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ABSTRACT

The Atnarko complex located in west-central British Columbia comprises pre-Early Jurassic
metavolcanic and metasedimentary rocks, termed the Atnarko assemblage, which is structurally
interleaved with Late Triassic to Early Cretaceous orthogneiss. The Atnarko assemblage
correlates with continental margin assemblages found within the Coast plutonic complex.
Tectonic interaction between the Insular and Intermontane superterranes resulted in several
phases of deformation including; 1) poorly preserved Jurassic deformation, 2) Early to mid-
Cretaceous, southwest to west directed, compression, 3) mid-Cretaceous, north to northeast
directed, compression, 4) mid- to Late Cretaceous dextral and sinistral ductile/brittle shearing,
and 5) post latest Cretaceous brittle faulting. Peak metamorphism coincides with generation of
migmatite in the Early Cretaceous (~117-115 Ma) and is contemporaneous with penetrative
ductile fabrics. The Atnarko complex had cooled below 350°C by the Late Cretaceous and
ductile fabrics are cross-cut by latest Cretaceous to Paleocene plutons.

Comparison of the Atnarko complex to equivalent portions of the orogen along strike, indicates
a post mid-Cretaceous change in structural style. To the northwest the orogen records continued
southwest-directed compression which dominates the deformation style; while to the southeast
large dextral strike-slip faults dominate. Relative plate motions between ca. 70-60 Ma indicate
that dextral transpression occurred between the Kula and North American plates. Strain during
this transpressive deformation was partitioned into compressive and translational regions. The
Atnarko complex area is situated at the transition between translation and compression.

The conditions of the lower and middle crust within the orogen were established by how strain
was partitioned across the orogen. The distributed strain also shaped how the orogen responded
to Tertiary extension. Continued compression to the northwest of the Atnarko complex led to
increased crustal thickness and partial melting of lower and middle crust in the Tertiary.

Conversely, the cessation of compression in the southeast lead to a more stable (i.e. cooler)



crustal lithosphere. A change in relative plate motions in the early Tertiary triggered full-scale,
orogen-perpendicular, collapse in the northwest facilitated by decoupling between the middle
and lower crusts along thermally weakened layers. Localized orogen-parallel extension occurred
in the southeast which was kinematically linked to large dextral strike-slip faults where the upper

crust remained coupled to the middle and lower crust.
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CHAPTER ONE
INTRODUCTION
Preamble

Mountain belts (orogens) are complex geologic systems formed in response to plate tectonic
processes. Exhumed orogens are, therefore, critical parts of the Earth that allow for field and
laboratory studies of middle to lower crustal rocks that support continent scale mountain belts.
Specifically they provide insight into the construction of crustal roots to arcs and to the processes
responsible for continental accretion.

On a global scale the evolution of orogenic belts can be ascribed to the interaction of two or
more tectonic plates at convergent margins. A cycle develops where by lithospheric scale
deformation leads to crustal thickening and a concomitant increase in topography. This
constructional event is commonly followed by collapse and exhumation of middle and lower
crustal rocks (Dewey, 1988). How the orogen evolves through time is a function of: 1) large-
scale plate dynamics; 2) rheological properties of the crustal lithosphere; and 3) the rates of input
of new or recycled magmatic material (e.g. magma).

Transpression refers to a situation in which strain is partitioned between orogen parallel
translation and orogen normal compression (Fossen and Tikoff, 1998; Saint Blanquat et al.,
1998). The consequence is the compartmentalization of strain across the orogen to form discrete
zones that deform differently. How strain is partitioned and the styles of deformation featured by
each zone reflect relative plate motions and rheological properties of the lithosphere. Differences
in deformation styles are manifest at both the Earth’s surface and at depth. In some instances, the
crust becomes stratified in terms of styles of deformation. This occurs, for example, where upper

crustal layers become decoupled from lower portions of the crust, allowing the layers to deform



independently (Grocott et al., 2004). In actively deforming magmatic arcs the presence of melt
enhances deformation by promoting strain softening and strain localization. It also increases the
likelihood of extreme strain partitioning to the point that portions of the crust become decoupled
(Vanderhaeghe and Teyssier, 2001; Brown, 2004).

Orogens that coincide with magmatic arcs are associated with enormous amounts of heat and
melt. The initial crustal thickening stages of orogenesis can potentially lead to the generation of
partially melted lower crust (Thompson and Connolly, 1995; Ducea, 2001). Overthickening
combined with thermal weakening of the crust by partial melting create gravitational instabilities
in the crust and can cause decoupling of the upper crust from the lower crust. These events
greatly facilitate collapse of the orogen.

The orogen represented by the western Canadian and southeast Alaskan Cordillera hosts the
Coast plutonic complex, a belt of plutonic and metamorphic rocks extending for more than 1800
km and recording over 150 My of magmatism and deformation (Fig. 1.1). The complex is part of
an accretionary orogen that is characterized by a collage of tectonic terranes amalgamated over
time to the western margin of North America (Monger and Nokelberg, 1996; Dickinson, 2000).
The Coast plutonic complex is the product of the interaction between two large composite
terranes, the Insular and Intermontane superterranes. The most widely accepted view is that
initial interaction between the two superterranes began by Middle Jurassic time or possibly
earlier (van der Heyden, 1992; Saleeby, 2000; Gehrels, 2001). Once the two superterranes
docked the relative plate motions at the boundary changed several times causing the margin to
undergo periods of transpression, transtension, extension and predominantly strike slip motion.

How the orogen reacted to the changes in plate motions is captured in the magmatic, structural
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and metamorphic history of middle and lower crustal rocks now exposed within the Coast
plutonic complex.

The Atnarko complex, located within the Coast plutonic complex, near the boundary between
the Insular and Intermontane superterranes, is composed of middle and lower crustal rocks that
represent part of the over 150 My evolution of the orogen (Fig. 1.1). This thesis is based on
detailed field based study of the rocks exposed in the Atnarko complex and dating of the
deformation and metamorphism.

Previous Work

The Atnarko complex and surrounding terrain was previously mapped at only reconnaissance
level. Tipper (1969) first mapped the Anahim map sheet at 1:250 000 scale and identified
strongly deformed metaigneous, metavolcanic and metasedimentary rocks intruded by deformed
plutonic bodies. His study was regional in context and provided no detailed understanding of the
complex. The Mount Waddington map sheet to the south of the Atnarko complex (Tipper, 1968)
and to the west in the Bella Coola map area (Baer, 1973) were also mapped at this time. The last
geological work in the Atnarko area is that of van der Heyden (1990; 1991) who undertook
reconnaissance 1:50 000 scale mapping and preliminary geochronological studies of the area.
This thesis represents the first comprehensive study of the Atnarko complex.

In 2001 the Geological Survey of Canada and the British Columbia Geological Survey initiated
a Targeted Geoscience Initiative (TGI) project centred on the Bella Coola area, west of the
Atnarko complex. The aim of the TGI was to remap the region and assess the mineral potential
of the area (Haggart et al., 2006). This provided an opportunity for detailed study in the Atnarko

complex. The region of the Atnarko complex is characterized by rugged, steep to gently rounded



glaciated mountains of the British Columbia Coast Mountain chain. The field area is remote and
accessible only by helicopter.
Objectives of Thesis

The objectives of this research are to: 1) provide a field based geological model for the
Atnarko complex, a relatively unknown region within the Coast Mountains of British Columbiga;
2) determine the relationships between structure, metamorphism and plutonism within the
Atnarko complex; 3) establish a connection between the events recorded by the Atnarko complex
and the formation of the Coast Mountains orogen; and to 4) relate the events recorded in the
Atnarko complex to the existing framework for the Cordillera.

Organization of Thesis

The thesis is divided into three chapters, each of which focuses on different aspects of the
Atnarko complex. The individual chapters are written as manuscripts for submission as
publications in international scientific journals.

Chapter 2 establishes the geologic foundation of the Atnarko complex on the basis of the
structural, metamorphic and lithologic characteristics of the complex. Detailed 1:50 000 scale
bedrock mapping coupled with structural analysis and “°Ar/**Ar geochronology of metamorphic
minerals provide the framework for this research. This work is written as a manuscript: “Early
Cretaceous to Tertiary history of the Atnarko complex, southwest British Columbia,” to be
submitted to the Geological Society of America Bulletin.

Chapter 3 presents the results of thermochronology applied to the Atnarko complex which are
used to establish the structural and magmatic history of the complex. This manuscript provides a
detailed look into the processes associated with convergent margins and shows how orogens

respond to relative plate motions. This manuscript “Coupling and decoupling between the lower



and middle crust within the western Canadian Cordillera: Evidence from the Atnarko complex,”
is to be submitted to the journal Tectonics.

Chapter 4 provides a regional context for the lithologies of the Atnarko complex. Furthermore
it establishes relationships between terranes within the orogen by comparing and contrasting the
tectonostratigraphic relationships across the Insular superterrane-Coast plutonic complex-
Intermontane superterrane boundaries along strike from southeast Alaska to southwestern British
Columbia. This manuscript “A comparative analysis of superterrane boundaries from Alaska to
southwestern British Columbia,” is to be submitted to the Canadian Journal of Earth Science.

Chapter 5 summarizes the conclusions drawn from the previous chapters and presents a set of
recommendations for future work in the Atnarko area.

Included in the thesis are two 1:50 000 scale bedrock maps that depict the geologic
relationships of the Atnarko complex and surrounding region. The maps are the result of the
interpretation of data collected over a total of seven months of field work by the author with a
compilation of older mapping. These maps have been published by the Geological Survey of
Canada and include: 1) Israel, S and van der Heyden, P. (2006). Geology, Atnarko (93C/05),
British Columbia; Geological Survey of Canada, Open File 5389, scale 1:50 000; 2) Israel, S.,
van der Heyden, P., Haggart, J.W., and Woodsworth, G.J. (2006). Geology, Junker Lake and
part of Knot Lakes (93C/04 and 92N/13), British Columbia; Geological Survey of Canada Open
File 5388, scale 1:50 000.

Coast belt-Coast plutonic complex definitions

Any geologic study in the North American Cordillera is rife with terminology. Not the least of

which is the difference between the Coast belt and the Coast plutonic complex. Both of these

terms have been used over the years to describe rocks of the outermost mountainous terrain of



the Canadian and Alaskan portions of the North American Cordillera. This thesis deals
extensively with these terms and | have tried to use the two terms effectively. Chapters two and
three of this thesis are largely concerned with the Coast plutonic complex, whereas Chapter four
deals with the complex and how it fits within the wider Coast belt scheme of Cordilleran
tectonics. Because of this, | feel it necessary to give brief definitions of each term such that the
reader is clear as to what | mean when using the terms.
Coast Belt

The Coast belt is defined in terms of morphogeological characteristics and includes the
topographically high (mountainous) region along the western coast of British Columbia and
portions of southeast Alaska (Fig. 1.2; Wheeler and McFeely (1991). It includes all the rocks of
the Coast plutonic complex as well as rocks that belong to Stikinia, Wrangellia, the Alexander
terrane and various late Mesozoic and Cenozoic overlap assemblages. Boundaries are defined on
morphology and to some extent geology.
Coast plutonic complex

The term Coast plutonic complex has been used for decades in Cordilleran geology. The
definition of the term is somewhat subjective but it is considered an entity within the Coast belt.
Woodsworth et al., (1991) provide a definition that is adhered to in this thesis. Their definition
states, “...the Coast plutonic complex of the Coast belt, a long and narrow zone of plutonic and
lesser metamorphic rocks extending from southern British Columbia into the Yukon Territory.”
The boundaries are somewhat arbitrary as many of the plutons included in the complex intrude
into adjacent Intermontane and Insular superterranes; however, it is possible in places to draw a
line on a map between higher grade metamorphic rocks and lower-grade to unmetamorphosed

rocks. These lines are almost always faults, separating true Coast plutonic complex from clearly



- Oceanic terranes

Ancestral North
America (Laurentia)

- Coast plutonic complex
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Figure 1.2. Map of parts of the Alaskan and Canadian Cordillera illustrating difference between
tectonic terranes and morphogeological belts. Terrane boundaries modified from Colpron et al.
(2007). Morphogeological belt boundaries from Wheeler and McFeely (1991).



identifiable rocks belonging to the adjacent superterranes (Fig. 1.2). The plutons and much of the
metamorphism of the country rocks are the result of tectonic interaction between the Insular and
Intermontane superterranes and therefore | believe the Coast plutonic complex can be considered

as a tectonic entity unto itself.
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CHAPTER 2

EARLY CRETACEOUS TO TERTIARY HISTORY OF THE

ATNARKO COMPLEX, SOUTHWEST BRITISH COLUMBIA



INTRODUCTION

The present day crustal structure is a record of how the crust responds to plate interactions. The
main driving mechanisms behind the various stages of orogenic construction are a combination
of relative motions along the plate margins and the addition of magmatic material during crustal
anatexis and/or the introduction of melt from mantle sources (Dewey, 1980, 1988; Vanderhaeghe
and Teyssier, 2001). The western North American Cordilleran orogen of Canada, Alaska and
Washington records at least 150 My of orogenic construction and collapse during terrane
accretion. The Coast plutonic complex of the western North American Cordillera is a belt of
plutonic and metamorphic rocks in excess of 1800 km long. It stretches from Alaska, through
British Columbia and into northern Washington (Fig. 2.1). The exact boundaries of the Coast
plutonic complex are somewhat arbitrary, coinciding with the limit of metamorphic rocks that
were originally part of the bounding Insular and Intermontane superterranes (Woodsworth et al.,
1991)

The formation of the Coast plutonic complex is attributed to the accretion of the Insular
superterrane to the western margin of the Intermontane superterrane. The accretion began by the
Middle Jurassic (or before) and continued into the Tertiary (Monger et al., 1982; McClelland et
al., 1992a; van der Heyden, 1992). Studies of the Coast plutonic complex have identified several
phases of deformation linked to orogen development involving crustal thickening followed by
extension and exhumation of middle and lower crustal rocks (Andronicos et al., 1999; Crawford
et al., 1999; Rusmore et al., 2005; Hollister and Andronicos, 2006). Plate reconstruction models
for the western North American Cordillera indicate changes in plate vectors between the North
American and outboard Pacific plates (Farallon and Kula plates) from earliest Cretaceous
relative sinistral movement to dextral motion by Late Cretaceous with varying amounts of

compression orthogonal to the strike of the orogen (Engebretson et al., 1985; Lonsdale, 1988).
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Figure 2.1. Location of study area and geologic nature of the Coast Plutonic complex surrounding the

Atnarko complex. SR, EB-Shames River and Eastern Boundary detachment systems, respectively. MW-
Mount Waddington Map area. Modified from Boghossian et al., [2000]; Chardon et al., [1999]; Rusmore

and Woodsworth [1994]; Rusmore et al., [2005] and van der Heyden et al., [1994].
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The Insular superterrane, Coast plutonic complex and Intermontane superterrane all form
northwest trending belts separated from each other by crustal-scale zones of deformation (Fig.
2.1). Near Bella Coola, west-central British Columbia (Fig. 2.1), the post crustal thickening
history of the orogen is markedly different from areas to the northwest and southeast along
strike. This difference is manifest by substantial Eocene extension which exhumed middle and
lower crustal rocks northwest of the Bella Coola area. In contrast, to the southeast, the orogen
features small, localized extensional complexes within a dominantly dextral strike-slip regime
(Friedman and Armstrong, 1988; Coleman and Parrish, 1991; Andronicos et al., 2003; Rusmore
et al., 2005). Polydeformed metamorphic rocks of the Atnarko complex are located at the latitude
where this transition in structural style occurs. Previous work suggested that the metamorphic
rocks in the Atnarko complex had the same history as rocks to the northwest; namely that they
recorded Cretaceous compression followed by Eocene extension and exhumation. Work
presented here shows this not to be the case.

In this chapter results from bedrock mapping within the Atnarko complex and structural and
chronologic data are used to establish a geologic history for the complex. The data and
observations from this work do not support Eocene extension as the main mechanism of
exhumation within the Atnarko complex. Rather the data suggest that deformation and
subsequent exhumation of metamorphic rocks relates to compression in Early to Late Cretaceous
time. The fundamental differences in structural style observed along the strike of the orogen can
be explained by strain partitioning during Late Cretaceous dextral transpression such that
compression occurred northwest of the study area and dextral translation occurred to the
southeast. This led to dramatically different late Mesozoic and Early Tertiary histories, in

particular the style and amount of extension varies along strike within the orogen.



GEOLOGIC SETTING
Insular Superterrane

The Insular superterrane includes the Alexander and Wrangell (Wrangellia) terranes (Fig. 2.1).
The Alexander terrane comprises latest Proterozoic to Triassic volcanic, clastic sedimentary and
carbonate rocks (Jones et al., 1977). Wrangellia is composed of Middle and Late Paleozoic arc
sequences and scattered Middle Triassic sedimentary rocks overlain by voluminous Late Triassic
flood basalts and carbonates. The two terranes have different Early Paleozoic histories but are
believed to have been amalgamated by the Carboniferous and accreted to the western edge of the
Intermontane terrane as a single coherent crustal block (Jones et al., 1977; Gardner et al., 1988;
Monger and Journeay, 1994; Dickinson, 2004). At the latitude of the study area, Alexander
terrane rocks are the only component of the Insular superterrane (Gehrels, 2001). These crop out
on islands along the BC and Alaska coasts west of the study area (Fig. 2.1).

Intermontane Superterrane

The Intermontane superterrane includes the Stikine (Stikinia), Cache Creek and Quesnel
(Quesnellia) terranes. The discussion in this chapter considers only Stikinia, the westernmost
portion of the Intermontane superterrane (Fig. 2.1). Stikinia, as represented at the eastern margin
of the Coast plutonic complex, is composed of the Hazelton Group, an Early to Middle Jurassic
volcanic and sedimentary arc sequence that is widespread from Bella Coola north to 58°N
latitude (Marsden and Thorkelson, 1992; Gordee, 2005).

The Hazelton Group is unconformably to disconformably overlain by Early to mid-Cretaceous
volcanic and sedimentary rocks of the Monarch assemblage (van der Heyden et al., 1994;
Haggart et al., 2003). The older volcanic portion of the Monarch assemblage is correlated with
the Gambier Group which is interpreted to be an Early Cretaceous volcanic arc sequence built on

Wrangellia and the Insular superterrane. The Gambier Group and the Monarch assemblage are



thought by some workers to represent one Early to mid-Cretaceous volcanic arc built across the
Intermontane and Insular superterrane boundary (Monger et al., 1994b; Israel et al., 2006a).
Coast plutonic complex

The Coast plutonic complex is a magmatic and metamorphic belt that stretches from Alaska to
southernmost British Columbia and northwest Washington. The complex is attributed to tectonic
interaction between the Insular and Intermontane superterranes and the subduction of intervening
oceanic crust (Fig. 2.1; Monger et al., 1982; van der Heyden, 1992; Dickinson, 2000). Mesozoic
to Tertiary plutonic rocks intrude variably deformed and metamorphosed supracrustal rocks of
both the Intermontane and Insular superterranes, as well as rocks believed to be part of the
Yukon-Tanana terrane, a terrane comprised of metamorphosed and deformed rocks of
continental margin affinity (Armstrong, 1988; van der Heyden, 1989; Mortensen, 1992; Monger
and Journeay, 1994; Gehrels, 2001; Colpron et al., 2007). For this study the Coast plutonic
complex is defined as consisting of Mesozoic plutons and the metamorphic rocks found within
and at the edges of the plutons. The eastern and western boundaries are somewhat variable, but
often coincide with structures that place higher-grade metamorphic rocks over lower-grade rocks
that belong demonstrably to either the Insular or Intermontane superterrane (Fig. 2.1).
Tectonic and structural relationships

The timing of accretion of the Insular superterrane to the western margin of the Intermontane
superterrane is a subject of debate. Early models suggested a mid-Cretaceous age for initial
accretion (Berg et al., 1972; Monger et al., 1982). Subsequent studies suggested that the
accretion began in the latest Triassic to Middle Jurassic (McClelland et al., 1992a; van der
Heyden, 1992; Monger et al., 1994a; Monger and Nokelberg, 1996; Dickinson, 2000; Saleeby,
2000). A third model suggests that the Insular and Intermontane superterranes were located well
to the south relative to their present day position until mid-Cretaceous time and were translated

northward to present day latitudes in the latest Cretaceous to Tertiary (Irving et al., 1995; Wynne



et al., 1995; Cowan et al., 1997), the so-called ‘Baja-B.C. model”. Some of the proposed
displacement for the latter model is thought to have occurred on the Coast shear zone. The Coast
shear zone is a ~1200 km structure located within the Coast plutonic complex (Hollister and
Andronicos, 1997). The evidence for substantial post mid-Cretaceous orogen parallel motion on
the Coast shear zone is questionable for two reasons: 1) most of the latest Cretaceous to Tertiary
movement along the Coast shear zone is top to the west compression overprinted in places by top
to the east normal displacement (Rusmore et al., 2000; Rusmore et al., 2001; Andronicos et al.,
2003); and, 2) continuous pre-Cretaceous geologic units have been traced across the main strand
of the shear zone in southeast Alaska that suggests no significant lateral movement since at least
mid-Cretaceous (Gehrels, 2001).

As much as 800 km of relative sinistral motion is believed to have occurred between the
Intermontane and Insular superterranes between earliest Cretaceous (possibly older) and Late
Cretaceous time (Monger et al., 1994b; Evenchick, 2001; Umhoefer et al., 2002; Israel et al.,
2006a). Several large sinistral strike-slip faults, located at the margins of the Coast plutonic
complex, such as the Grenville Channel shear zone and the Tchaikazan fault were active during
the Early to mid-Cretaceous (Chardon et al., 1999; Israel et al., 2006a). Coeval compressional
structures with a component of sinistral shear are reported from throughout the Coast plutonic
complex and adjacent terranes and are thought to have been act