of the scarcity of available
paleontological data. Thus, many different subsidence curves would be consistent with
the data. Possible subsidence histories within the range portrayed by figure 4.8 have
specific implications for tectonic history and stratigraphy. To explore these in detail it is

necessary to distinguish between the tectonic and isostatic contributions to subsidence.
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Figure 4.7: Possible subsidence curve corrected for eustasy (bold dotted line; curve from Haq
(1987)) and water depth. Estimated sea-floor position is shown by continuous line below the
eustatic curve. Position of the basin floor is represented by the bold curve. Uncertainties on
paleobathymetry are shown in dotted rectangles (relative to the sea-floor position) whereas solid
rectangles (positioned relative to subsidence curve) represent potential inaccuracies in positioning
of fossil locations on the cross-section, and potential errors in the duration of chronostratigraphic
units. Time scale from Gradstein et al. (2004).

4.5 IMPLICATIONS OF SUBSIDENCE HISTORY

4.5.1 Backstripping

Backstripping attempts to remove the effect of sedimentary loading to isolate
the component of subsidence driven solely by tectonic processes. The significance
of sedimentary loading depends in part on the flexural behaviour of the lithosphere.
Deposition of the upper Hazelton Group rocks in Early to Middle Jurassic occurred over
a young and hot lithosphere dominated by volcanic arc rocks. Even at the present day,
thermal investigations indicate high heat flow (90 mW/m?) in the Intermontane Belt,
which can be attributed to the presence of a thin (60 km) and weak lithosphere (Lewis
et al. 2003). These high heat flow values exert a primary control on the elastic effective
thickness (Te), estimated at 25 km for the Bowser basin (Flueck et al. 2003). Because the
tectonic setting in the Middle Jurassic was characterized by active subduction and terrane
accretion, it is likely that the lithosphere was significantly warmer and weaker than it
is today, as suggested by Majorowicz and Osadetz (2008). Based on this assumption,
the loading effect on subsidence can be calculated using a simple Airy isostatic model

in which the lithosphere is assumed to be completely weak such that any applied load
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is locally compensated by depression of less dense lower crust into more dense mantle
(McKenzie 1978). In reality, the lithosphere always has a flexural strength and it is likely
that the sediment load will be compensated by deflection over a large distance rather
than locally; this distance is likely to be greater in regions of low geothermal gradient,
such as fore-arc basins. However, if the flexural thickness of the lithosphere is relatively
small compared to the width of the basin the sediment load is weakly supported and
the utilisation of Airy-type isostasy is appropriate (Allen and Allen 2005). For a broad
basin with a young volcanic substrate, such as the Hazelton trough—Bowser basin,
the assumption of Airy isostasy as a first order approximation is reasonable. For Airy
isostasy, the tectonic component of subsidence (Y) involving a basement with overlying
column of water filled to constant sea-level is given by:
Y=S[(p,-p)/(p,—P)]-ASL[p /(p, p,)]1+[W,— ASL]
where S is the thickness of the sedimentary column corrected for compaction, ASL is the
eustatic change, W _ is the paleowater depth, p_, p_and p_are mantle (3300 kg/m*), mean
sediment column (2720 kg/m?) and water densities (1030 kg/m?®) respectively.

4.5.2 Subsidence history scenarios

After performing backstripping calculations on the stratigraphic sections for
multiple water depth scenarios, a wide variety of subsidence profiles were generated.
Figure 4.8 shows different subsidence profiles where the position of the basement has
been adjusted to represent possible end-member scenarios of water depth variations and
other uncertainties, within the ranges shown in figure 4.7. For shallow water, such as
in the Pliensbachian and Middle Callovian and younger, the subsidence curve is well
constrained and does not vary much from one case to another, whereas during intervals
of deeper water (e.g. Aalenian to Bathonian), the constraints on water depth are much
poorer. In scenario 1, it is assumed that deep-water sediments were deposited just below
the maximum estimated storm wave base (100 m). The resulting subsidence profile
(figure 4.8 A) shows an exponentially declining curve from the Pliensbachian until
the Bajocian, followed by acceleration in subsidence until Early Bathonian time. The
tectonic curve follows a similar trend; both the initial subsidence and the acceleration of
subsidence ca. 170 Ma would require a tectonic driving mechanism.

In contrast, if abyssal water depth conditions are assumed (figure 4.8B), an
acceleration of subsidence in the Bathonian has to be followed by a significant uplift
at a rate of about 1600 m / m.y. in order to bring the sea-floor back to shallow water
conditions during the interval where constraints are good. Such rapid uplift would be

expected to be associated with an unconformity somewhere in the basin, yet mapping
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relationships show no interruption of sedimentation. As paleocurrent measurements are

consistent throughout the Callovian interval (Green 1992; Evenchick and Thorkelson

2005), it is unlikely that the northern basin geometry was radically altered. Since the

stratigraphic section appears conformable, except for shallow discordances in the

Pliensbachian interval and possibly below the Quock Formation, scenario 2 does not
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Figure 4.8: Subsidence curves showing the effect of different assumptions about water depth

at time of sediment deposition. Basin floor position shown by continuous line; tectonic curve
obtained from backstripping calculations represented by dashed line. In each scenario, the dot-
ted area corresponds to the component of subsidence that can be attributed to sediment loading
and the cross-hatched area indicates portion of subsidence driven by tectonic forces involving the
basement. Graph A is constructed using water depth of 100 m for the deep-water facies; graph B
assumes abyssal water depth conditions (3 000 m) for the deep-water facies; graph C represents
an intermediate scenario arbitrarily set at 1 000 m water depth; and graph D represents a similar
scenario where variable water depths were determined in order to fit a thermally subsiding tecton-
ic model for which the acceleration of subsidence in the Bathonian is entirely related to sediment
loading. Time scale from Gradstein et al. (2004).
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represent a viable hypothesis.

Figure 4.8C represents an intermediate scenario where water depths in the deep-
water interval were arbitrarily set at 1000 m. When the effect of sediment loading is
removed, the resulting tectonic subsidence curve shows a much more subdued profile,
indicating that the second (Bathonian to Callovian) pulse is largely the result of sediment
loading.

Scenario 4 (figure 4.8D) tests the hypothesis that the Bathonian to Callovian pulse
was entirely due to sediment loading. By selecting values of the water-depth that are
entirely consistent with field observations, it is possible to produce a subsidence curve
in which the second pulse of subsidence is driven entirely by sediment loading (figure
4.8D). Based on these results, this more linear interpretation is considered as the most
realistic because the tectonic curve can be explained by a simple concave-up profile with
rapid initial subsidence in the Pliensbachian, followed by a gently decreasing trend from
the Toarcian onward (figure 4.8D). This interpretation was used as the basis for the initial

curve shown in figure 4.7.

4.5.3 Stretching factor

In order to further investigate an extensional model for the basin, the backstripped
tectonic curve of scenario 4 (figure 4.8D) was plotted against multiple curves of different
stretching factor B following the quantitative uniform stretching model of McKenzie
(1978). Assuming a pre-rift elevation of 1 000 m and instantaneous rifting at ca. 189
Ma (Early Pliensbachian), a good fit is found between the computed tectonic subsidence
curve and a post-rift subsidence curve associated with a stretching factor f = 2.3 (figure
4.9).

Other, more complex stretching models may be envisaged to explain the
subsidence history observed at Todagin Mountain. In order to validate the calculated
post-subsidence curve shown in figure 4.9, various modifications to the uniform
instantaneous stretching model were tested. First, prolonged rapid subsidence prior to
the onset of thermal subsidence in the Toarcian seems to indicate that stretching was not
instantaneous, but instead lasted 6 m.y., ending at ca. 183 Ma. In the case of uniform
protracted rifting, heat diffuses laterally before the stretching is completed which causes
additional subsidence prior to the end of rifting (Jarvis and Mackenzie 1980). However,
since the period of extension in the Hazelton trough is thought to have been short, the
differences between the predictions of the two models are negligible in relation to other
errors in the subsidence curve.

Other authors have explored the effect on subsidence history of variations

117



in stretching with depth, and of deviations from the pure shear model assumed by
Mackenzie (1978). Transtensional environments, such as those associated with oblique
rifting, would be expected to show similar subsidence histories to orthogonal rifts,
because the MacKenzie (1978) model considers only the thermal and mechanical
behaviour of vertical columns of stretched lithosphere. Calculations using two distinct
stretching factors were performed to test the depth-dependant stretching model of Royden
and Keen (1980). Although the fit with the observed data was slightly poorer than the
curves shown in figure 4.9, the differences were again small in comparison with the
errors inherent in the data. The data from Todagin Mountain are therefore insufficient to
discriminate between these models.

A simple shear scenario with asymmetric extension could also potentially be
considered to explain the unusual rapid subsidence in the Pliensbachian. In the Basin and
Range area, Wernicke (1985) proposed a simple shear model in which a gently dipping
crustal-scale shear zone physically separates a zone of fault-controlled extension from
a zone of asthenosphere upwelling. The latter seems unlikely for the Hazelton trough—
Bowser basin because no large scale detachment surface has been reported, and no core

complexes of unroofed deep metamorphic rocks have been observed.
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Figure 4.9: Backstripped subsidence curve (dashed line) showing tectonic component of subsid-
ence based on Airy isostasy, and total subsidence history of the basin floor (continuous line).
Dotted area corresponds to the component of subsidence attributed to sediment loading and the
cross-hatched area indicates portion of subsidence driven by tectonic forces involving the base-
ment. Grey lines show thermal subsidence paths associated with different values of extension fac-
tor 3 for instantaneously extended crust, following McKenzie (1978). Time scale from Gradstein
et al. (2004).
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4.6  DiscussioN: TECTONIC IMPLICATIONS

Subsidence profiles obtained from the backstripped stratigraphic section near
Todagin Mountain indicate two major episodes of subsidence. Both show generally
concave-upward geometry, which typifies basins undergoing thermal, rather than
flexural subsidence. However, the second episode can be explained by loading due to the
deposition of sediment that filled the accommodation space generated in the first episode.
This section considers possible tectonic scenarios that may explain these two episodes.

The Pliensbachian stage corresponds to a rifting episode on Stikinia. Combined
syn-depositional faulting and waning bimodal volcanism in a back-arc geodynamic
setting were responsible for at least 2.6 km of subsidence in the Joan Lake area
(Thorkelson et al. 1995). Deposition of mafic and intermediate lavas of the Mount Brock
volcanics constitute the last pulse of volcanism in the vicinity of Todagin Mountain
before the onset of marine sedimentation (Read and Psutka 1990). These events coincide
approximately with the establishment of decreasing subsidence rates in the Toarcian
(figures 4.8A, C and D). Pliensbachian rifting can thus explain the general form of the
early part of the subsidence curve. In detail, minor fluctuations of accommodation space
probably occurred, as suggested by the unconformities observed within the Pliensbachian
section, but were almost certainly not detected in the subsidence curve because of the
limitations of the data. Such fluctuations, attributable to short periods of uplift and
subsidence, are common in extensional settings. For similar reasons, the curve would not
allow discrimination between orthogonal rifting and a transtensional model such as that
suggested by Greig et al. (1991).

Terrane amalgamations have been proposed as driving mechanisms for subsidence
during deposition of the Bowser Lake Group (Gabrielse 1991; Ricketts et al. 1992).
Gabrielse (1991) and Evenchick et al. (2005) interpreted the King Salmon Fault as a
low angle thrust fault responsible for the obduction of Cache Creek onto Stikinia in the
Middle Jurassic; Evenchick et al. (2007) further considered it to be at the western leading
edge of a growing accretionary orogen that included Quesnellia and pericratonic terranes
of the North American craton. Although the significance of the structure is debated, all
authors consider the King Salmon Fault to have been a syn-collisional contractional
structure (see also Mihalynuk et al. 2003; English and Johnston 2005). Timing of the
initial movement along the King Salmon Fault is poorly constrained, but cross-cutting
relationships demonstrate that significant thrusting occurred after the deposition of the
Takwahoni Formation (Gabrielse 1998). Extensive ammonite collections from tuffaceous
mudstones and muddy sandstones successions have established the age of the strata

assigned to the Takwahoni Formation as ranging from Sinemurian to Lower Toarcian
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(Tipper 1978). Strata of the Bowser Lake Group containing Bajocian fossils are also cut
by splays of the fault, indicating that movement continued at least until the Bajocian
(Gabrielse 1998). Additional evidence on the timing of this collisional event was
provided by Mihalynuk et al. (2004), who proposed an Aalenian age based on a 173.7
+/- 0.8 Ma “°Ar / **Ar cooling age of blueschists that were emplaced along structures
that ceased to be active before ca. 172 Ma, the age of the oldest post-kinematic plutons.
In southern Cache Creek, Cordey et al. (1987) presented microfossil data that support

a Middle Jurassic amalgamation. Additional regional data which constrain the timing
of amalgamation between Stikinia and terranes to the east are given by Evenchick et al.
(2007).

Several authors have suggested that obduction of the Cache Creek terrane on
Stikinia during the Middle Jurassic led to the deposition of a clastic wedge of foredeep
sedimentary rocks in the northern Bowser basin (Eisbacher 1981; Gabrielse 1991), and
triggered flexural loading of the lithosphere (Eisbacher 1985; Ricketts et al. 1992). If
tectonic loading occurred during early Middle Jurassic, the corresponding subsidence
profiles should show an acceleration of subsidence for that time interval. However,
subsidence curves presented in figure 4.8 all indicate that the area was subsiding
slowly at this time, and probably experienced its most rapid subsidence episodes earlier

(Pliensbachian) and later than this (Bathonian—Callovian).

Other terrane amalgamations might be considered as possible driving mechanisms

for the initial subsidence episode. There are multiple interpretations regarding the origin

of metamorphic rocks that occur at the northwest boundary of Stikinia (figure 4.1). Some

authors have interpreted these as continental margin units related to the Yukon-Tanana
terrane (YTT) (e.g. Gehrels et al. 1990, 1992; Colpron et al. 2006) whereas others infer
that they represent meta-igneous basement to Stikinia (e.g. Currie and Parrish 1997).

Although it has been claimed that stratigraphic links between Stikinia and YTT were

established by Late Triassic time (Werner 1977; Bultman 1979; Mihalynuk and Mountjoy

1990; Jackson et al. 1991), Sm-Nd isotopic data indicate that the two terranes evolved
separately for the entire duration of their respective magmatic activity (Samson et al.
1989, 1991). Furthermore, upper Lower to lower Middle Jurassic sediments of the upper
Hazelton Group also yield unevolved isotopic values (¢,, = +4.2) (Samson et al. 1989),
which suggests that YTT did not act as a significant sediment source for the evolving
Bowser basin.

Therefore, it appears that neither overthrusting of the Cache Creek terrane on
Stikina, nor amalgamation with other terranes, can explain the initial subsidence episode

observed in the Pliensbachian. In addition, our curve shows deceleration of subsidence
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through the Late Pliensbachian, Toarcian, and Aalenian interval, in contrast to the

acceleration which would be expected in the case of a simple flexural basin characterized

by a migrating tectonic front (Beaumont 1981; Jordan 1981; Turcotte and Schubert 2002).

Although the Toarcian to Bajocian part of the curve is only constrained by one data point,
good constraints in Late Pliensbachian and Early Bathonian require an overall concave-
upward profile (figure 4.7). Thus, we regard a back-arc rift mechanism as a more likely
explanation for the initial subsidence episode observed in the Pliensbachian.

The second episode of rapid subsidence identified at Todagin Mountain during
Bathonian and Callovian time could provide new insights on the timing of interaction
between Stikinia and the Cache Creek terrane. It is generally accepted that the high
proportion of radiolarian chert clasts in the conglomerate and sandstone units of the
Bowser Lake Group records a provenance link between the Cache Creek terrane and
Stikinia (Tipper and Richards 1976; Eisbacher 1985; Gabrielse 1991; Green 1992).

We propose that much of the observed subsidence pulse in the Bathonian-Callovian
interval is attributable to loading of the crust by chert-rich sediments that were shed from
the uplifted Cache Creek terrane. Map relationships in the Cry Lake area (NTS 104I)
(Gabrielse 1998) indicate that splays of the King Salmon fault were active until after
deposition of basal sandstones of the Bowser Lake Group, and therefore that tectonic
activity on this boundary continued at least until Bajocian time (ca. 168 Ma). Depending
upon the precise assumptions made about water-depth (figures 4.8C, D), it is possible

to envisage that sediment loading may have been combined with tectonic loading by
thrust sheets to result in concave-downward subsidence profiles. In addition, a variety

of models for interaction between Stikinia and Cache Creek, such as episodic or oblique
convergence, would be consistent with the data. Nonetheless, the concave-upward form
of the latest part of the subsidence curves, from Callovian to Oxfordian, suggests that this

was not a typical foreland basin.

4.7  CONCLUSION

During its tectonic history, the Hazelton trough—Bowser basin area was
characterized by two distinct phases of rapid subsidence. The first one occurred in
Pliensbachian and Early Toarcian time. This is attributed to extensional faulting
associated with waning volcanism of the Hazelton trough in a back-arc setting, which
generated up to half of the accommodation space for the basin. This initial phase was
followed by a period of slow sedimentation from pelagic environments in deep water
setting. The early Middle Jurassic episode represents an history of thermal subsidence,

and is unlikely to have been driven by collisional events along the Stikinia—Cache
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Creek boundary as suggested by Ricketts et al. (1992). The basin remained underfilled
throughout the Toarcian and Aalenian until the first sediments of the Bowser Lake
Group were deposited in the Bowser basin in Bajocian time, shortly after exhumation
of the Cache Creek terrane as recorded by **Ar / *Ar cooling ages of blueschists by
Mihalynuk et al. (2004). A second pulse of rapid subsidence, observed in the Bathonian—
Callovian interval, can be explained by sediment loading as denudation of the adjacent
Cache Creek terrane provided clastic sediment to the already deep trough between the
Stikine and Skeena arches. As the volume of water was replaced by denser sediment,
the basin floor subsided, creating new accommodation space. Thus, it is possible to
explain the Pliensbachian to Oxfordian subsidence history observed in the Todagin
Mountain area with a simple extensional model defined by a rifting episode followed

by thermal contraction of the crust, and a later episode of sediment loading associated
with erosion of the Cache Creek terrane. Tectonic loading along late splays of the King
Salmon fault may also have played a role, but is not required by the subsidence model.
The Early Jurassic formation of the Hazelton trough created accommodation space
which was amplified by sediment loading in Middle and Late Jurassic time, contributing

substantially to the subsidence of the Bowser basin.
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CHAPTER 5: SEDIMENTATION STYLES AND DEPOSITIONAL PROCESSES IN
A MIDDLE TO LATE JURASSIC SLOPE ENVIRONMENT, BOWSER BASIN,

NORTHWESTERN BRiTISH COLUMBIA, CANADA*

5.1. INTRODUCTION

Deep-water channel complexes located in modern slope environments have
received increased attention as exploration has demonstrated that coarse-grained
submarine channel systems constitute important hydrocarbon reservoirs (e.g. Stelting
1985; Mayall and Stewart 2000; Kolla et al. 2001; Abreu et al. 2003; Deptuck et al.
2003). However, the spatial distribution and internal architecture of these deep-water
bodies are difficult to observe in situ as bed-scale heterogeneities are beyond the
resolution of most 3D seismic-reflection techniques (Mutti and Normark 1991; Slatt
2000). One approach to mitigate this problem has been to study outcrop analogues that
allow characterization of individual beds and their depositional processes (e.g. Clark and
Pickering 1996; Hickson and Lowe 2002; Beaubouef 2004; Schwarz and Arnott 2007;
Crane and Lowe 2008; Armitage et al. 2009; Fildani et al. 2009).

The Middle to Upper Jurassic Todagin assemblage of the Bowser Lake Group
exposed in the tectonically active Bowser basin of northwestern British Columbia,
Canada, provides an excellent record of slope processes that characterize deep-marine
siliciclastic depositional environments (Green 1992; Ricketts and Evenchick 1999;
Evenchick and Thorkelson 2005). The Todagin assemblage consists mostly of a fine-
grained succession with isolated channelized conglomerate units. These lenticular
conglomerate bodies occur at various stratigraphic levels throughout the succession and
range from a few metres to tens of metres thick.

This study documents and compares two exceptional exposures of channelized
deep-water systems of the Todagin assemblage in northwestern British Columbia.
Compilation of detailed measured sections and observation of field relationships between
channel-fill and inter-channel lithofacies provide new insights on the mechanisms of
sediment transport and deposition that affected channelized systems of the Todagin
assemblage. Furthermore, this work allows a better understanding of the stratigraphic
evolution of deep-water architectures associated with variations of boundary conditions
(e.g. provenance, sediment supply, basin configuration) in active tectonic regimes such as
the Bowser Basin.

* A version of this chapter has been accepted for publication on June 3 2010. Gagnon, J -F. and
Waldron, J.W.F. Journal of Marine Petroleum Geology.
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5.2  GEOLOGICAL SETTING

The Todagin assemblage is a thick (~3 000 m) unit of deep-water siliciclastic
sedimentary rocks deposited in the Bowser basin of western Canada during the Middle
to Late Jurassic (figure 5.1). It constitutes one of the many diachronous lithofacies
divisions recognized within the Bowser Lake Group by Evenchick and Thorkelson (2005)
(figure 5.2). Middle Jurassic to Lower Cretaceous sedimentary rocks of the Bowser
Lake Group were deposited over the arc-related rocks of the Lower Jurassic Hazelton
Group, which constitutes the last widespread volcanic phase of the allochthonous Stikine
terrane (Anderson 1993). Volcanic and associated sedimentary rocks of the Hazelton
Group accumulated in an elongated, southeast-northwest oriented intra-arc basin referred
to as the Hazelton trough (Tipper and Richards 1976; Marsden and Thorkelson 1992).
Evidence of back-arc rifting on the northwestern edge of the basin was also recorded in
the early Middle Jurassic, and is represented by the Eskay Creek volcanogenic massive
sulphide deposit (Barrett and Sherlock 1996; McDonald et al. 1996; Roth et al. 1999;
Sherlock et al. 1999; Alldrick et al. 2005). Subsidence analyses have shown that tectonic
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Figure 5.1: A) Regional location map of the Bowser basin in northwest British Columbia, Cana-
da. Solid black square delineates the area shown in B. B) Geographic distribution of the Middle
to Upper Jurassic Todagin assemblage within the Bowser Lake Group. Paleocurrent data for the
Todagin assemblage after Evenchick and Thorkelson (2005). Solid black squares delineate the
extent of the two study areas. Modified from Evenchick et al. (2009).
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extension in the northern portion of the Hazelton trough during Pliensbachian time
generated a significant amount of accommodation prior to initiation of coarse clastic
sedimentation in the Bowser basin in the Bajocian (Thorkelson et al. 1995; Gagnon et al.
2009; Chapter 4).

Rapid progradation of fan deltas in Middle to early Late Jurassic time was
responsible for the transfer of a huge volume of gravel, sand and mud to the deep portions
of the Bowser basin (Ricketts and Evenchick 1991, 2007). According to Evenchick
and Thorkelson (2005), the distribution of fossils in deep-marine to marginal marine
lithofacies illustrates that the shelf remained relatively narrow throughout that period.
This particular shelf width configuration was probably a major control for deep-water
sedimentation in the early history of the Bowser Basin. Description of modern analogues
situated along the tectonically active California margin by Covault et al. (2007) indicates
that the narrow shelf between the canyon head and the littoral zone is the primary control
on canyon-channel system activity and delivery of sediment to the deepwater.

In parts of the Bowser basin, the transition between the Todagin assemblage and
the underlying Ritchie-Alger assemblage represents the progradation of the slope over

more distal submarine fan facies; however, elsewhere the Todagin assemblage appears
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Figure 5.2: Generalized stratigraphic framework of the northern Bowser basin showing the main
lithostratigraphic units and relationships of the Todagin assemblage. Modified after Evenchick

and Thorkelson (2005).
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to directly overlie fine-grained hemipelagic and volcanic rocks of the upper Hazelton
Group (Evenchick et al. 2009). The Todagin assemblage, in turn, is gradually overlain by
shelf and deltaic facies of the Muskaboo Creek, Skelhorne and Eaglenest assemblages
respectively (figure 5.2). This shallowing-upward succession records the filling of the
active Bowser basin as lithofacies assemblages likely prograded towards the south and
southwest over a rifted basin floor during Bathonian to Early Oxfordian time (Evenchick
and Thorkelson 2005). Provenance studies combined with extensive paleocurrent data
suggest that sediment filling the Bowser basin was derived mostly from erosion of
radiolarian chert associated with the overthrusted oceanic Cache Creek terrane to the
north (Eisbacher 1985; Gabrielse 1991; Evenchick and Thorkelson 2005). However, our
petrological analyses and preliminary detrital zircon work indicate that Bowser Lake
Group sediments in the vicinity of one of our case studies, at Mount Dilworth (figure
5.1), contain a high proportion of volcanogenic and feldspathic grains derived from local
sources, in addition to less abundant Cache Creek material.

The Bowser basin constitutes a linking assemblage that records the amalgamation
of the Stikine and Cache Creek terranes in the Middle Jurassic. The two terranes are
separated by the King Salmon Fault, a syn-collisional contractional structure interpreted
by Gabrielse (1991) and Evenchick et al. (2005) as a shallow southwest-vergent reverse
fault. Renewed regional contraction in Early Cretaceous to earliest Tertiary deformed
the basin fill, producing the Skeena Fold Belt, which accommodated at least 150 km of
shortening along blind thrusts and related folds (Evenchick 1991).

5.3 METtHODS

The present study employs the deep-water architectural-element method of Ghosh
and Lowe (1993) and Hickson and Lowe (2002). This method establishes a hierarchy
in which individual depositional units and their associated physical structures represent
the finest scale of observation. Lithofacies constitute the next order of observation, in
which sedimentation units with similar characteristics are grouped together. Because
of their convenient application to large 2D outcrops, lithofacies are the basic mappable
components presented in this dataset (Table 5.1). A total of nine lithofacies were
identified over the two mapping areas.

In the first case study (Mount Dilworth), recurring packages of genetically
related lithofacies were grouped into three lithofacies assemblages (LA), following the
method outlined by Collinson (1969). Detailed geological mapping was carried out by
physically walking out beds and recording lithological observations on aerial photographs

at 1:5 000 scale. In the second case study (Todagin Mountain), six stratigraphic sections
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representing more than 900 m were recorded with a resolution of 30 cm. These sections

were tied by physically walking out beds and/or correlation from the photomosaic.

5.4 Case Stupy 1 — MouNnt DILWORTH

On the western margin of the Bowser basin, 25 km north of Stewart, British
Columbia, Canada (figure 5.1), Upper Callovian to Lower Oxfordian sedimentary rocks
of the Todagin assemblage are preserved in the core of a southeast-plunging synclinorium
(figure 5.3). They unconformably overlie Lower Pliensbachian dacitic volcanic rocks of
the Mount Dilworth Formation of the lower Hazelton Group (e.g. Grove 1986; Alldrick
1987, 1993; Anderson and Thorkelson 1990; Anderson 1993; Evenchick and McNicoll
2002). This boundary marks a major change in the tectonic evolution of the Stikine
terrane from an active volcanic arc setting to a subsiding sedimentary basin. The slope
succession investigated at Mount Dilworth crops out on the overturned western limb of a
syncline (figure 5.3). The beds are very steep (60° to 90° dip) and record more than 850

m of continuous deep-water sedimentary strata (figure 5.4).

5.4.1 Stratigraphic architecture of the Mount Dilworth area

5.4.1-1 Lithofacies association 1: Thinly bedded mudstone and siltstone with thick

sandstone

Lithofacies association 1 (LA-1) is mostly exposed at the base of the Mount
Dilworth section on the eastern side of a steep post-depositional fault (figure 5.4). It
consists predominantly of normally graded siltstone-mudstone and sandstone-mudstone
couplets (Lm; Table 5.1). Some 30 to 60 cm thick, massive to normally graded fine-
grained sandstone beds (Lfst; Table 5.1) are interstratified with the finer-grained
intervals. The beds are laterally extensive, and can be followed up to 200 m along strike
before being covered by glacial sediments. Sedimentary structures including T, , and
T,... divisions, groove casts, and asymmetric ripple cross-lamination are abundant
in the sandy sedimentation units (figure 5.5A). Paleocurrent measurements obtained
from these sedimentary structures indicate predominant flows towards the southwest
(corrected for post-depositional tilting, mean = 203°) (figure 5.4). Loading features such
as flame structures and convolute laminations are common at the base of sandstone beds
(figures 5.5B and C). The mud-rich T intervals occasionally show evidence of biogenic
reworking. Distinctive ichnogenera include Phycosiphon and Helminthopsis, which
are characterized by horizontal to gently inclined, meandering burrows filled with mud
(figure 5.5D).
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Interpretation: Sedimentation units of LA-1 are interpreted as low- to moderate-

density turbidity current deposits, separated by thin intervals of mudstone derived

from suspension fallout or more dilute turbidity currents (Bouma 1962; Lowe 1982).
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Figure 5.3: A) Geology map of the Mount Dilworth area showing the main lithostratigraphic units

and structural elements. B) Cross-section showing the complicated folded structure of the area.
Modified after Grove (1986), Alldrick (1987), and Evenchick and McNicoll (2002).
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Figure 5.4: Annotated aerial photograph of the sedimentary succession exposed at Mount Dil-
worth showing the distribution of lithofacies associations and paleocurrent data. Stratigraphic top
is to the east.
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Helminthopsis and Phycosiphon concentrated in T, are generally interpreted as grazing
trails of vermiform organisms and typically occur near the sediment-water interface
(figure 5.5D) (Pemberton et al. 2001). This suggests that organic matter was introduced
mostly by suspension in a low-energy environment, outside the principal axis of
gravity-flow activity. Loading features are attributed to discrete episodes of increased
sedimentation rate, which led to a density inversion in water-saturated sediments shortly
after deposition. In some cases, rapid deposition also produced pore pressure that
exceeded the hydrostatic equilibrium and led to partial liquefaction of the sediments to
produce convoluted beds (figure 5.5C). The lateral continuity of individual beds along

strike suggests accumulation in a low-gradient, relatively unconfined environment.

Figure 5.5: Lithofacies association 1 (LA-1). A) Normally graded fine-grained turbidites (Lm)
with Tbede and Tacde divisions. B) Flame structures attributed to relatively high sedimentation
rates. C) Convolute laminations in sandier turbiditic intervals. Scale bar divisions in cm. D) Bio-
genic traces (Helminthopsis) interpreted as grazing trails of vermiform organisms on the sea-floor.
Lens cap in A, B and D is 6 cm in diameter.
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5.4.1-2 Lithofacies association 2: Thick channelized units of conglomerate, sandstone

and mudstone

Lithofacies association 2 (LA-2) is observed above the thinly bedded fine-
grained units of LA-1, and is dominated by vertically stacked, medium to thickly bedded
sandstone (25 to 60 cm) separated by mudstone laminations (Lst; Table 5.1). Some
individual sandstone beds become amalgamated over 100 m along strike and suggest
channelized geometries. Sedimentation units are massive to normally graded, and
typically consist of well sorted, medium- to coarse-grained sandstone with calcareous
concretions (figure 5.6A). Traction structures such as horizontal planar lamination and
low-angle cross stratification are common in this unit. Well-preserved flutes and grooves
at the bases of T, divisions indicate a restored paleocurrent in the range of 150° to 180°
(figure 5.4).

An isolated two metre interval of laminated mudstone and siltstone drapes (Lmf;

Table 5.1) was observed in the sandstone-dominated succession of LA-2. The normally

S
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Figure 5.6: Lithofacies association 2 (LA-2). A) Thickly bedded and amalgamated sandstone beds
(Lst). Note the fining- and thinning-upward character of the beds. Stratigraphic top is to the left.
Person for scale. B) Mud-filled channel (Lmf) above cohesive debris flow unit (Ld). Hammer is
25 cm long. Stratigraphic top is to the right. C) Trough-cross stratification in granule to coarse-
grained sandstone beds (Lgc). Scale bar divisions in cm. D) Sand-matrix-supported mud-clast
conglomerate found near the base of channel complexes (Lmc). This lithofacies is indicative of
local erosion and sediment bypass.
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graded mudstone-siltstone couplets occur above scours of an incised, five metre thick
mud-matrix conglomerate (figure 5.6B). Sedimentary structures including 1-5 cm thick
T,, divisions and parallel laminations indicate that these are the products of dilute muddy
turbidity currents. Three detailed sections were measured at 7.5 m intervals along strike
to document the lateral extent of the mud-rich unit and the vertical change in grain

size (figure 5.7) Units of Lmf, in turn, are overlain by granule to pebble conglomerate
lenses with high-angle cross-stratification (figures 5.6C and 5.7). These coarse-grained
sedimentary units (Lgc; Table 5.1) are moderately sorted, normally to inversely graded,
and lack burrows. In each measured section, coarse-grained sandstone and conglomerate
are interbedded with thin laminated units of siltstone (figure 5.7).

The fourth lithofacies identified in LA-2 consists of poorly sorted, sand-matrix-
supported mud-clast conglomerate (Lmc; Table 5.1 and figure 5.6D). These intervals
are 20 to 150 cm thick and occur at the bases of amalgamated sandstone beds where
they fill prominent scours. Clasts have a wide range of shapes, from angular elongated
prisms to well-rounded approximately spherical shapes. The elongated clasts display
weak imbrication and the orientation of their long axes is parallel to the flow direction
determined from toolmarks at the base of adjacent beds.

Interpretation: The normally graded, medium- to coarse-grained sedimentation
units of LA-2 are interpreted to represent the deposits of moderate- to high-density
turbidity currents (Bouma 1962; Lowe 1982). The presence of isolated conglomerate
lenses with medium to large scale trough-cross stratification in large 3D dunes of facies
Lgc suggests discrete episodes of increased energy but lower sedimentation rate, during
which traction prevailed. Infill of deep scours by laminated mudstone and siltstone (Lmf)
above the irregular upper surface of an isolated debris flow unit (Ld) is interpreted to
represent deposits of a mud-filled channel (figure 5.7). The confined nature of the channel
with steep margins indicates that the underlying cohesive debris flow unit was resistant to
erosive bottom currents, which produced topographic relief. The lack of coarse-grained
material immediately above the erosional contact suggests that significant sediment
bypass occurred prior to the accumulation of the mud-filled channel.

Facies Lmc is interpreted to represent lower portions of high-concentration,
coarse-grained turbidity current deposits that eroded and incorporated large rip-up clasts
(Johansson and Stow 1995). The abundance of larger clasts along specific horizons
within the beds could be attributed to turbulent shear stresses related to flow stratification
(Postma et al. 1988) (figure 5.6D). Based on experimental observations, Postma et
al. (1988) suggested that outsized clasts tend to glide along the rheological boundary

between a fast-moving turbulent layer and an underlying laminar inertia-flow layer. The
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Figure 5.7: Stratigraphic cross-section of a mud-filled channel. Fine-grained turbidites (Lmf) are
preserved in topographic lows above a cohesive debris flow unit (Ld). This lithofacies is inter-
preted to represent bypass of coarse-grained sedimentary units to more distal parts of the basin.

No vertical exaggeration.
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occurrence of inverse grading in 20 to 30 cm intervals near the bases of the beds, and the
weak imbrication of elongated clasts parallel to the flow direction further suggest that
dispersive pressure derived from grain collision might also have played a role in sediment
transport (Nardin et al., 1979) (figure 5.6D). The unimodal composition of the clasts,
combined with their internal T divisions, suggests that they were probably eroded from

local mudstone layers situated updip or along channel margins.

5.4.1-3 Lithofacies association 3: Mud-matrix-supported conglomerate and contorted

mudstone and sandstone

Mass-transport lithofacies association 3 (LA-3) is the most widespread
assemblage observed at Mount Dilworth. It is especially well-exposed near the top of
the succession where LA-3 is interstratified with thick sandstone beds and mud-filled
channels of LA-2 (figure 5.4). LA-3 mainly consists of dark purplish-grey mudstone that
supports chaotic calcareous concretionary blocks and large layered rafts of sandstone
and siltstone (Ld; Table 5.1 and figures 5.4 and 5.8A). The clasts are very poorly sorted,
ungraded, and show no preferred orientation. Highly contorted stratified fine-grained
sedimentary rock fragments are also present in LA-3 (Lsl; Table 5.1 and figures 5.8B-
D). Soft-sediment deformation features such as syndepositional recumbent folds, rotated
blocks, and micro-faults are pervasive in these units.

In one particularly well-exposed example of Lsl, a transition from undisturbed
thinly bedded turbidites into deformed strata occurs in a zone 3 to 4 m thick (figure
5.8D). Near the base of the deformed unit, a mudstone layer displays gentle parallel
folds of constant thickness (class 1B geometry of Ramsay 1967), whereas the underlying
folded sandstone layer varies in thickness from 3 to 10 cm over a wavelength of 1 m
(figure 5.8D). Pull-apart boudins of mudstone in a sandy matrix and sandstone dykes
filling fissures at the top of the mudstone bed are indicative of the rheology contrast
between strata of different grain size (figure 5.8D). The degree of deformation increases
progressively near the top of the slump where folds become tighter and more abundant.
The initial sediment fabric is also destroyed and replaced by a homogeneous sand-mud
mixture.

The uppermost mass-transport complex (MTC) of LA-3 is at least 300 m thick
and contains many 100 m-long rafted blocks of sandstone near its base (figure 5.4). The
basal contact of the MTC is sharp and shows only modest incision in the underlying
sandstone to the south. Intervals of homogeneous mudstone 10 to 50 m thick with
uniform parallel laminations suggest that they represent large displaced blocks within the
slumps. Rafted blocks locally display intense folding and numerous small faults. At the
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scale of the outcrop, the complex contains no visible internal discontinuities, but could
nonetheless correspond to several amalgamated units.

Interpretation: The chaotic sedimentation units of LA-3 are interpreted as deposits
of cohesive gravity flows (i.e. debris flows) and slumps (Nardin et al., 1979). In the
matrix-supported debris-flow deposits (Ld), the combination of matrix strength, buoyancy
and pore pressure were high enough to support and transport boulders several metres
in diameter (Lowe 1979, 1982). This is principally attributed to high levels of cohesion
due to elevated clay content, which is common in mass flows where plastic mechanical
behaviour dominates (Dott 1963; Lowe 1979; Nardin et al. 1979). The variable
distribution of some rafted blocks suggests that they experienced significant rotation
during transport. The deformation features at the base of the distorted units are evidence
of plastic deformation and local shearing (Tripsanas et al. 2008a). These features are
usually attributed to slumped units which are the product of coherent mass movements
over discrete basal shears (Nardin et al. 1979; Coleman and Prior 1988). In the example
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Figure 5.8: Lithofacies association 3 (LA-3). A) Folded calcareous concretionary block in a cha-
otic dark purplish-grey mudstone (Ld). Brunton compass for scale is 8 cm wide. B and C show
intensely deformed slump units with syndepositional isoclinal folds (Lsl). Hammer in B is 25 cm
long and scale bar divisions in C are in cm. D) Slump unit containing abundant syn-sedimentary
deformation structures. During slope failure, the underlying thinly bedded turbidites remained
undisturbed while the MTD was subject to compressional and extensional deformation. Hammer

is 25 cm long.
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shown in figure 5.8D, cohesive mudstone beds were folded during shearing but retained
their original thickness, whereas softer sand-rich units were subject to more thorough
ductile deformation. Up-section, complete liquefaction of the sediment mass, likely in
response to increased pore-fluid pressure, is recorded and the slump is transformed into
an incoherent debris flow (cf. Iverson et al. 1997). This upward change in character of
deformation could be a function of the grain size of the pre-slide sediment pile, where
liquefaction in sandier beds became an important deformation mechanism as shear was

distributed throughout the sediment mass.

5.4.2. Lithofacies succession and depositional environment

The lower part of the succession exposed at Mount Dilworth consists of 150
m of laterally extensive (200 m) thinly bedded turbidites intercalated with thick
sandstone bodies (LA-1). The apparent unconfined nature and sheet-like geometry of
those units, combined with the high proportion of normally graded fine-grained rocks,
suggest deposition from low-density turbidity currents in a low-gradient submarine fan
environment (Lowe 1982). The radial distribution of paleocurrent indicators in these units
might be attributed to progradation of depositional lobes to the south-west, although these
morphological features are usually much larger in size than the outcrop described in this
study (cf. Reading and Richards 1994) (figure 5.4). The overall coarsening-upward trend
of LA-1 possibly reflects a basinward advance of proximal frontal splays over the basin
floor, as inferred by Evenchick and Thorkelson (2005) in other areas of the Bowser basin.

The top of LA-1 is an erosion surface above which vertically stacked, lenticular
sandstone bodies fill prominent scours. The channelized sandstone bodies range in
thickness from 10 to 50 m and are laterally extensive for at least 100 m. Even though
channel margins could not be observed directly in the field due to the extensive snow
cover, geometries interpreted from aerial photographs taken at times of minimal snow
suggest that they eventually pinch out laterally into finer-grained overbank deposits
(figure 5.4). The sharp stratigraphic transition from LA-1 to LA-2 marks a sudden change
from unconfined, laterally continuous strata to a more confined architecture where coarse-
grained sedimentation occurred exclusively in channel thalwegs.

The proportion of mass-transport deposits (MTDs) increases gradually up-
section (figure 5.4). Incoherent debris flows and slump units become interbedded with
amalgamated sandy channel-fills, whereas fine-grained turbiditic intervals are generally
absent. The presence of confined and deeply incised mud-filled channels above irregular
scoured surfaces suggests that incision and sediment bypass were important. The
impressive thickness of MTDs observed at Mount Dilworth (>300 m) suggests that this
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area of the Bowser basin might have been subject to considerable tectonic instability and/
or very high sedimentation rates during accumulation of the Todagin assemblage in Late
Callovian to Early Oxfordian. These factors probably resulted in progressively increasing
depositional slopes, which were responsible for the upward transition from unchannelized
fine-grained units of LA-1 and channelized high-density turbidity current deposits of
LA-2 to very thick mass-transport complexes of LA-3.

5.5. Stupy AREA 2 — TopAGIN MOUNTAIN

At the northwest edge of the Bowser basin, in the vicinity of Todagin Mountain
(figure 5.1), the Todagin assemblage is at least 1 100 m thick and consists of multiple
conglomerate bodies encased in thinly bedded turbidites (Evenchick and Thorkelson
2005). It conformably overlies bimodal volcanic rocks and fine-grained sedimentary
rocks of the upper Hazelton Group (Evenchick and Green 2004; Gagnon et al. 2009;
Chapter 4). Geological mapping suggests that units of the upper Hazelton Group are
preserved preferentially in fault-bounded structures, consistent with deposition in a
graben system that was inverted during later deformation (Gagnon et al. 2009) (figure
5.9). Detailed study was focused on the stratigraphically lowermost channel complex of

the Todagin assemblage (here termed the Lower Todagin channel complex; LTCC). Fossil
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Figure 5.9: Geology map of the Todagin Mountain area showing the main lithostratigraphic units
and structural features. Universal Transverse Mercator Projection in NAD 83. Modified after
Evenchick and Green (2004) and Gagnon et al. (2009).
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collections located above and below the LTCC indicate a Bathonian depositional age
(Evenchick and Thorkelson 2005; Gagnon et al. 2009), slightly older than the Todagin
assemblage in study area 1. The channelized conglomerates of the LTTC crop out on
the northern flank of an E-W trending ridge where the dip of bedding averages 30° to
45° south (figure 5.10). Individual units associated with channel and/or interchannel
complexes were defined based on their dominant lithological content and separated
into main lithofacies and lithofacies associations following the classification used at the
Mount Dilworth study area (Table 5.1).

5.5.1 Architectural elements of the Lower Todagin channel complex

5.5.1-1 Lithofacies association 1: Thinly bedded interchannel units of sandstone,

siltstone and mudstone

Sedimentary rocks exposed at the base of the Lower Todagin channel complex
(LTCC) consist of massive dark grey to black mudstone and laminated siltstone (Lm;
Table 5.1 and figure 5.10). Beds extend laterally up to 300 m along strike until covered
by scree. Rusty orange-weathering claystone beds and very fine-grained sandstone
1-10 cm thick are also present in the section (figure 5.12A). Soft-sediment deformation
is pervasive in these strata and includes features such as convoluted beds, sandstone
dikes and micro-faults (figure 5.12B). Curvilinear mud-filled tubes 1-5 mm in diameter,
corresponding to the trace fossil Phycosiphon, tend to occur in the upper part of normally
graded beds. Flutes and groove casts preserved at the base of the sandier layers indicate a
preferential restored paleocurrent direction towards 230° (figure 5.11).

In the middle part of section 1, a 22 m interval of interbedded thin to medium
sandstone and siltstone beds (Lfst; Table 5.1) onlaps conglomerate of channel-fill 1
above a sharp contact (figures 5.10, 5.11 and 5.12C). This sandstone-dominated package
(Lfst) gradually fines upward into very thinly bedded turbidites characteristic of Lm
(figure 5.12C). The fine to medium-grained sandstone beds are normally graded with
well-developed T, jand T, divisions. Common ripple cross-stratification indicates flow
approximately towards 160°-180° (figure 5.11). Lithofacies Lfst also comprises most
of measured sections 4 and 6, in addition to the upper part of section 3 (figures 5.10;
5.11; 5.12D). Traction sedimentary structures including horizontal planar lamination and
climbing ripple cross-lamination were observed in normally graded T,  divisions.

Interpretation: Thinly bedded mudstone, siltstone and very fine-grained sandstone
of LA-1 are interpreted to represent sedimentation from low- to moderate-density

turbidity currents in which fluid turbulence was the main particle-support mechanism
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Figure 5.10: Stratigraphic architecture of the Lower Todagin channel complex. A) Photograph
of the Lower Todagin channel complex showing location of close-up photographs. B) Simplified
line drawing of the Lower Todagin channel complex. Conglomeratic lithofacies (Lpc) of chan-
nel fills 1 to 3 are represented in shaded areas (channel-fill 1 - orange; channel-fill 2 - light grey;
channel-fill 3 - yellow). Location of stratigraphic sections 1 to 6 are represented by thick solid
white lines.
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(Bouma 1962; Lowe 1982). These sedimentation units accumulated in the overbank areas
of the main channel axes. Some more restricted sandstone-dominated intervals with well-
developed T, divisions and climbing ripples (Lfst) indicate occasional increased rates

of sediment fallout. The limited lateral continuity of these sandy units compared with

the finer-grained mudstone suggests that they represent localized small crevasse-splay
deposits (cf. Beaubouef 2004). Deformation features formed by processes similar to
those in the thinly bedded turbidites of LA-1 at Mount Dilworth. The overall fine-grained
nature of the depositional units in LA-1, combined with their lateral continuity over

several hundred metres, indicate deposition in relatively unconfined environments.

5.5.1-2 Lithofacies association 2: Thick channelized units of conglomerate and

sandstone

A total of three distinct channel-fills comprising a variety of lithofacies associated
with LA-2 are recognized in the LTCC (figures 5.10 and 5.11). In measured section 1,
the base of channel-fill 1 is defined by an irregular erosional surface where a 30 m thick
package of clast-supported conglomerate (Lpcl; Table 5.1 and figure 5.12A) overlies
dark grey siltstone and mudstone of LA-1. The basal surface of channel-fill 1 gradually
cuts into stratigraphically lower beds in a westward direction to produce a relief up to 20
m (figures 5.10 and 5.11). The conglomeratic beds are 40 to 80 cm thick, and vary from
clast-supported to matrix-supported, with well rounded and moderately to well sorted
chert pebbles mixed in a sandy matrix (Table 5.1 and figure 5.13A). No apparent grading
trend was observed in the amalgamated beds of this package. The top of channel-fill 1
is onlapped by interstratified siltstone and sandstone (Lfst) of LA-1 over a sharp contact
(figure 5.12C).

Channel-fill 2 consists of vertically stacked, clast-supported pebble to cobble
conglomerate in a coarse-grained sandy matrix (Lpcl; Table 5.1). Bed thickness can
be over 1 m in places. Most beds are normally graded but inverse grading occurs
in intervals of 50 cm or less. Paleocurrent data deduced from the orientation of the
long axes of imbricated pebbles indicate that mean depositional flows were oriented
towards 125° (figure 5.11). The lower contact of channel-fill 2 scours into fine-grained
turbidites of LA-1 (Lm) and can be traced eastward towards section 5 where it becomes
amalgamated with channel-fill 1 (figure 5.11). At this location, the amalgamated channel-
fills constitute the thickest vertically continuous coarse-grained package of the LTCC
(~60 m). The uppermost unit associated with channel-fill 2 consists of a 4 m thick mud-
matrix-supported conglomerate (Ld; Table 5.1). The clasts are poorly sorted and include

moderately to well-rounded chert pebbles and laminated mudstone clasts (figure 5.13B).
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Channel-fill 3 consists mostly of three offstacked conglomerate units
characterized by wedge-shaped geometries and channel margins that pinch-out laterally
into thin to medium sandstone beds of Lfst (figures 5.10 and 5.11). The basal contact of
the lowermost conglomerate is erosive and scours into the underlying fine-grained rocks
(Lm) of LA-1 (figure 5.13C). Conglomerate units are clast-supported, arranged in 25-50
cm upward-fining intervals with sharp contacts, and contain rare medium-scale cross-
strata near the tops of beds (Lpc2; Table 5.1 and figure 5.13D). Pale beige-weathering
calcareous concretions are common in the sandier intervals. Paleocurrent measurements
from cross-laminated ripples and flute casts in medium-grained sandstone beds of
channel-fill 3 indicate a radial distribution from south to east with a minor component to
the southwest (figure 5.11).

Interpretation: The range of sedimentary textures and fabrics observed in LA-2
suggests that multiple mechanisms were involved during transport and accumulation

of gravity flow deposits. The lack of grading, imbrication of clasts, and overall clast-

sst dike —
channel-fill 1

convolute lam.

i channel-fill 1] |

Figure 5.12: A) Erosional contact at the base of channel-fill 1 showing thinly bedded turbidites
(Lm) overlain by pebble to cobble clast-supported conglomerate (Lpcl). B) Convolute lamina-
tions and syn-sedimentary sandstone dike in thinly bedded turbidites (Lm) below channel-fill 1.
Scale bar divisions in cm. C) Onlap of thin to medium sandstone and siltstone beds (Lfst) above
the conglomerate unit of channel-fill 1 (Lpc1). The succession eventually fines upward into thinly
bedded turbidites (Lm). D) Medium to thick sandstone units interbedded with mudstone layers
(Lfst). These sedimentation units are interpreted as crevasse-splay deposits in the overbank region
of channel-fill 3. Person for scale. See figure 5.10 for photograph locations.

151



supported nature of Lgc1 indicate that dispersive pressure derived from grain interactions
probably played a significant role in particle support (cf. Lowe 1976). Even though fully
inertial grain flows are unlikely to result in accumulation of thick sedimentation units
(Lowe 1976), other subordinate particle-support mechanisms including buoyancy, pore
pressure and matrix strength could have been enough to ensure transport of these flows
over long distances (Lowe 1976; Ilstad et al. 2004; Tripsanas et al. 2008b). Gravel flows
characterized by a combination of similar processes were termed density-modified grain
flows by Lowe (1976) and hyperconcentrated density flows by Mulder and Alexander
(2001). Rare poorly sorted mud-matrix conglomerate (Ld), interpreted to represent
deposition from cohesive debris flows, constitutes a minor component in the LTCC.

Normally graded conglomerate beds mainly observed in channel-fill 3 are interpreted

> chert clasts
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Figure 5.13: A) Ungraded clast-supported conglomerate showing well-rounded and moderately-to
well-sorted chert pebbles mixed in a sandy matrix (Lpc1). Scale bar divisions in cm. B) Close-up
of the cohesive debris flow unit (Ld) exposed at the top of channel-fill 2. Chert clasts are support-
ed in a homogeneous mudstone matrix. Scale bar divisions in cm. C) Erosional contact at the base
of channel-fill 3 showing a conglomerate unit (Lgc2) filling scoured surfaces above fine-grained
overbank deposits (Lm). Hammer is 30 cm long. See figure 5.10 for location. D) Normally graded
and internally stratified clast-supported conglomerate of channel-fill 3 showing large cross-strati-
fication structures in some beds (Lpc2). Person for scale.
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to represent deposition from high-density turbidity currents (Lgc2) (Lowe 1982). In
addition to fluid turbulence, the pebble to cobble sized material probably required
dispersive pressure from grain collisions to maintain grain support (Lowe 1982). The
rare occurrence of medium-scale cross-stratification in units of channel-fill 3 (Lgc2) is

indicative of bed load transport.

5.5.2 Depositional model of the Lower Todagin channel complex

The architectural organization of strata associated with the Lower Todagin
channel complex indicates that thick sandy conglomerate bodies represent three
successive phases of channel sedimentation. These coarse-grained channel-fills
are separated by thinly interstratified mudstone, siltstone and very-fine sandstone
corresponding to interchannel deposition. Erosive processes are dominant at the base of
the channel complex. Accumulation of channel-fill 1 was preceded by a relatively modest
incision phase that produced an irregular surface with up to 20 m of negative relief cut
into older overbank deposits (figures 5.10 and 5.11). The occurrence of gravel lags and
scours at the bases of individual beds are related to bypass processes. While sediment
bypassed through the channel conduit, overbank deposits (LA-1) began to aggrade
laterally to the channel axis. Transition from sediment bypass to sediment accumulation
in channel-fill 1 probably reflects a general reduction in flow energy, which led to
filling and deposition of pebble conglomerate and sandstone. The sharp contact at the
top of channel-fill 1 is interpreted as a result of temporary deactivation of the channel,
where pelagic sediments, or dilute turbidity-current deposits from channels located out
of the plane of the outcrop, draped the whole system (figures 5.11 and 5.12C). There
is no evidence for lateral migration of the channel (e.g. lateral accretion deposits) in
conglomerate of channel-fill 1.

Reactivation of the LTCC is marked by the erosive surface found at the base of
channel-fill 2 (figure 5.11). The degree of incision is high compared with the relatively
flat basal contact of channel 1 (figures 5.10 and 5.11). Deposits of channel-fill 2 indicate
a return to high-density gravity flows which accumulated the coarsest sediments
observed within the channel complex. Tight clustering of paleoflow directions obtained
from imbricated clasts and tool marks suggests that channel 2 was confined overall and
probably not highly sinuous (figure 5.11). Significant thickness change along strike
suggests that the channel pinches out laterally to the west but scree cover prevented direct
observation of the exact channel margin (figures 5.10 and 5.11). Levees and overflow
deposits associated with construction of channel-fill 2 are poorly developed relative to

channel 3. This is attributed to the high degree of amalgamation between channel-fills 1
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and 2, which decreased the preservation potential of interchannel deposits (cf. Eschard
et al. 2003). The uppermost unit confined to channel 2 consists of a 4 m muddy matrix-
supported conglomerate (Ld). The occurrence of a debris flow unit immediately above
the clast-supported conglomerate could have caused rapid plugging and deactivation
of the channel system (cf. Schwarz and Arnott 2007). The upper contact of channel-fill
2 is onlapped by recessive fine-grained turbidites that healed the positive topography
inherited from deposition of the cohesive debris flow (figures 5.10 and 5.11).

Initiation of channel-fill 3 is interpreted as a third episode of scouring by energetic
gravity flows. The degree of incision is similar to that observed at the base of channel 2,
as suggested by the steep margins of individual channel forms (figures 5.10 and 5.11).
However, the stacking pattern of the channelized coarse-grained beds associated with
channel-fill 3 is significantly different. Channel forms are disconnected, stacked in
multistorey bodies, thinner, and narrower at the base (figure 5.11). Each conglomerate
body laterally pinches out into thinly bedded strata that represent intervening episodes
of overbank sedimentation (figure 5.11). Overbank sedimentation units accumulated
adjacent to the main channel axis, and their preservation suggests significant aggradation
(cf. Eschard et al. 2003). Abundant paleocurrent data from the eastern margin of channel-
fill 3 indicate deposition from flows moving generally to the northwest (figure 5.11). As
the high-density gravelly currents spilled over the confining walls of the channels, the
low-density portion of the flows located near the top extended above the channel banks
and led to sedimentation of finer-grained units (Piper and Normark 1983). Paleocurrents
in the overbank deposits of channel-fill 3 show a range of directions with a mean that is
directed away from the channel axis, supporting the interpretation of flows escaping the
channel confinement (Hickson and Lowe 2002).

The channel geometries observed at Todagin Mountain indicate that erosion and
amalgamation were dominant processes in the lower part of the channel complex, while
aggradation and construction of levees prevailed in upper part. Mass-transport complexes
constitute only a minor component at of the LTCC, and where present, are confined to
channel axes. Upward evolution of the LTCC is consistent with normal progradation of
a slope system, in which gradual rise in sea-floor topography facilitated aggradation of

channel and inter-channel deposits over time.
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5.6 DiscussioN

The occurrence of one specific type of gravity flow over another in the slope
environment is mainly a function of sediment delivery beyond the shelf edge (Piper
and Normark 1983). In well-known examples from the Magallanes Basin, Fildani et al.
(2009) argued that deep-water sedimentological changes between the conglomeratic
channel-fill deposits of the Cerro Toro Formation and the mudstone-rich mass transport
deposits of the Tres Pasos Formation were attributable to either variations in the source
and/or staging areas, and in the general shape of the basin. Increase of sediment flux
and sediment calibre to the deep sea can also be attributed to variations in sea-level and/
or tectonic activity (Hunt and Tucker 1992; Posamentier and Kolla 2003; Catuneanu et
al. 2009). Although generally applied to passive margin settings, models considering
the effects of sea-level fluctuations on sedimentation in deep-water environments could
provide insights on active tectonic basins such as the Bowser basin.

The stratigraphic successions exposed at Mount Dilworth and Todagin Mountain
provide unique insights into the evolution of a progradational slope system represented
by the Todagin assemblage. The nature and relative abundance of lithofacies in each
area differs significantly. Thick debris flow and slump deposits associated with MTDs
at Mount Dilworth are laterally extensive, and represent more than 50% of the exposed
succession (figure 5.4). In contrast, MTDs of the LTCC at Todagin Mountain are minor,
restricted to channel confines, and thin compared to channel and interchannel deposits
(figure 5.11). These differences highlight the fact that parameters influencing slope

stability in the Todagin assemblage were variable at the scale of the Bowser basin.

5.6.1 Controls at Todagin Mountain
The rare occurrence of MTDs associated with the LTCC suggests that the overall

slope of the basin margin remained relatively constant through time as the system
evolved. Aside from a 4 m thick cohesive debris flow unit located near the top of channel-
fill 2, the LTCC is dominated by a variety of low- to high-concentration turbidity flow
deposits. These observations are consistent with the aggradational stacking of multiple
prograding Gilbert-type deltas proposed by Ricketts and Evenchick (2007), for Upper
Callovian to Lower Oxfordian deltaic successions of the Eaglenest assemblage located 50
km east of Todagin Mountain. In the Ricketts and Evenchick (2007) model, these were
interpreted to represent repeated episodes of footwall subsidence along steep reverse
faults; however, our observations do not show strong evidence for local tectonic activity,
and are consistent with subsidence analyses by Gagnon et al. (2009) which suggest that

the vicinity of Todagin Mountain may have been tectonically relatively quiet at this time.
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The channel geometries described at Todagin Mt. display a vertical increase in
thalweg incision and aggradation of channel-interchannel elements from channel 1 and
2 to channel 3 (figures 5.10 and 5.11). Similar trends have been reported from seismic
profiles in modern passive margin turbidite slope channels, where initially erosive
channel complexes evolve towards aggradation with elevation of the equilibrium profile
through time (Beaubouef and Friedman 2000; Mayall and Stewart 2000; Pirmez et al.
2000; Kolla et al. 2001; Kneller 2003). Architectures observed in the LTCC also bear
resemblance with the Lower Pab turbiditic system, deposited on the Late Cretaceous
Indo-Pakistani passive margin (Eschard et al. 2003). According to Eschard et al. (2003),
backstepping evolution of the Lower Pab channel complexes was related to a decrease
in the general sediment supply to the basin. Other evidence for backstepping slope
channel systems, based on high resolution 3D seismic data of the Pliocene Nile Delta,
was observed by Samuel et al. (2003) who suggested that reduced efficiency of flows
will favor aggradation over erosion. At Todagin Mountain, the amalgamated and erosive
nature of channels 1 and 2 indicate that most flows bypassed the upper slope area and
deposited the coarsest material of the channel complex at the base of the slope where the
local gradient was less (figure 5.14A). Even though no evidence of lateral accretionary
deposits was observed in these units, lateral migration of channels may be expected in
such setting (Abreu et al. 2003; Arnott 2007). Later in the depositional history, reduction

in flow density and sustained sediment supply from the staging area produced a steeper

A B

Figure 5.14: Depositional model for the Lower Todagin channel complex. A) Amalgamated
channel-fills 1 and 2 were deposited in the lower part of the LTCC where the local gradient was
less. B) Offstacked conglomerate bodies of channel-fill 3 in the upper part of the LTCC. High
sedimentation rates and reduction in flow density resulted in elevation of the equilibrium profile,
which generated more accommodation on the slope. This favored aggradation of channels, and
construction and preservation of levees.
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slope profile, which caused the channel/levee systems to aggrade (cf. Kneller 2003)
(figure 5.14B). Following bypass of the coarsest sediment during passage of erosive
turbulent flow heads, deposition in channel 3 occurred mainly from the bodies or tail-
ends of less efficient turbidity flows. This would explain the overall reduction in grain-
size and increase of traction structures in channel-fill 3 compared to channels 1 and 2.
This evolution towards a graded depositional profile (cf. Ross et al. 1994) is consistent
with normal progradation of the slope system, in which gravity flow processes are in
equilibrium with sediment supply, basin subsidence, and basin physiography, and does

not require the influence of tectonic input.

5.6.2 Controls at Mount Dilworth
The abundance of thick MTDs in the upper part of the Mount Dilworth section

suggests an important change in boundary conditions along the western margin of

the Bowser basin during Late Callovian to Early Oxfordian. Other examples of slope
successions dominated by MTDs have been described by Shultz et al. (2005) and
Armitage et al. (2009) for units of the Tres Pasos Formation exposed at Sierra Contreras
in southern Chile. According to Armitage et al. (2009), the scale of stacking of sandstone
units and MTDs is linked to an alternation of graded versus out-of grade conditions,

in which mass-wasting events constitute critical phases during accretion of the slope.
Additional MTDs of similar scale have also been reported from modern deep-water
environments such as the Gulf of Mexico (Tripsanas et al. 2004) and the Amazon

Fan (Piper et al. 1997). In these passive margin settings, the high frequency of mass-
transport events is interpreted to represent repeated episodes of sea-level fall and/or salt
movements. Since fluctuations of sea-level during Late Callovian to Early Oxfordian
were probably in the order of a few tens of metres (Haq et al. 1987; Sahagian et al.
1996), it is unlikely that triggering of mass-transport events in the Bowser basin was
related to an extended period of falling eustatic sea-level. Similarly, slope instability
related to halokinetic processes can be discarded as the basement of the Bowser basin
is largely dominated by magmatic arc rocks (Anderson 1993). Therefore, the main
factor that contributed to upward-increasing instability at Mt. Dilworth was probably
local tectonic activity, most likely due to reactivation of faults of the underlying Eskay
rift system (figure 5.15). According to Ross et al. (1994), tectonic activity is one of the
main mechanisms that can significantly affect the basin geometry and lead to slope
overstepening, erosional mass-wasting, and sediment bypass. Spectacular architectural
changes related to rapid tectonic variations have also been documented from other

collisional tectonic settings such as the Eocene Talara basin (Fildani et al., 2008) and
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the Cretaceous Magallanes basin (Fildani et al., 2009). In both of these analogues,
modifications of provenance patterns and basin morphology controlled the type of gravity
flows deposits and general layout of deep-water depositional systems. Local uplift and
tilting in the vicinity of the Mount Dilworth area is consistent with our preliminary
detrital zircon work which shows that the greatest population of grains was derived
from local volcanic sources. The abundance of volcanic fragments in the siliciclastic
sedimentary rocks at Mount Dilworth, compared with other Bowser Lake Group
sandstone, suggest localized sources in the Stikine terrane. This is a strong contrast with
the chert-dominated provenance typical elsewhere in the Bowser basin, where sediment
was derived predominantly from the Cache Creek terrane to the northeast (Eisbacher
1985; Gabrielse 1991; Green 1992; Evenchick and Thorkelson 2005).

[ ] Highand low density turbidites
WSS Mass-transport deposits
Volcanic basement

Figure 5.15: Conceptual cross-section for Mount Dilworth succession. A) Normal progradation
of the Todagin assemblage over faulted basement inherited from the Eskay rift. B) Deposition of
very thick MTDs derived from fault reactivation which increased sediment supply from newly
uplifted souce areas and produced instability on the slope.
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5.7  CONCLUSIONS

Detailed observation of two exceptional exposures of the Todagin assemblage
provides new understanding of the depositional processes that affected channelized slope
systems of the Bowser basin in Middle to Late Jurassic. The architectural organization
of strata observed at Todagin Mountain indicates that emplacement of the LTCC was
initially dominated by erosional processes at the base of a submarine slope which led to
deposition of ungraded clast-supported conglomerate in amalgamated channels. Gradual
change from erosive and amalgamated channel deposits in phases 1 and 2, to more
aggradational channels in phase 3, indicates a basinward advance of graded depositional
profile under sustained sediment supply. This vertical change is analogous to many
turbidite slope channels reported from passive continental margins. Under increased
sedimentation of low density flows, elevation of the equilibrium profile will promote
aggradation and preservation of overbank deposits as the system evolves. In contrast,
the great abundance of thick MTDs in the upper part of the Mount Dilworth section
suggests an important change in boundary conditions along the western margin of the
Bowser basin during Late Callovian to Early Oxfordian. Steepening of the depositional
gradient produced instability on the slope, which interrupted the normal progradation of
the deep-water system and accumulated thick MTDs. We suggest that steep normal faults
associated with the development of the isolated Eskay rift along the western margin of
the Bowser basin in the early Middle Jurassic were reactivated during basin inversion,
and influenced the stratigraphic evolution of the deep-water architectures observed in the

Todagin assemblage.
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CHAPTER 6: DEVELOPMENT OF THE HAZELTON TROUGH—BOWSER
BASIN: IMPLICATIONS FOR THE JURASSIC EVOLUTION OF THE STIKINE

TERRANE, NORTHERN BRITISH COLUMBIA®

6.1 INTRODUCTION

The Canadian Cordillera is commonly regarded as a long-lived accretionary
orogen, in which successive volcanic arcs and associated subduction complexes were
added to the western margin of Laurentia in late Paleozoic to Mesozoic time (e.g.
Gabrielse 1991; Monger and Nokleberg 1996; Price and Monger 2000). Some of these
cordilleran components, referred to as “suspect terranes” by Coney et al. (1980), possess
an uncertain paleogeographic origin and are geologically different from their immediate
neighbours. They include a group of pericratonic terranes generated along the North
American passive margin as a series of rifted continental fragments, superimposed
volcanic arcs, and marginal oceanic basins (Yukon-Tanana, Kootenay, Slide Mountain),
and a second group of accreted terranes divided into an inboard Intermontane domain
(Stikinia, Quesnellia, Cache Creek) and an outboard Insular domain (Alexander and
Wrangellia) (Colpron et al. 2006; Colpron and Nelson 2009) (figure 6.1). Tectonic
interactions between those terranes, and the precise timing of their final accretion to
the passive margin of Laurentia have been subjects of much debate for some time (e.g.
Monger 1977; Gabrielse 1991; Marsden and Thorkelson 1992; Nelson and Mihalynuk
1993; Mihalynuk et al. 2004; English and Johnston 2005; Colpron et al. 2006; Evenchick
et al. 2007; Johnston and Borel 2007; Johnston 2001, 2008; Colpron and Nelson 2009;
Hildebrand 2009). The controversy is largely based on conflicting paleontological,
geochronologic, structural, paleomagnetic, stratigraphic, geochemical, and provenance
studies.

In this chapter, we discuss subsidence profiles (Chapter 4) and detrital zircon
data (Chapter 2) from the Hazelton trough—Bowser basin, which developed entirely on
Stikinia during Jurassic time. New stratigraphic correlations and paleontological data for
the Hazelton trough—Bowser basin are also considered (Chapters 2, 3 and 5). Formation
of the Hazelton trough—Bowser basin in the Early to Middle Jurassic yields valuable
insights on the possible interaction of Stikinia with adjacent terranes, and provides new

information on the evolution of the Canadian Cordillera.

3 A version of this chapter will be submitted for publication under the authorship of Gagnon, J .-F.,
Waldron, J.W.F. and Heaman, L.M.
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Figure 6.1: Terrane map of the Canadian Cordillera showing the location of the Bowser basin.
Tectonic elements shown here are subdivided into four groups: continental margin assemblage,
pericratonic terranes, accreted Intermontane domain, and accreted Insular domain. Modified after
Colpron et al. (2006) and Colpron and Nelson (2009).
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6.2 EArLY MESOZOIC TERRANE INTERACTION

The Late Triassic-Early Jurassic tectonic evolution of the Canadian Cordillera
was characterized by eastward obduction of Quesnellia and the Slide Mountain terrane
onto pericratonic terranes near the margin of the North American craton (Murphy et al.
1995). Further outboard, oceanic rocks of the Cache Creek terrane were probably being
subducted underneath the volcanic arc rocks of Stikinia (Nelson and Mihalynuk 1993;
Mihalynuk et al. 1994; English and Johnston 2005). Although Quesnellia and Stikinia
contain rocks of similar age and lithology, the former has stratigraphic and structural ties
with the Yukon-Tanana (YTT), Slide Mountain, and Kootenay terranes dating back to
Permian time (ca. 285 Ma) (Nelson et al. 2006). Triassic clastic strata of Quesnellia and
YTT also contain significant Proterozoic to Archean detrital zircon populations, which
indicate that they were receiving detritus ultimately derived from the North American
craton to the east (Roback and Walker 1995; Nelson and Friedman 2004; Nelson and
Gehrels 2007). In contrast, the oldest detrital zircon population reported from Stikinia is
Late Mississipian in age (ca. 320 Ma) (Greig and Gehrels 1995; McNicoll et al. 2005;
Evenchick et al. 2007).

In the current configuration of the Intermontane Belt, Stikinia and Quesnellia
are separated by the Cache Creek terrane (figure 6.1). Late Paleozoic to Early Jurassic
oceanic rocks of the Cache Creek terrane contain distinctive Permian fauna of Tethyan
affinity, which contrast with the McCloud fauna characteristic of adjacent terranes
(Monger and Ross 1971; Orchard et al. 2001). Therefore, Cache Creek probably
originated in low latitudes far from the North American margin. In order to explain the
incorporation of the exotic Cache Creek terrane between less far-travelled magmatic
arcs, Nelson and Mihalynuk (1993) proposed an oroclinal enclosure model involving
anticlockwise rotation of Stikinia. In an alternative model, Johnston and Borel (2007)
suggested that accretion of the Cache Creek terrane with Stikinia was initiated in the
Middle to Late Triassic (ca. 230 Ma) at >10 000 km from the North American margin.
This was followed by a late Early Jurassic (ca. 180 Ma) collision with a ribbon continent
comprising pericratonic terranes and the Cassiar platform, located at > 4 000 km from the

autochtonous margin (Johnston and Borel 2007).

6.3  TECTONIC MODEL FOR DEVELOPMENT OF THE HAZELTON TROUGH

Lower to Middle Jurassic volcanic rocks and associated sedimentary rocks of
the Hazelton Group accumulated in the Hazelton trough during the last major volcanic-
arc episode recorded on Stikinia (Tipper and Richards 1976). The Hazelton Group
unconformably overlies augite-phyric basaltic flows and associated sedimentary rocks
of the Stuhini/Takla Group (Anderson 1993; MaclIntyre et al. 2001), an Upper Triassic
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magmatic arc built on lower Devonian to upper Permian basement known as the
Stikine assemblage (Monger 1977; Brown et al. 1991; Gunning et al. 2006). Regional
lithostratigraphic correlations of depositional units within the Hazelton Group suggest
that the Hazelton trough evolved as an extensional basin, during and after significant arc-
related magmatic activity on Stikinia (Chapter 2). Calc-alkaline volcanogenic rocks of the
lower Hazelton Group are abundant at the base of the succession, and are disconformably
overlain by basinal rocks of the upper Hazelton Group over a diachronous contact
(Chapter 2). An extensional origin for the Hazelton trough is consistent with rapid
tectonic subsidence rates observed in the vicinity of Todagin Mountain during
Pliensbachian to Early Toarcian time (ca. 190-180 Ma) (Gagnon et al. 2009; Chapter 4),
and with deposition of rift-related volcanic flows of the Cold Fish Volcanics near Joan
Lake (Thorkelson et al. 1995). According to Thorkelson et al. (1995), Upper Sinemurian-
Lower Pliensbachian biomodal felsic-mafic volcanic rocks of the Cold Fish Volcanics
accumulated in the back-arc area of a coeval magmatic arc represented by calc-alkaline
volcanic rocks the Toodoggone formation to the east (Diakow et al. 1991; Duuring et
al. 2009). This tectonic setting, involving an east-facing arc system with southwestward
subduction of Cache Creek oceanic crust underneath Stikinia (in present coordinates),
is consistent with the tectonic model proposed by English and Johnston (2005) for
generation of the Whitehorse trough (figure 6.2A). In their model, English and Johnston
(2005) interpreted the Whitehorse trough as an elongated arc-marginal sedimentary basin
that originated as a fore-arc basin located between the arc magmatic rocks of Stikinia
and the accretionary complex of the Cache Creek terrane. The infill of the Whitehorse
trough consists mostly of Lower Sinemurian to Middle Bajocian clastic units of the
Laberge Group that were deposited above the arc-related Kutcho assemblage of Stikinia
(Gabrielse 1998; English and Johnston 2005). The Laberge Group also contains detritus
from the Upper Triassic Stuhini Group and the Lower Jurassic Hazelton Group, which
clearly indicates that Stikinia was the major source of sediments (Gabrielse 1998).
Therefore, it appears that these tectonic elements were linked together by Late Triassic-
Early Jurassic time (ca. 200 Ma) as a single arc system, and recorded the evolution of a
convergent margin until closure of the Cache Creek ocean and obduction of the Cache
Creek terrane above Stikinia along the southwest-verging Nahlin and King Salmon faults
in the Middle Jurassic (ca. 172 Ma) (Gabrielse 1991; Mihalynuk et al. 2004; Evenchick
and Thorkelson 2005).

Establishment of stratigraphic links between Stikinia and YTT as early as Late
Triassic time has been postulated by several authors. In the northernmost portion of
Stikinia, Werner (1977) and Bultman (1979) identified metamorphic clasts in a unit of
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Triassic conglomerate which they interpreted to be derived from YTT. Further west,
Aleinikoff et al. (1987) and Dusel-Bacon et al. (1995) correlated granitic plutons of

Late Triassic to Early Jurassic age across the cryptic boundary of these two terranes.
However, the original juxtaposition geometry was obliterated by emplacement of

the Middle Cretaceous to Eocene Coast Mountain Batholith, with the result that this
inferred relationship cannot be verified (figure 6.1). In addition, the evolved ¢, isotopic
composition observed in calc-alkaline rocks of YTT contrasts drastically with the more
juvenile, mantle-derived isotopic composition of the Stikine crust (Samson et al. 1989,
1991). This suggests that these two terranes evolved separately for the entire duration

of their volcanic arc activity, which in the case of Stikinia, ended in late Early Jurassic
time (ca. 180 Ma). Furthermore, upper Hazelton Group sedimentary rocks also yield
unevolved isotopic values (Samson et al. 1989), suggesting that YTT did not act as a
significant sediment source for the evolving Hazelton trough. This is consistent with our
U-Pb detrital zircon data from basal sandstone of the Smithers Formation, which shows
no input of Precambrian zircons (Chapter 2) and with the data of McNicoll et al. (2005)
and Evenchick et al. (2007), who record no Precambrian zircon in the overlying Bowser
Lake Group (BLG). Detrital zircon ages from sample MC022A at Quinlan Mountain
show a strong population at 172.4 +/- 1.2 Ma, and minor peaks at ca. 192 Ma and ca.
202 Ma. Nevertheless, the debate regarding timing of amalgamation of Stikinia and YTT
would greatly benefit from additional detrital zircon provenance studies in coarse-grained

units of the upper Hazelton Group.

6.4  WANING VOLCANISM AND MARINE TRANSGRESSION OF THE HAZELTON ARC

Widespread deposition of mainly sedimentary rocks of the upper Hazelton Group
(Chapter 2) records declining volcanic activity in Stikinia in Late Pliensbachian—Early
Toarcian time (ca. 183 Ma). Exponentially decreasing subsidence rates observed at the
Todagin Mountain section are consistent with thermal contraction of the Hazelton arc
(Gagnon et al. 2009; Chapter 4). In the southern portion of the basin, lowermost coarse
grained strata of the siliciclastic Smithers Formation, in parts characterized by a Skolithos
ichnofacies assemblage, are overlain by extensively bioturbated siltstone and fine-
grained sandstone representative of the Cruziana ichnofacies (Chapter 3), recording a
transgressive trend consistent with thermal subsidence and rising sea-level relative to the
basement of Stikinia on which the sediments were deposited. Transgression of the waning
volcanic arc culminated in Late Toarcian-Early Aalenian with establishment of deep-
water conditions and initial deposition of a condensed section comprised of thinly bedded

siliceous mudstone and tuff (“pyjama beds”) of the Quock Formation over a regional
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flooding surface (Chapter 2).

6.5 LATE STAGE EXTENSIONAL VOLCANISM ON THE WESTERN MARGIN OF THE
HAzELTON TROUGH: THE ESKAY RIFT

Units of the Quock Formation are widely correlated throughout much of the
Hazelton trough. However, in the Iskut River area, contemporaneous strata of the upper
Hazelton Group are dominated by very thick piles of basaltic rocks, fanglomerates, and
rhyolite domes, suggesting that rifting continued into the Middle Jurassic (Chapter 2).
Isolated rifting on the northwestern margin of Stikinia in Late Toarcian-Middle Bajocian
time (ca. 178-168 Ma) is also well documented from volcanically hosted massive
sulphide mineralized units of the Iskut River Formation at the Eskay Creek mine (e.g.
Ettlinger 1992; Bartsch 1993; Nadaraju 1993; Sherlock et al. 1994; McDonald et al.
1996; Roth 2002). The extreme thickness change of lithological units within the Iskut
Formation is consistent with fault-controlled subsidence in an extensional setting, which
compartmentalized multiple sub-basins and isolated volcanic feeders.

Inception of rift-related volcanism at Eskay Creek occurred after the significant
decrease of back-arc volcanism associated with extension in the main axis of the Hazelton
trough, and probably represents an independent rifting event (Chapter 2). However,
the narrow age bracket of the Iskut River Formation (ca. 178-168 Ma) overlaps in time
with final amalgamation of Stikinia and the Cache Creek subduction complex (figure
6.2B). This deformational event is constrained by the age of the youngest blueschists
in the Cache Creek terrane (173 +/- 0.8 Ma; Mihalynuk et al. (2004), and by the age of
the oldest post-kinematic intrusions that stitched the two domains together (ca. 172 Ma;
Bath 2003; Mihalynuk et al. 1992). Therefore, cessation of volcanism in the Hazelton
trough appears to coincide not only with decelerating subsidence rates regionally, but is
also coeval with initiation of localized rifting in the Iskut River area. This could possibly
reflect plate reorganization during a protracted period of terrane accretion, and/or might
be related to subduction reversal under Stikinia. In early Middle Jurassic, the long-lived
west-dipping subduction on the eastern margin of Stikinia could have been replaced by
east-dipping subduction and associated transtension on its western margin, which could
have triggered extensional volcanism at Eskay Creek (figure 6.2B). Eventual exhumation
of the Cache Creek subduction complex along syn-collisional contractional structures,
such as the southwest-vergent King Salmon and Nahlin faults, provided a new source
of sediment which led to deposition of the BLG above the thermally subsiding Hazelton
trough (Gabrielse 1991; Evenchick and Thorkelson 2005) (figure 6.2B).
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Figure 6.2: Conceptual tectonic model showing paleogeographic maps for the Early Jurassic
through Middle Cretaceous. A) Westward-directed subduction underneath Stikinia during Late
Sinemurian—Early Pliensbachian was responsible for volcanic arc magmatism, generation of the
Hazelton trough in the back-arc area, and accumulation of arc-derived detritus in the fore-arc
Whitehorse trough. Entrapment of the exotic Cache Creek terrane probably resulted from counter-
clockwise rotation of the Stikine terrane. B) Closure of the Cache Creek ocean in the early Middle
Jurassic resulted in the obduction of a subduction complex between Stikinia and the formally ac-
creted Quesnel terrane and pericratonic terranes. Cessation of subduction underneath the eastern
margin of Stikina was associated with a decrease in arc volcanism, and thermal subsidence in the
Hazelton trough. Reorganization of tectonic plates triggered extension and rift-related volcanism
on the western margin of Stikinia. Initial deposition of Cache Creek derived conglomerate in the
Bowser basin began in the Bajocian. C) Collision of the formally accreted group of terranes with
the autochthonous North American margin in Late Jurassic triggered flexural subsidence on the
platform and accumulation of the first westerly-derived clastic wedge in the Alberta Foreland
basin. D) The Middle Cretaceous was characterized by a major period of ductile deformation,
metamorphism and magmatism in the Coast Belt. This was associated with development of the
Skeena Fold Belt on Stikinia and northeast-directed thrust faulting and metamorphism in the Om-
ineca Belt and Foreland Belt. First deposition of easterly-derived metamorphic clasts in the Sustut
basin, including Precambrian zircon grains. Sources of information include Eisbacher (1974);
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Tipper and Richards (1976); McDonough and Simony (1988); Gabrielse (1991); Nelson and Mi-
halynuk (1993); Poulton et al. (1994); Murphy et al. (1995); Thorkelson et al. (1995); Evenchick
et al. (2001); English and Johnston (2005); Evenchick and Thorkelson (2005); Evenchick et al.
(2007); Johnston and Borel (2007).

6.6 BowsER LAKE GROUP: IMPLICATIONS FOR TERRANE AMALGAMATION

It is generally accepted that the high proportion of radiolarian chert clasts in
coarse-grained depositional units of the BLG records a provenance link between the
Cache Creek terrane and Stikinia from Bajocian time onwards (Tipper and Richards
1976; Eisbacher 1985; Gabrielse 1991; Green 1992). In addition, recent detrital zircon
provenance studies in Middle Jurassic to Lower Cretaceous BLG rocks have shown that
the dominant population in each sample consistently falls within the paleontologically
determined depositional age of the rocks (McNicoll et al. 2005). In their interpretation,
McNicoll et al. (2005) suggested that wind-blown ash from synsedimentary volcanism
probably introduced contemporaneous zircons into the evolving Bowser basin. Although
very few grains yielded ages as old as Late Devonian (ca. 360 Ma), no Precambrian
zircon were reported; this suggests that the North American craton did not act as a source
of sediment during deposition of the entire BLG (Evenchick et al. 2007).

Detrital zircon data from sample LT035A in Upper Callovian-Lower Oxfordian
BLG strata near Mount Dilworth yielded two main populations of grains at 164 +/- 2
Ma and 196.4 +/- 2.0 Ma respectively (Chapter 2). Although the youngest population
observed is consistent with the depositional age of the rocks, it does not constitute the
most significant peak. This is slightly different from the data obtained by McNicoll et
al. (2005) in coeval strata elsewhere in the basin. Instead, the greatest population of
grains ranges in age from ca. 180-220 Ma, with minor inputs as old as ca. 390 Ma; no
Precambrian zircons were recovered in sample LT035A at Mount Dilworth.

This anomaly in the provenance data, combined with the occurrence of very thick
mass-transport deposits in deep-water strata of the Todagin assemblage, is interpreted to
indicate rejuvenation of a local source area following reactivation of faults inherited from
the restricted Eskay rift (Chapter 5). Reactivation of pre-existing structures during basin
inversion in early Late Jurassic on the western margin of the Bowser basin is consistent
with the model presented by van der Heyden (1992) for timing of initial collision between
the Insular and the Intermontane terranes (figure. 6.1). According to van der Heyden
(1992), intrusion of granitoids, ductile deformation, and metamorphism dated at ca. 160-
155 Ma in the central Coast Mountains suggest that Stikinia and the Alexander terrane
were colliding with each other at that time. Although the data presented here can not

clearly discriminate between models for amalgamation of the Insular and Intermontane
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domains in the Middle to Late Jurassic (McClelland et al. 1992; van der Heyden 1992) or
the Middle Cretaceous (Monger et al. 1982; Monger and Nokleberg 1996), they provide
evidence that Stikinia and the Alexander terrane might have been in contact as early as
the Middle to Late Jurassic.

Palinspastic reconstruction of Stikinia, which accounts for ~800 km of right-
lateral strike-slip displacement during Cretaceous and Eocene time, places the Bowser
basin on the same latitude as the southern Alberta foreland basin in Aalenian-Bajocian
time (Gabrielse et al. 2006; Evenchick et al. 2007). In a recent synthesis by Evenchick et
al. (2007), both the Bowser basin and the Alberta foreland basin were interpreted to have
received detritus from the rising Omineca highland, which is composed predominantly
of Proterozoic to Paleozoic rocks formed on the margin of the North American craton,
and previously accreted pericratonic terranes. Although the Alberta foreland basin started
to receive sediments from the Columbian Orogen as early as the Bajocian (Fuentes
et al. 2009), the first westerly-derived orogenic clastic wedge indicative of increased
sediment supply and foreland basin subsidence only began in Kimmeridgian-Tithonian
time (ca. 152 Ma) with the accumulation of the coarsening- and shallowing-upward
Kootenay Group (Poulton et al. 1994) (figure 6.2C). On the other hand, the Bowser
basin experienced an increase in subsidence much earlier, in Bathonian and Callovian
time (ca. 167 to 161 Ma) (Gagnon et al. 2009; Chapter 4). Extensive paleontological
data in Late Jurassic BLG rocks suggest that the Bowser basin was characterized by
a rapid westward migration of lithofacies (Evenchick et al. 2001; 2009) (figure 6.2C).
This rapid progradation of deltaic and terrestrial lithofacies over deep-marine lithofacies
indicate that sediment supply progressively out-paced subsidence rates and filled the
basin. Furthermore, unlike the exponentially increasing subsidence rates observed for the
Alberta foreland basin from the middle Early Cretaceous (ca. 127 Ma) onwards (Fuentes
et al. 2009), the concave-upward form of the tectonic subsidence curve for the Bowser
basin suggests that the latter was not a typical foreland basin (Chapter 4).

The absence of Precambrian detrital zircon grains in strata of the BLG also
strongly suggests that these basins were sourced from a different hinterland (McNicoll et
al. 2005; Chapter 2). In their proposed tectonic model, Evenchick et al. (2007) attributed
this discrepancy to the position of an hypothetic drainage divide that separated the
rising Omineca highland into a western (Stikinia, Cache Creek, Quesnellia) and eastern
component (pericratonic terranes, North American margin). Alternatively, amalgamation
of Stikinia and the Cache Creek terrane outboard of the accreted pericratonic terranes
and the North American margin could also explain the absence of recycled Precambrian
zircons in BLG strata (figure 6.2). In a controversial model, Johnston (2001, 2008) and
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Hildebrand (2009) suggested that collision of the intermontane and pericratonic terranes
in Late Triassic-Early Jurassic occurred entirely within Panthalassa, at a location far
removed from the North American platform. This orogeny resulted in the formation

of a ribbon continent, termed SAYBIA or RUBIA, which was subsequently accreted

to the autochthonous margin in the Late Cretaceous (Johnston 2001, 2008; Hildebrand
2009). Although our results regarding the evolution of the Hazelton trough—Bowser
basin do not resolve the more highly disputed aspects of the ribbon continent model
(e.g. location of a cryptic Late Cretaceous suture, exotic nature of the Cassiar carbonate
platform, mid-Cretaceous westward subduction beneath the eastern margin of SAYBIA,
etc.), they are consistent with the amalgamation of juvenile intermontane terranes away
from the autochthonous margin during the Middle Jurassic. Assuming convergence
rates at subduction zones of about 10 cm/a, amalgamation of Stikinia with the Quesnel/
pericratonic terranes in the Middle Jurassic could have occurred at ~2000 km away from

the North American margin (figure 6.2).

6.7 CONCLUSIONS

The Early to Middle Jurassic evolution of the Stikine terrane was characterized
by intense arc-related volcanism and two independent rifting events. Establishment
of a mature east-facing arc system in the Sinemurian-Pliensbachian led to extension
in the back-arc region of Stikinia, which generated the Hazelton trough. Cessation of
subduction on the eastern margin of the Stikine arc at the Toarcian-Aalenian boundary
was coeval with closure of the Cache Creek marine basin. This protracted period of
terrane accretion triggered a profound reorganization of the tectonic plates neighbouring
Stikinia, which was responsible for the decrease of volcanic activity in the Hazelton
trough, and inception of rift-related volcanism and sedimentation in the Iskut River
area. Eventual exhumation of the Cache Creek subduction complex in the Bajocian
provided a new source of sediment which led to deposition of the Bowser Lake Group on
Stikinia. The absence of Precambrian zircon grains in strata of the Bowser Lake Group
indicates that the autochthonous margin did not supply detritus to the Bowser basin.
The latter either implies that: 1) Stikinia and the western margin of North America were
kinematically connected by the Middle Jurassic but an effective drainage divide in the
Omineca highland prevented fluvial transport of craton-derived material to the Bowser
basin (cf. Evenchick et al. 2007); or 2) final amalgamation of Stikinia and the Cache
Creek terrane occurred relatively far away from the autochthonous margin, probably
a few thousand kilometres into Panthalassa (cf. Johnston 2008). The data presented in

this study suggests that unconventional ideas, such as the ribbon continent model, are
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compatible with the tectonic evolution of the Hazelton trough—Bowser basin and should

be investigated more thoroughly.
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Chapter 7: Conclusions

Regional correlations of stratigraphic sections in Jurassic rocks of the northern
Stikine terrane indicate that the Hazelton Group can be divided into two distinct
lithostratigraphic intervals separated in most places by an unconformity (figure 7.1).

The lower Hazelton Group (LHG) is dominated by arc-related volcanic rocks, whereas
the upper Hazelton Group (UHG) contains mainly fine-grained clastic rocks and lesser
bimodal rift-related volcanic rocks (Chapter 2). Deposition of the UHG mostly occurred
in the Hazelton trough, an Early Jurassic intra-arc extensional basin located on Stikinia
(Tipper and Richards, 1976). An extensional origin for the Hazelton trough is consistent
with rapid tectonic subsidence rates observed in the vicinity of Todagin Mountain during
Pliensbachian to Early Toarcian time (figure 7.2; Chapter 4), and with deposition of
rift-related volcanic flows of the Cold Fish Volcanics near Joan Lake (Thorkelson et al.
1995). This tectonic episode was followed by thermal contraction of the Stikine crust and
exponentially decreasing subsidence rates (Chapter 4). Lowermost coarse-grained strata
of the UHG, including the bioturbated and fossiliferous units of the Smithers Formation
and the Spatisizi River Formation, record a transgressive trend consistent with a regional
relative sea-level rise. In the southern portion of the basin, the Smithers Formation is
characterized by a sand-rich lower assemblage, in parts characterized by a Skolithos
ichnofacies, which is overlain by extensively bioturbated siltstone and fine-grained
sandstone representative of the Cruziana ichnofacies (Chapter 3). However, departures
from the archetypal ichnofacies are common in units of the Smithers Formation and are
interpreted to represent local influence of deltaic conditions and/or subaerial volcanism
(figure 7.3; Chapter 3). Transgression of the Stikine arc culminated with the establishment
of deep-water conditions in the Late Toarcian-Early Aalenian, and deposition of the
Quock Formation (Thomson et al. 1986; Chapter 2). Interbedded siliceous mudstone
and rusty-weathered tuff of the Quock Formation are correlated throughout most of the
basin, except in the Iskut River area, where contemporaneous strata of the Iskut River
Formation are dominated by rift-related volcanic rocks and conglomerate (Chapter 2).
Inception of rifting in the Iskut River area constitutes an independent extensional event
on Stikinia, and could be related to reorganization of tectonic plates during a protracted
period of terrane accretion in the Middle Jurassic (figure 7.4; Chapter 6).

Obduction of the Cache Creek terrane over Stikinia in early Middle Jurassic
provided a new source of sediments, which led to accumulation of the Bowser Lake
Group (Tipper and Richards, 1976; Eisbacher, 1985; Gabrielse, 1991; Evenchick and

Thorkelson, 2005). The second pulse of subsidence observed at Todagin Mountain can
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Figure 7.2: Possible subsidence curve corrected for eustatic sea-level (bold dotted line; curve
from Haq (1987)) and water depth. Estimated sea-floor position is shown by continuous line
below the eustatic curve. Position of the basin floor is represented by the bold curve. Uncertain-
ties on paleobathymetry are shown in dotted rectangles (relative to the sea-floor position) whereas
solid rectangles (positioned relative to subsidence curve) represent potential inaccuracies in posi-
tioning of fossil locations on the cross-section, and potential errors in the duration of chronostrati-
graphic units. Time scale from Gradstein et al. (2004).

be entirely explained by sediment loading of the accommodation previously generated
during extension of the Hazelton trough in Early Jurassic time, and does not required
the input of tectonic loading (Chapter 4). In the early stage of the Bowser basin, the
bulk of siliciclastic sediment was deposited in deep-water environments, including
basin slope and basin floor settings. The architectural organization of strata observed
at Todagin Mountain indicates that emplacement of channelized slope systems of the
Todagin assemblage were initially dominated by erosional processes at the base of a
submarine slope (Ricketts and Evenchick, 1999; Chapter 5). Gradual change from erosive
and amalgamated channel deposits to more aggradational channels is consistent with
a basinward advance of graded depositional profile under sustained sediment supply
(figure 7.5; Chapter 5). Elevation of the equilibrium profile favoured aggradation and
preservation of overbank deposits as the system evolved (Chapter 5). In contrast, the

great abundance of thick mass-transport deposits (MTDs) in the upper part of the Mount
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Figure 7.3: Conceptual diagram showing the interpreted depositional model of the Smithers For-
mation and the distribution of facies. See figure 3.3 for legend details.
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Figure 7.4: Conceptual tectonic model showing paleogeographic maps for the Early Jurassic
through Middle Cretaceous. A) Westward-directed subduction underneath Stikinia during Late
Sinemurian—Early Pliensbachian was responsible for volcanic arc magmatism, generation of the
Hazelton trough in the back-arc area, and accumulation of arc-derived detritus in the fore-arc
Whitehorse trough. Entrapment of the exotic Cache Creek terrane probably resulted from counter-
clockwise rotation of the Stikine terrane. B) Closure of the Cache Creek ocean in the early Middle
Jurassic resulted in the obduction of a subduction complex between Stikinia and the formally ac-
creted Quesnel terrane and pericratonic terranes. Cessation of subduction underneath the eastern
margin of Stikina was associated with a decrease in arc volcanism, and thermal subsidence in the
Hazelton trough. Reorganization of tectonic plates triggered extension and rift-related volcanism
on the western margin of Stikinia. Initial deposition of Cache Creek derived conglomerate in the
Bowser basin began in the Bajocian. C) Collision of the formally accreted group of terranes with
the autochthonous North American margin in Late Jurassic triggered flexural subsidence on the
platform and accumulation of the first westerly-derived clastic wedge in the Alberta Foreland
basin. D) The Middle Cretaceous was characterized by a major period of ductile deformation,
metamorphism and magmatism in the Coast Belt. This was associated with development of the
Skeena Fold Belt on Stikinia and northeast-directed thrust faulting and metamorphism in the Om-
ineca Belt and Foreland Belt. First deposition of easterly-derived metamorphic clasts in the Sustut
basin, including Precambrian zircon grains. Sources of information include Eisbacher (1974);
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Tipper and Richards (1976); McDonough and Simony (1988); Gabrielse (1991); Nelson and Mi-
halynuk (1993); Poulton et al. (1994); Murphy et al. (1995); Thorkelson et al. (1995); Evenchick
et al. (2001); English and Johnston (2005); Evenchick and Thorkelson (2005); Evenchick et al.
(2007); Johnston and Borel (2007).

Dilworth section suggests an important change in boundary conditions along the western
margin of the Bowser basin during Late Callovian to Early Oxfordian (Chapter 5).
Steepening of the depositional gradient related to reactivation of faults inherited from the
Eskay rift produced instability on the slope, which interrupted the normal progradation of
the deep-water system and accumulated thick MTDs (Chapter 5). Local uplift and tilting
in the vicinity of Mount Dilworth is consistent with detrital zircon probability density
plots, which show that the greatest population of grains was derived from local volcanic
sources (Chapter 2). The abundance of volcanic fragments in the siliciclastic sedimentary
rocks at Mount Dilworth, compared with other Bowser Lake Group sandstone, suggest
localized sources in the Stikine terrane. In addition, the absence of Precambrian zircon
grains in strata of the Bowser Lake Group indicate that the autochthonous margin

of North America did not supply detritus to the Bowser basin (McNicoll et al. 2005;
Evenchick et al. 2007; Chapter 2). In their proposed tectonic model, Evenchick et al.
(2007) attributed this discrepancy to the position of an hypothetic drainage divide that
separated the rising Omineca highland into a western (Stikinia, Cache Creek, Quesnellia)

and eastern component (pericratonic terranes, North American margin). Alternatively,

A B

Figure 7.5: Depositional model for the Lower Todagin channel complex. A) Amalgamated
channel-fills 1 and 2 were deposited in the lower part of the LTCC where the local gradient was
less. B) Offstacked conglomerate bodies of channel-fill 3 in the upper part of the LTCC. High
sedimentation rates and reduction in flow density resulted in elevation of the equilibrium profile,
which generated more accommodation on the slope. This favored aggradation of channels, and
construction and preservation of levees.
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amalgamation of Stikinia and the Cache Creek terrane outboard of the accreted
pericratonic terranes and the North American margin could also explain the absence of
recycled Precambrian zircons in BLG strata (figure 7.4; Chapter 6). The results presented
in this study suggest that the ribbon continent model (cf. Johnston 2008) is compatible
with the tectonic evolution of the Hazelton trough-Bowser basin, and that the drainage
divide model of Evenchick et al. (2007) remains valid but does not constitute the only

possible solution to this long-lived controversy.
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APPENDIX A

This appendix accompanies chapter 2 and provides a complete list of the
paleontological data reported from the measured stratigraphic sections. Most fossil
localities are compiled from published goverment reports, for which the appropriate
reference is cited. Each fossil locality is given with its assigned Geological Survey of
Canada number (GSC), except for the radiolarian microfossils identified by Dr. Fabrice
Cordey at the Université de Lyon in France. In the latter case, the original field sample
numbers are provided. Fossil description at the genus and species levels are given, along
with the interpreted depositional age for the sub-stage level. Additional information and

precision on the assigned age can be found in the respective references.
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APPENDIX B

This appendix accompanies chapter 2 and more fully describes the U-Pb
geochronology methods and the specific analyses undertaken in this study. A full data set

of samples from which probability density plots have been derived is also provided.

Methodology

Zircons from each sample were extrated using standard separation techniques
(e.g. jaw crusher, disc mill, Wilfley table, Frantz magnetic separator, methylene iodine),
and mounted on an epoxy mount. Individual grains were then analyzed for their U and Pb
isotopic composition using a Nu Plasma MC-ICP-MS coupled to a New Wave Research
UP213 laser ablation system following the methods of Simonetti et al. (2005). Since most
samples yielded very low Pb concentrations due to their young age, the calculated error
for the 206Pb/207Pb ages at a 2 sigma level was discarded. Instead, age uncertainties
were entirely calculated at a 2 sigma level for 206Pb/238U ages. Probability distribution

plots for ages of all results with <50% discordancy are given in figure 2.15.

Supplementary Data

The data presented below are for samples MC022A of the Smithers Formation
(UHG) and LT035A of the Todagin assemblage (BLG). Plots have been generated using
ISOPLOT 03.09 (Ludwig 2003).
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