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Abstract

Lithospheric-scale geodynamic processes are interconnected with surface processes such as
erosion and tectonic denudation, therefore the integration of geological and geophysical data
is valuable when developing geodynamic models. One geodynamic problem that has gained
worldwide interest is the contrast in lithospheric properties between the hot and thin Canadian
Cordillera and cold and thick North American craton. This thesis focuses on characterizing
two aspects of the crust in western Canada: 1) ancient surface and near-surface processes using
low-temperature (U-Th)/He thermochronology; and 2) modern geothermal gradients using a
wavelet analysis of magnetic anomalies. The first study resolves a differential, tectonically-
driven Cretaceous exhumation history in the northern Canadian Cordillera. The second study
finds that Curie depths (~580 °C) are shallow throughout the Cordillera, averaging ~15 km,
compared to the Canadian Shield, averaging ~33 km. Both studies provide useful constraints

for modeling the geodynamic evolution of the Canadian Cordillera.

Résumé

Les processus géodynamiques sont interconnectés avec les processus géologiques superficiels
tels que 1’érosion et la dénudation tectonique, donc I’intégration de données géologiques et
géophysiques est importante dans la conception de modeles géodynamiques. Un probleéme
géodynamique d’intérét mondial est le contraste entre la lithosphére mince et chaude de la
Cordillere Canadienne et la lithosphére épaisse et froide du Bouclier Canadien. Cette thése a
comme but de caractériser deux aspects de la crotite terrestre dans 1’Ouest canadien: 1) les

processus superficiels anciens par moyen de thermochronologie a basse température (U-

il



Th)/He; et 2) les gradients géothermiques modernes avec une analyse par ondelettes
d’anomalies magnétiques. La premicre étude dévoile une histoire de dénudation tectonique
différentielle dans le nord de la Cordillére Canadienne pendant le Crétacé. Dans la deuxieme
¢étude, les profondeurs Curie (~580 °C) calculées dans la Cordillére sont peu profondes (~15
km en moyenne) relativement au Bouclier Canadien (~33 km en moyenne). Ces résultats
fournissent des contraintes utiles pour modéliser 1’évolution géodynamique de la Cordillere

Canadienne.
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Chapter 1.

Introduction

The Canadian Cordillera has been studied by geologists and geophysicists for decades
because of its complex tectonic history, geomorphology and lithospheric architecture. The
crust in the Canadian Cordillera records approximately 750 m.y. of tectonic processes,
beginning with the rifting of Laurentia from the Rodinia supercontinent which created the
margin where the Canadian Cordillera was subsequently built (Monger & Price 2002 and
references therein). The Cordillera is composed of multiple sedimentary basins, magmatic
arcs and arcs built on rifted continental fragments, which underwent multiple episodes of
crustal thickening and metamorphism during orogenesis (e.g. Berman et al. 2007; Dusel-
Bacon et al. 2002; Foster et al. 1985; Hansen & Dusel-Bacon 1998; Monger & Price 2002;
Murphy et al. 2006). The Cordillera is still an active orogen, with most of the present-day
deformation concentrated on the western and eastern margins of the Cordillera (e.g. Leonard

et al. 2007; Mazzotti et al. 2008; Mazzotti & Hyndman 2002).

The Canadian Cordillera is studied by geologists and geophysicists around the world,
since it provides a window into a myriad of geologic processes and hosts many important ore
deposits due to its protracted tectonic history (e.g. Allan et al. 2013; Monger & Price 2002;
Nelson et al. 2013). Many recent geophysical studies focus on characterizing the present-day
lithosphere of the Canadian Cordillera and using these constraints to model past and present
lithospheric-scale processes motivated by the large contrast in lithospheric properties between
the hot and thin Cordilleran lithosphere and cold and thick lithosphere of the adjacent North

American craton (e.g. Audet et al. 2007; Bao et al. 2014; Currie et al. 2008; Lewis et al. 2003;



McLellan et al. 2018; Schaeffer & Lebedev 2014). Numerous models have been proposed for
the evolution of the lithosphere and source of uniform heat across the orogen in the Canadian
Cordillera and similar tectonic settings. These models include the advection of heat by large
convection cells in the asthenosphere caused by the downward motion of a subducting slab
(e.g. Finzel et al. 2015) or the delamination of the once thickened Cordilleran lithosphere (e.g.
Bao et al. 2014; Levander et al. 2011; Ranalli et al. 1989). Alternatively, present-day
Cordilleran temperatures are maintained by vigorous small-scale convection in the upper
asthenosphere triggered by a subducting slab or asthenospheric convection along the sharp

edge of the cratonic lithosphere (e.g. Currie & Hyndman 2006; Hardebol et al. 2012).

These lithospheric-scale processes are often modeled based on constraints from
geophysical data, however a wealth of information on these processes can be extracted from
geological data, since they are interconnected with surface and near-surface processes such as
uplift, erosion, and tectonic denudation. For instance, the gravitational collapse of orogens is
expressed on the surface as widespread extension and normal faulting and the rapid
exhumation of deep-seated metamorphic core complexes (e.g. Dewey 1988; Jolivet & Brun
2010; Rey et al. 2001), caused by an excess of gravitational potential energy after crustal
thickening, resulting in the lateral flow of the crust (e.g. Dewey 1988). In convergent settings,
the localization of surface deformation and uplift of orogens and subsequent preferential
erosion of the uplifted portions can be influenced by the strength and geometry of a subducting
slab beneath the mountain belt (Bendick and Ehlers 2014). Furthermore, slab detachment or
retreating delamination of weak lithosphere below an orogen result in the migration of surface
deformation and uplift contemporaneous with the detachment, which in turn results in

increased erosion rates in the uplifted areas, and perhaps a shift in the regional climate,



affecting the pattern of precipitation-driven erosion (e.g. Fox et al. 2015; Krystopowicz &
Currie 2013). Alternatively, delamination of strong lithosphere is modeled to result in the
uplift of the entire orogen, only after the removal of the lithosphere (Krystopowicz & Currie,
2013). Erosion through a combination of fluvial, glacial and mass wasting processes has also
been proposed as a catalyst for the localization of deformation and uplift in mountain belts
(Koons et al. 2002; Molnar & England 1990; Simpson 2004; Willett et al. 2009; Zeitler et al.
2001), therefore the topographic evolution of many orogens is likely due to positive feedback
mechanisms between surface and tectonic processes (e.g. Koons et al. 2013; Reiners &
Brandon 2006; Thiede et al. 2004). Thus, studying the timing and patterns of surface processes
as well as the present subsurface conditions of the lithosphere contributes to identifying and
modeling geodynamic processes. The goal of this thesis is 1) characterizing Mesozoic-
Cenozoic surface and shallow subsurface processes of Canadian Cordilleran crust and 2)
characterizing present geophysical properties of Canadian Cordilleran crust derived from
aeromagnetic anomalies, providing useful constraints for the geodynamic evolution of the

Canadian Cordillera.

Chapters 2 and 3 of this thesis are two self-contained scientific articles prepared to be
submitted to journals. Chapter 2 will be submitted to Lithosphere and Chapter 3 will be
submitted to Journal of Geophysical Research, and the articles are formatted according to
their respective journal’s guidelines. I am the main author of both papers, which were
modified according to comments from my co-supervisors David Schneider and Pascal Audet.
Chapter 4 is the conclusion chapter of the thesis, outlining the contributions of both articles to

the understanding of modern-day Cordilleran crust and its past crustal processes.



Chapter 2 presents the results of a low-temperature thermochronology study in west-
central Yukon, in the metamorphic hinterland of the northern Canadian Cordillera, and was
done in close collaboration with David Schneider. The numerical models and interpretations
were discussed with Pascal Audet. Samples chosen for analysis are from the archives of the
Geological Survey of Canada, facilitated by Nancy Joyce. The analyses were done by Elise
Cossette, Cassandra Powell and Meghan Moher using the thermochronology laboratory
facilities at the University of Texas-Austin and University of Colorado-Boulder, and I
undertook the numerical modeling and interpretations of the dataset. This study focuses on an
area of approximately 200 X 100 km of the Yukon Tanana Terrane, formed by a series of arcs
that record multiple crustal thickening and metamorphic events between their accretion to the
Laurentian margin in the Permian-Triassic to mountain-building in the Triassic-Cretaceous
(e.g. Beranek & Mortensen 2011; Colpron et al. 2007; Nelson et al. 2013). Previous work has
been done on the Permian-Jurassic tectonic history using geochronometers and high
temperature thermochronometers (e.g. Beranek & Mortensen 2011; Colpron et al. 2007;
Nelson et al. 2013). Chapter 3 builds on these previous studies by resolving the Cretaceous

exhumation history of the shallow crust using (U-Th)/He thermochronology.

Apatite and zircon (U-Th)/He thermochronology is based on the production of
radiogenic “He, through the a-decay of ***U, **U and **Th and '¥’Sm (Farley 2002; Harrison
& Zeitler 2005), and how retentive of *He the apatite and zircon are once it is formed. Both
zircon and apatite have a temperature range where the grains will retain a fraction of the *He,
and the retentivity increases as temperatures decrease, until the grains start to retain all of the
produced daughter product below a certain temperature. In general, zircon is partially retentive

between 140 and 210 °C (Guenthner et al. 2013; Reiners 2002; Reiners et al. 2004; Stockli



2005; Wolfe & Stockli 2010) and apatite is partially retentive between 35 and 90 °C (Farley
2000; Flowers et al. 2009; Shuster et al. 2006; Stockli et al. 2000), and this temperature range
is referred to here as the partial retention zone (PRZ). Using the (U-Th)/He ages as simply a
“cooling age” is misleading, since different samples may spend a different amount of time
within the PRZ, and the retentivity of the grain also depends on grain-specific parameters such
as grain size and radiation damage from the ejection of a particles, thus the decay of U, Th
and Sm to “He cannot be directly related to time. However, with the use of numerical models,
and the current knowledge of *“He diffusion kinetics within zircon and apatite, the timing and
rate of cooling within the PRZ may be resolved. The dataset in Chapter 2 includes *He ages
from zircon and apatite (ZHe and AHe, respectively), and can therefore resolve the thermal
histories within a wide temperature range which approximately corresponds to the shallow

crust (Currie & Hyndman 2006).

Knowing the rate and spatial pattern of cooling of the upper crust is useful for studying
surface processes such as erosion and topographic development. A key assumption when
studying past surface and near-surface processes using low-temperature thermochronology is
the crustal thermal model, since surface temperatures and geothermal gradients allow the
temperatures from thermochronology models to be converted into depths, and cooling rates
into exhumation rates. However, since multiple factors can affect cooling rates, and multiple
exhumation mechanisms operate at similar rates, cooling rates alone cannot distinguish
between exhumation mechanisms. The spatial pattern of cooling and exhumation can give
clues on the exhumation mechanisms. For example, if the change in (U-Th)/He ages is subtle
within the study area, this may imply climate-driven exhumation, for example an increase in

precipitation focused on one area, the location of which is often related to the regional



geomorphology (Willett et al. 1999). A marked change in (U-Th)/He ages or very different
exhumation rates between two directly adjacent areas may imply tectonic exhumation, for
example by tectonic denudation, where normal faulting rapidly exposes the underlying
footwall. Exhumation by thrust faulting implies an increase in topography due to thickening,
and the uplifted regions are preferentially eroded (Reiners & Brandon 2006). Low-
temperature thermochronology may therefore be used to locate faults, or estimate the timing
and rate of faulting, and has also been applied at larger scales, for example to show the overall
movement of material showing the propagation of an orogenic front (Reiners & Brandon

20006).

Since the sampling density in Chapter 2 is relatively low for a thermochronology
study, with 25 samples collected over an area of ~20 000 km?, the study area was divided into
five crustal blocks. The thermochronology models resolve the general thermal history that
best represents each crustal block, although there may be smaller-scale cooling patterns within
each of them. In some areas, the exact exhumation mechanisms could not be determined
because of the scale of the study and poor constraints on faults in the area. Consequently,
possible exhumation mechanisms are proposed, and smaller areas are found where future
smaller-scale thermochronology studies may resolve the exhumation mechanisms that operate
on the scale of the study presented in Chapter 2. Moreover, the study area in Chapter 2 is much
larger than most other geological studies in Yukon, which highlights some issues with
previously proposed tectonic models that were based on local studies. The large scale and low
sampling density of this study makes resolving these issues challenging, but brings them to

light nonetheless.



The article in Chapter 3 covers a much larger area with the goal of improving the
constraints on modern geothermal gradients in the crust throughout the Canadian Cordillera
and part of the adjacent craton. I worked closely with my co-supervisor Pascal Audet for this
study, consulting with David Schneider when relating the results to the regional geology. As
mentioned above, the contrast in lithospheric properties between the Canadian Cordillera and
the adjacent North American craton has motivated many geophysical studies, and multiple
geodynamic models have been proposed to explain the mechanisms behind the hot and thin
Cordilleran lithosphere and contrasting cold and thick cratonic lithosphere. Therefore, the
study area in Chapter 3 was expanded beyond the Canadian Cordillera to include the Canadian
Shield. In this chapter, crustal temperatures in western Canada are characterized by estimating
the depth to the Curie temperature of crustal rocks from a spectral analysis of magnetic
anomaly data. The anomaly grid is a subset of NAMAG (2002), an aeromagnetic compilation
grid that covers Canada, U.S.A., and Mexico, which is a useful and easily accessible dataset

for characterizing the North American Cordillera and craton.

Aeromagnetic surveys are some of the oldest geophysical methods, with the earliest
applications being mineral exploration and bedrock mapping (Hood 1992). The geomagnetic
field can be divided into two categories; the core (or main) field and the crustal field. The
former is generated by movements within the fluid outer core, while the latter reflects
geological sources in the crust, mainly caused by highly magnetic minerals such as magnetite
and titanomagnetite (Blakely 1995 and references therein). Before extracting information on
the subsurface geology, the contributions of the crustal field must be isolated from the total
magnetic field. This is done by subtracting the core field (or in most cases, a regional field

from the International Geomagnetic Reference Field model) from the total magnetic field, the



result of which is referred to as crustal magnetic anomalies. The crustal field only reflects the
subsurface geology to a certain depth, since ferrimagnetic minerals such as magnetite and
titanomagnetite become paramagnetic (i.e. very weakly magnetic) at a certain temperature,
called the Curie temperature. The Curie temperature varies between minerals, but is often
assumed to be ~580 °C for bulk rocks since this is the Curie temperature of magnetite, one of
the main minerals contributing to the crustal magnetic field (Blakely 1995). The depth to the
bottom of the crustal source may be calculated using the statistical properties of the magnetic
crust, and since this depth corresponds to the Curie temperature, geothermal gradients may be
inferred. Methods of estimating the depth of the magnetic crust using the statistical properties
of magnetic anomalies started to develop in the early 1970s by Spector & Grant (1970) and
Treitel et al. (1971). These studies demonstrated how to calculate the depth of the base of the
magnetic crust by analyzing the shape of the power spectra of the magnetic anomalies. Spector
& Grant (1970) used a statistical model where the subsurface magnetic crust was represented
by an ensemble of an infinite number of blocks of different dimensions, which all have the
same statistical properties. An alternate model was proposed by Blakely (1988, 1995), who
suggested a method of calculating the depth to the bottom of the magnetic crust using the
statistical properties of a single randomly magnetized layer, where the depth to the top and
bottom varies laterally. These models assume a randomly magnetized crust, and this became
an often-used assumption for calculating depths to the base of the magnetized crust (Blakely
1988; Ross et al. 2006; Tanaka et al. 1999). However, in recent years, statistical models for a
fractal distribution of magnetization have been shown to be more representative of the
statistical properties of the crust, where the magnetization is spatially correlated (e.g.

Bouligand et al. 2009; Li et al. 2017; Maus et al. 1997; Pilkington et al. 1994; Pilkington &



Todoeschuck 1993). Therefore, in this study, I use a statistical model in which the magnetized
crust is represented by a single layer in the subsurface with a varied depth and thickness, and
where the magnetization follows a fractal distribution to avoid systematic errors in the

estimation of the Curie depth.

Inferring crustal temperatures using magnetic anomalies is advantageous because it
gives independent constraints on crustal temperatures over the entire magnetic anomaly grid,
improving on geothermal gradients based only on heat flow measurements, which are sparse
and unevenly distributed (e.g. Lewis et al. 2003). The Curie depths presented in Chapter 3 are
important for characterizing thermal models for the crust in western Canada, which are an

essential part of geodynamic models.
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Chapter 2.

Widespread Cretaceous exhumation of the Yukon Tanana Terrane, west-
central Yukon: upper crustal tectonism resolved by (U-Th)/He
thermochronology

Elyse Gaudreau, David A. Schneider, Pascal Audet

Abstract

The complex patchwork of terranes that make up the northern Canadian Cordillera is
characterized by local extension and exhumation, with orogen-parallel strike-slip motion and
widespread orogen-normal compression and during the Cretaceous. Important tectonic events
often result in rapid exhumation of deep-seated rocks, the timing of which is resolvable
through numerical modeling of low-temperature thermochronology data. In this study, the
timing and rate of exhumation of different crustal blocks within the Yukon Tanana Terrane
(YTT) in the Canadian Cordillera is determined using low-temperature (U-Th)/He
thermochronology. Previous studies using *’Ar/’Ar thermochronology have outlined the
Jurassic cooling history of the YTT to upper crustal temperatures. In this study, numerical
modeling of the zircon and apatite thermochronology data indicates that the YTT remained in
the upper crust until the late-Early Cretaceous when the structurally higher Mississippian
rocks cooled relatively rapidly (~10 °C/m.y.) to surface temperatures, followed by the rapid
exhumation of a late-Early Cretaceous metamorphic core complex from beneath the YTT.
The structurally lower Permian rocks however began exhuming 30 m.y. later in the Late
Cretaceous. The differential exhumation of the structural domains likely requires tectonically-

driven exhumation, rather than climate-influenced erosion rates. These results mark an older
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low-temperature exhumation history compared to the Cordillera in Alaska and British

Columbia, which define a dominant Eocene signature.

2.1. Introduction

Despite the relatively high elevation of the Canadian Cordillera, the orogenic
lithosphere is more than 100 km thinner than the adjacent cratonic lithosphere and has a flat
and shallower Moho, reflecting a contrast in thermal regime and physical characteristics
between the stable craton and mountainous Cordilleran region (Bao et al. 2014; Hyndman and
Currie 2011). Not surprisingly, the structural and exhumation history is very different between
the two regions, as well. Models commonly invoked to explain the present-day lithospheric
structure of the Cordillera involve down-welling and delamination of the lithosphere, resulting
in rapid, large-scale plateau uplift and an increase in magmatic activity (Currie et al. 2008;
DecCelles et al. 2015; Hardebol et al. 2012). The timing and rate of exhumation and cooling of
the shallow crust associated with the these lithospheric-scale processes may be estimated
using low-temperature thermochronometers such as zircon and apatite fission track and (U-
Th)/He dating (e.g. Barnes and Ehlers 2009; Colgan and Henry 2009; Dai et al. 2013; Fan and
Carrapa 2014; Herman et al. 2009). To better resolve the cooling and unroofing models for
the northern Canadian Cordillera in west-central Yukon Territory, the shallow crustal thermal
history of several crustal blocks of the Yukon Tanana Terrane (YTT; Figure 2.1) is
determined using low-temperature (U-Th)/He thermochronology. Previous investigations
established the higher temperature exhumation history of west-central Yukon, documenting
Jurassic cooling due to the overthrusting of the terrane onto ancestral North America (e.g.

Joyce et al. 2015; Knight et al. 2013). This elaborates on the Jurassic thermal history, and
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Figure 2.1. Simplified map of the Paleozoic arc and oceanic assemblages in the northern
Canadian Cordillera (modified from Knight et al. 2013; Murphy et al. 2006; Silberling et al.
1992; Wheeler & McFeely 1991). The study area is outlined in black. Fb: Fairbanks. Wh:
Whitehorse.
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furthermore a proposed a large-scale Cretaceous extensional and exhumation episode (e.g.
Staples et al. 2016) is assessed within the context of our new data in order to evaluate the
proposed lithospheric-scale processes driving exhumation. The post-Cretaceous thermal
history according to our numerical modeling results corroborate several lines of geological,
geochronological, and geomorphological evidence that require that the landscape in western
and southern Yukon has not witnessed major changes since the Late Cretaceous (Gordey and
Ryan 2005; Ryan et al. 2010, 2017; Staples et al. 2016). The post-Cretaceous thermal history
of the YTT outlined in this study is in marked contrast with the major Eocene extension and
exhumation of the Canadian Cordillera in the neighboring regions of Yukon, Alaska and
British Columbia (Bao et al. 2014; Cook et al. 1992; Dusel-Bacon et al. 2016; Enkelmann et
al. 2017; O’Sullivan et al. 1997; Parrish et al. 1988). Since the last major phase of exhumation
in the YTT is during the Cretaceous, central Yukon appears to have been isolated from the
geodynamic processes governing lithospheric thinning and slab window opening that occurred

in the Canadian Cordillera throughout the Cenozoic.

2.2. Geologic setting

2.2.1. Tectonic history of the Yukon Tanana Terrane

The Canadian Cordillera is composed of a patchwork of terranes that comprise parts of
ancestral North America, the allochtonous peri-Laurentian Intermontane terranes, which
includes the YTT, the Insular terranes, as well as other oceanic, arc and accretionary terranes
(Colpron et al. 2007). Since our study is focussed on the YTT, we summarize the main

structural levels of the terrane and their formation. The YTT was originally part of ancestral
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North America’s margin (Nelson et al. 2006). The terrane is thought to have rifted from the
continental margin in the Devonian-Mississippian, and transitioned between continental arc,
back arc and island settings between the Devonian and the Triassic (Nelson et al. 2006, 2013).
The structurally lowest assemblage of the YTT in west-central Yukon is the metamorphosed
and polydeformed siliciclastic Snowcap assemblage, deposited in a pre-Late Devonian
continental margin setting (Piercey and Colpron 2009). The Late Devonian-Early
Mississippian Finlayson assemblage is structurally higher, composed of low pressure
metavolcanic and metasedimentary rocks (Berman et al. 2007). The Finlayson assemblage
was intruded by the c. 355-345 Ma Simpson Range suite, contemporaneous with YTT rifting
from the North American margin and the opening of the Slide Mountain Ocean (Nelson et al.
2006). The Snowcap assemblage is overlain by the intermediate to mafic volcanic and
volcaniclastic sequences of the 342-269 Ma Klinkit assemblage (Nelson et al. 2006), and the
the c. 264-252 Ma volcanic arc material which forms the greenschist facies Klondike schist
and the spatially associated Sulphur Creek granites and amphibolite facies orthogneisses

(Ryan et al. 2014).

The late Permian (c. 260-239 Ma) was characterized by a convergent tectonic setting,
high pressure metamorphism and deformation, resulting in a transposition foliation that is
found in most rocks of the YTT that are Permian and older (Beranek and Mortensen 2011;
Berman et al. 2007; Gordey and Ryan 2005; Mackenzie et al. 2008; Staples et al. 2014). After
subduction of the Slide Mountain Ocean beneath the Yukon Tanana arc by the Middle
Triassic, the YTT accreted onto North America via the Late Triassic Inconnu thrust and its
equivalents (Beranek et al. 2010; Beranek and Mortensen 2011; Murphy et al. 2006; Nelson

et al. 2006). The YTT was thrust northeastward over the North American continental margin
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as a thin thrust sheet; within the YTT, the Jurassic was highlighted by NW-SE thrusting and
folding in Alaska and Yukon (Dusel-Bacon et al. 2002; Foster et al. 1985; Hansen 1998;
Murphy et al. 2006). In west-central Yukon, the NE-dipping Yukon River Shear Zone (YRSZ)
was active in the pre-Middle Jurassic as a top-to-ESE shear zone, and juxtaposed contrasting
structurally lower rocks of the Klondike assemblage (Klondike schist and Sulphur Creek
suite), Finlayson assemblage and Snowcap assemblage against amphibolite facies rocks of the
Simpson Range Suite and Finlayson assemblage in the hanging wall (Figure 2.2). Regional
folding formed dm- to km-scale folds with NW-SE trending axial traces, also possibly folding
the YRSZ within a regional-scale synform that is currently dipping shallowly to the southeast
(Parsons, pers. comm., 2018; Ryan et al. 2014, Ryan, pers. comm. 2015). The synform model
has been used to explain the exposure of the Klondike assemblage to the north and south of
the Simpson Range Suite, the rocks on the hanging wall of the YRSZ, however only the
southern exposure of the YRSZ has been studied and the exposure of the YRSZ to the north
is inferred (Figure 2.2; Colpron et al. 2016; Parsons, pers. comm., 2018; Ryan, pers. comm.,
2016). After regional folding, the YRSZ was reactivated as a top-to-WNW thrust, likely
accommodating a large amount of displacement (Parsons, pers. comm., 2018; Ryan et al.

2014).

The Stewart River and Australia Creek normal faults and dextral strike-slip faults such
as the Teslin fault accommodated Cretaceous extension and perhaps crustal thinning (Figure
2.2; Gabrielse et al. 2006; Pavlis et al. 1993; Staples et al. 2014, 2016). Many crustal-scale
Jurassic thrust faults in west-central Yukon may have also been reactivated as strike-slip and
normal faults in the Cretaceous (Ryan et al. 2013), and dextral orogen-parallel fault

displacement continued into the Paleogene, resulting in major offset on the crustal-scale
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Figure 2.2. Map highlighting the distribution of sample locations and crustal blocks within
the northern YTT. White symbols are samples from block 2 where the zircon are reset by
Carmacks Group volcanic sequences and square symbols denote samples that could not be
resolved with the plausible thermal models discussed in the text. Area south of block 4 (not
in color) is the White River Assemblage (Ryan et al. 2014). Major faults after Ryan (pers.
comm. 2016) are bold; see Colpron et al. (2016) for fault confidence. TF: Tintina fault.
SRF: Stewart River fault. ACF: Australia Creek fault. WLF: Willow Lake fault. TeF:
subfault of the Teslin network. YRSZ: Yukon River Shear Zone. BCF: Big Creek fault.
MCF: Moose Creek fault.
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Tintina and Denali faults (Gabrielse et al. 2006). The Cretaceous is interpreted as the timing
of orogenic collapse (Staples et al. 2016), driving the rapid exhumation of deep-seated rocks
and widespread increase in magmatism in the YTT (e.g. Johnston 1999). Late-Early to Late
Cretaceous magmatic rocks outcrop in various locations within west-central Yukon such as
the Whitehorse plutonic suite, which includes the Dawson Range Batholith located in the
southwest portion of the study area (Figure 2.2; Johnston 1995). It has also been argued that
the Cretaceous was a time of slab window opening or lithospheric delamination that may
explain some of the crustal extension, increased magmatism, hot crust and shallow
asthenosphere in the Canadian Cordillera (Thorkelson et al. 2011; Thorkelson and Taylor

1989).

2.2.2. Exhumation history in west-central Yukon

The main upper crustal exhumation events recorded in west-central Yukon that have
been resolved through previous geochronologic investigations commence in the middle
Mesozoic. Widespread Early Jurassic metamorphism and subsequent relatively rapid cooling
in the YTT are associated with the obduction of the terrane onto the Laurentian continental

margin (Berman et al. 2007; Dusel-Bacon et al. 2002; Joyce et al. 2015; Knight et al. 2013).

Early Jurassic **Ar/*’Ar cooling ages are preserved in tectonites of the Willow Lake
fault (WLF), constraining the timing of localized YTT exhumation in the footwall of the fault.
The hanging wall of the fault is the Reid Lakes complex, a crustal block of the YTT that is
structurally higher than the rest of the YTT and has resided at temperatures <300 °C since the

Carboniferous (Berman et al. 2007; Knight et al. 2013). The Finlayson assemblage and
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Klondike assemblage rocks to the west also record Early to Middle Jurassic cooling (Joyce et

al. 2015), yet no obvious structures have been linked to this exhumation event.

Structurally deeper rocks outcrop in a few areas in the study area, interpreted by
Staples et al. (2016) as North American continental margin that resided beneath the YTT until
the Cretaceous. The Early Cretaceous metamorphic ages and post-Early Cretaceous cooling
history in west-central Yukon may be explained by diachronous deformation and
metamorphism due to underplating beneath the advancing orogenic wedge (Staples et al.
2016). In this model, the orogenic wedge advances without deforming internally once critical
taper is attained. Accreted or underplated material at the toe of the wedge causes it to become
unstable, and rocks at depth are buried and metamorphosed, compensated by extension in the
upper crust to once again reach the critical taper. This enables high pressure metamorphic core
complexes to form at depth and exhume to the surface (Platt 1986; Staples et al. 2016). The
Australia Mountain domain (block 5 of Figure 2.2) is a metamorphic core complex interpreted
to have exhumed during a major extensional episode because of an unstable orogenic wedge,
when the geodynamic regime shifted from orogen-normal convergence to orogen-parallel
extension in the late-Early Cretaceous (Staples et al. 2016). The overlying YTT is interpreted
to have been exhumed and reduced to sea level by this time, allowing for the deposition of the
Indian River Formation in marine conditions (Lowey and Hills 1988; Staples et al. 2016).
Timing of deposition of the Indian River Formation, constrained to 112-100 Ma by Albian
palynomorphs (Lowey and Hills 1988) and felsic ash layers (Mortensen and Dusel-Bacon
2014), is coeval with the timing of rapid exhumation of the Australia Mountain domain

(Staples et al. 2016). Also, the Indian River Formation contains metamorphic detritus, and has
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therefore been interpreted as a synextensional detachment basin to the Australia Creek fault

(Staples et al. 2016).

The c. 70 Ma Carmacks Group volcanic rocks that extruded on to the YTT landscape
and other topographic relationships indicate that this area possesses an ancient landscape,
relatively unchanged since the Late Cretaceous (Joyce et al. 2015; Gordey and Ryan 2005;

Mortensen and Dusel-Bacon 2014; Staples et al. 2016; Ryan et al. 2010, 2017).

2.3. (U-Th-Sm)/He Thermochronology

Determining the temporal and spatial extent of surface processes such as exhumation
and cooling may lead to further insight into the deeper mechanisms that invoke large-scale
lithospheric structures. The (U-Th)/He system in apatite and zircon is well-suited for studying
surface processes, since it is sensitive to a range of temperatures that is aligned with near-
surface to upper crustal temperatures. Apatite and zircon (U-Th)/He thermochronology is
based on the production of radiogenic “He, through the a-decay of ***U, **°U and **Th with
a small contribution from '’Sm (Farley 2002; Harrison and Zeitler 2005), and the factors that
control its rate of diffusion through the crystal. The closure temperature (T.) of a crystal
(Dodson, 1973) is dependent on the cooling rate (Flowers et al. 2009; Guenthner et al. 2013;
Reiners 2005; Stockli et al. 2000), grain size (Farley, 2000) and effective uranium
concentration (eU; Flowers et al. 2009; Guenthner et al. 2013; Shuster et al. 2006). Zircon has
a nominal T, of ~180 °C and a PRZ range of 140-210 °C (Guenthner et al. 2013; Reiners
2002; Reiners et al. 2004; Stockli 2005; Wolfe and Stockli 2010) whereas apatite has a

nominal T, of ~70 °C and a PRZ range of 35-90 °C (Farley 2000; Flowers et al. 2009; Shuster
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et al. 2006; Stockli et al. 2000). The finite T, may only be applied to crystals that have cooled
rapidly through the PRZ. At temperatures warmer than the PRZ the crystal behaves as an open
system and allows the diffusion of *He. Once the crystal begins to cool into the PRZ it
accumulates some “He and acquires a non-zero date, however it only starts to track calendar

time once temperatures drop below the PRZ.

Flowers et al. (2009) reported that older dates are obtained from apatite with increased
radiation damage, using effective uranium (eU) concentration as a proxy for damage, when
the samples witness protracted cooling through the AHe PRZ. Guenthner et al. (2013) found
a similar positive correlation in the ZHe system with the exception that at elevated levels of
radiation damage (i.e. high eU), the trend reverses and younger dates are recorded. The
inflection from a positive to negative correlation with respect to ZHe date-eU values
commonly occurs at 200-250 eU if the sample has a very protracted cooling history (on the
order of 1000 m.y.) or can occur at >1000 eU if the sample has spent a shorter amount of time
within the PRZ (on the order of 100 m.y. or less). Fractional loss of “He is controlled by grain
size as well, such that larger grains will retain an increased fraction of radiogenic helium,
resulting in older dates (Dodson 1973; Reiners and Farley 2001), an effect also amplified by
time spent in the PRZ. Our dataset follows semi-quantifiable trends with respect to date-eU

as suggested by this theory.

In order to extract more information from a potentially complex dataset, where single
crystal dates within a rock sample can vary by tens of millions of years, numerical modeling
utilizing the program HeFTy (version 1.9.1; Ketcham 2005) was carried out on all samples
applying the apatite radiation damage accumulation and annealing model (RDAAM; Flowers

et al. 2009) and zircon radiation damage and accumulation and annealing model (ZRDAAM,;

29



Guenthner et al. 2013). This accounts for the effects that grain size and radiation damage have
on diffusion, and reveal probable time-temperature histories rather than a single cooling age.
Our approach was to generate both forward and inverse models to assess the consistency of a
single possible thermal history to a group of samples. Inverse modeling produces a series of
temperature-time paths, generated through a Monte Carlo random search method, which
illustrate the plausible thermal histories experienced by the sample. Parameters specific to
zircon and apatite which control the range in ages for a given grain, such as eU concentration
and grain size, along with user-specified independent temperature-time constraints, such as
the timing of known unconformities and other independent geochronology (e.g. U-Pb and
*Ar/* Ar ages), are used to help define viable temperature-time paths. Modeled thermal paths
generated by HeFTy are compared against the analytical dates and then classified as having a
"good" fit or "acceptable" fit (cf. Ketcham 2005 for details on goodness-of-fit). Certain
crystals are not used to model time-temperature histories; spuriously old ages with low eU
may be due to “He implantation from neighboring grains or fluid inclusions (Flowers et al.
2009; Ketcham 2012; Spencer et al. 2004; Spiegel et al. 2009) and anomalously young ages
may be due to broken grains or mineral zonation (Meesters and Dunai 2002; Murray et al.

2014).

The disadvantage with inverse models is that they are based on data from one sample,
therefore it may not represent an entire crustal block, and may yield a wide range of possible
thermal histories. Forward models, conversely, test single time-temperature paths and
calculates a theoretical distribution of *He ages as a function of eU. Forward models use
possible time-temperature paths as input, and generates date trends that would result from

these paths according to diffusion kinetics and the predicted accumulated radiation damage.
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Forward modeling was employed to create a series of date-eU curves based on grain sizes
(equivalent surface radii; ESR), which cumulatively form an "envelope" (Guenthner et al.
2014). Measured zircon and apatite dates are then compared to these envelopes to assess the
fit of the forward model. The use of "envelopes" helps quantify the effects of grain size on
partially reset grains and allows for the unraveling of a thermal history with increased

confidence.

The analytical portion of the experiments was conducted at the University of Colorado
(Boulder, USA) and the University of Texas (Austin, USA). Laboratory procedures are
described in detail in the Appendix Al. Archival mineral separates from rocks which have
previously been dated for U-Pb geochronology were used to provide a framework for this
study (Geological Survey of Canada, unpublished data; Knight et al. 2013). Twenty-four
Devonian to Cretaceous granitoids and metagranitoids were selected for thermochronology,
with 2-10 zircon and 3-5 apatite analyzed for each sample (Tables 2.1-2.3). Granitoids and
metagranitoids were analyzed because of the extensive, previously published geochronology
and high temperature thermochronology studies on these units that provide useful constraints
for numerical models and because of the likelihood of a single age population. Detrital
samples were avoided since the provenance is often unknown and may have a protracted pre-
depositional thermal history. This adds complexity to the numerical modeling of the post-
deposition thermal history, since the samples may have inherited *He and radiation
accumulation damage from their pre-depositional history if the samples have not been buried
to temperatures high enough to completely reset the (U-Th)/He system (e.g. Guenthner et al.

2014, 2015; Powell et al. 2016).
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Table 2.1. Summary of (U-Th)/He data, YTT, Canada

crustal block sample coordinates: sample description U-Pb ZHe age range AHe age range
UTM (NADS3) crystallization  (Ma) (Ma)
age (Ma)
1 08RAY002 63.2053, - unfoliated hbl-granodiorite 342 102 - 141 46 - 51
136.54049
09RAYMCO092 63.3803, - volcanic breccia/qz-rich <446 182 - 289 -
137.05981 sandstone
2 03RAY084 63.48424, - monzogranite 345 138 - 154 53-128
139.31567
03RAY287 63.44881, - foliated monzogranite to 345 63 -103 60 - 98
140.04494 alkali feldspar granite
00VNO09 62.83494, - augen granite 360 81 -86 66-79
137.30240
03RAY293 63.38600, - tonalitic orthogneiss 355 145-178 88-282
138.8713
01GGA147 63.18417, - orthogneiss 355 135-140 89-93
138.82639
01VNO002 63.19669, - hbl diorite to hbl-qz diorite 345 - 52 -64
138.8741
08RAY004 63.04254, - hbl granodiorite 261 70 - 89 56 - 126
137.23962 orthogneiss
03RAY316 63.47676, - augen granite orthogneiss 263 129 - 262 -
138.66234
09RAYKRI180 62.72004, - monzogranite - 99 -115 -
137.41599
09RAYMCI23 62.83494, - granodiorite 205 81 -86 -
137.30240
3 00VNO14 63.0228, - bt monzogranite 259 89 - 100 72-125
139.31711
02RAY102 63.28797, - granodiorite 261 95-100 -
140.55289
01RAYO039 63.1164, - augen monzongranite 260 90 - 104 68 - 70
139.72384
00VNO002 63.19042, - granite dyke 180 24 -56 -
139.57583
00VNO007B 63.07090, - ms-qz schist 264 91-118 -
139.33053
4 10RAYJR0O89 62.56145, - breccia clast 101 59-73 -
138.51692
10RAYJR103  62.7464, - gneissic granodiorite 261 60 - 78 10 -12
138.90464
11RAYAZ148 62.98926, - hbl-bt-ep granodiorite 103 57-62 -
140.63564
10RAYJR097  62.8907, - gneissic monzogranite 262 61-175 -
139.34373
I0RAYMCO005 62.65047, - augen monzogranite 261 58 - 66 -
138.02613
10RAYMCO023 62.72097, - granodiorite 344 67 -83 -
138.09735
11RAYJR037 62.7615, - metaplutonic granodiorite - 48 - 69 -
137.9737
5 03RAYP037 61.92579, - granodiorite 360 78 - 118 -
137.48953
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Table 2.2. Single-Grain (U-Th)/He analyses of zircon, YTT, Canada

sample corrected  uncertainty 0] Th Th/U eU He Mass ESR FT
age
(Ma) (Ma) (ppm) (ppm) (Ma) (ppm) (nmol/g) (ug) (um)
08RAY002*: hbl-granodiorite - block 1. UTM (NADS83): 63.2053, -136.54049
z1 141.206 10.018 162.410 177.073 1.090 204.022 121.004 6.443 50.064 0.769
z2 107.345 7.573 168.002 114.706 0.683 194.958 83.615 2.510 42.429 0.734
z3 109.704 7.820 266.244 242.283 0.910 323.181 132.155 2.137 35.597 0.684
z4 102.721 7.209 172.503 99.239 0.575 195.824 84.457 4.053 49.799 0.772
z5 109.542 7.690 127.257 100.526 0.790 150.881 61.526 2.376 35.425 0.683
09RAYMCO092*: quartz sandstone/volcanic breccia - block 1. UTM (NADS83): 63.3803, -137.05981
zl t 208.268 14.633 724.898 374.259 0.516 812.848 561.185 0.802 27.387 0.603
z2 t 213.326 15.238 236.771 41.111 0.174 246.432 210.437 1.984 40.757 0.728
z3 1 182.943 13.069 324.459 104.866 0.323 349.103 224.296 1.095 30.278 0.640
z4 1 228.086 16.430 125.538 59.044 0.470 139.413 130.049 2.974 43.867 0.743
z5t 289.479 19.946 226.442 130.075 0.574 257.010 287.601 1.488 36.978 0.699
03RAY084: monzogranite - block 2. UTM (NADS3): 63.48424, -139.31567
zl 150.761 12.061 218.423 128.098 0.586 247915 172.811 23.612 78.755 0.846
z2 142.987 11.439 219.822 101.236 0.461 243.132 150.212 8.050 56.901 0.792
z3 154.290 12.343 223.799 104.537 0.467 247.869 167.864 10.558 60.575 0.804
74 138.466 11.077 200.332 94.087 0.470 221.997 138.753 14.469 69.397 0.827
03RAY287: monzogranite - block 2. UTM (NADS3): 63.44881, -140.04494
zl 70.732 5.659 244.894 107.399 0.439 269.621 81.924 8.062 56.714 0.792
z2 69.832 5.587 306.066 146.134 0.477 339.712 104.686 12.076 63.796 0.813
z3 1 103.084 8.247 419.103 168.954 0.403 457.999 188.600 3.865 43.573 0.735
z4 63.709 5.097 230.529 100.791 0.437 253.736 64.514 3.546 43.866 0.736
00VNO9: granodiorite - block 2. UTM (NAD83): 62.83494, -137.30240
z3 t 113.981 9.118 264.853 130.596 0.493 294.919 146.351 8.697 59.297 0.800
z4 t 184.750 14.780 3453.783 1491.024 0.432 3797.046 1934.847 1.201 21.177 0.507
03RAY293: tonalitic orthogneiss - block 2. UTM (NADS83): 63.38606, -138.8713
z1 178.571 14.286 184.007 56.363 0.306 196.985 160.221 16.076 71.086 0.833
z2 156.251 12.500 267.527 90.561 0.339 288.378 190.566 6.816 51.922 0.775
z3 162.156 12.972 229.749 81.780 0.356 248.578 167.048 5.139 48.292 0.759
74 145.777 11.662 386.635 136.138 0.352 417.979 236.629 3.109 39.756 0.713
01GGA147: orthogneiss - block 2. UTM (NAD83): 63.18417, -138.82639
z1 137.552 11.004 178.821 70.552 0.395 195.065 120.985 15.354 68.877 0.827
z2 138.416 11.073 206.527 96.185 0.466 228.672 139.501 10.279 61.992 0.808
z3 140.638 11.251 200.759 82.484 0.411 219.749 136.008 10.851 61.422 0.807
z4 135.393 10.831 247.242 90.667 0.367 268.115 154.964 6.806 54.161 0.783
03RAY316: orthogneiss - block 2. UTM (NADS83): 63.47676, -138.66234
22t 262.715 21.017 363.298 180.846 0.498 404.932 352.777 0.989 27.886 0.605
z3t 204.210 16.337 244.732 117.257 0.479 271.735 203.294 1.699 34.270 0.670
74t 129.905 10.392 541.716 376.608 0.695 628.420 282.225 1.227 30.832 0.635
08RAY004*: orthogneiss - block 2. UTM (NADS3): 63.04254, -137.23962
zl 74.009 5.287 620.242 139.839 0.225 653.104 199.031 5.310 46.497 0.759
z2 89.106 6.331 559.982 166.524 0.297 599.115 229.704 7.436 54.472 0.792
z3 75.079 5.426 797.704 117.061 0.147 825.213 271.040 7.473 58.380 0.806
z4 78.750 5.736 752.643 140.275 0.186 785.607 264.328 4.878 52.936 0.787
z5 70.715 6.628 810.079 146.764 0.181 844.569 252.626 5.095 51.093 0.780
09RAYKRI180: monzogranite - block 2. UTM (NADS3): 62.72004, -137.41599
z1 99.156 7.932 180.225 36.696 0.204 188.673 84.285 15.734 69.048 0.829
z2 111.625 8.930 224.439 77.916 0.347 242.377 123.517 20.398 74.125 0.839
z3 115.233 9.219 219.339 70.838 0.323 235.647 121.964 15.658 67.943 0.825
74 114.278 9.142 105.920 43.660 0.412 115.972 61.762 26.587 83.554 0.856
09RAYMCI23: granodiorite - block 2. UTM (NAD83): 62.83494, -137.30240
zl 81.495 6.520 83.170 21.055 0.253 88.017 31.419 9.453 60.925 0.807
z2 86.181 6.894 130.565 32.266 0.247 137.996 55.265 27.733 82.782 0.856
00VNO14: monzogranite - block 3. UTM (NADS83): 63.0228, -139.31711
z1* 113.380 8.091 719.840 237.027 0.329 775.541 423.863 41.364 101.075 0.885
z2* 101.303 7.215 973.774 277.032 0.284 1038.877 466.770 11.015 61.420 0.816
z3* 122.833 41.800 647.366 302.334 0.467 718414 303.983 1.388 29.696 0.632
z4* 113.648 22913 831.994 243.639 0.293 889.250 385.666 2.202 37.043 0.701
z5% 105.519 11.694 950.651 293.115 0.308 1019.533 445.971 4.071 47.215 0.762
z6 94.984 7.599 365.938 88.596 0.242 386.340 152.144 5.622 48.871 0.764
z7 89.503 7.160 527.888 149.016 0.282 562.213 222.035 11.505 62.895 0.813
z8 93.827 7.506 541.798 135.229 0.250 572.963 218.941 4.934 46.039 0.750
z9 100.646 8.052 532.602 99.505 0.187 555.512 235.383 6.258 51.393 0.775

01RAY039: monzogranite - block 3. UTM (NADS83): 63.1164, -139.72384
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sample corrected  uncertainty U Th Th/U eU He Mass ESR FT
age
(Ma) (Ma) (ppm) (ppm) (Ma) (ppm) (nmol/g) (ug) (um)
z1 92.140 7.371 334.627 83.253 0.249 353.798 144.531 11.944 64.149 0.816
z2 104.336 8.347 677.903 142.239 0.210 710.656 316.540 8.011 54.217 0.786
z3 90.934 7.275 389.330 95.574 0.245 411.336 161.989 8.960 57.813 0.798
z4 92.718 7.417 279.139 63.783 0.228 293.826 118.361 9.622 58.514 0.800
00VNOO2: granite dike - block 3. UTM (NADS83): 63.19042, -139.57583
z1t 24.426 1.954 0.030 0.034 1.143 0.038 0.004 27.101 84.927 0.854
72 56.415 4513 217.000 84.210 0.388 236.389 62.157 28.204 85.979 0.860
z3 52.804 4224 92.956 35.925 0.386 101.229 24.075 15.689 70.736 0.831
00VNOO7B: muscovite-quartz schist - block 3. UTM (NAD83): 63.07090, -139.33053
z1 110.586 8.847 1093.985 570.744 0.522 1225.422 472.240 1.482 31.194 0.641
z2t 5.428 0.434 0.873 0.430 0.492 0.972 0.021 3.603 44.874 0.741
z3 118.217 9.457 1950.795 528.986 0.271 2072.597 822.640 1.194 28.584 0.618
z4 91.745 7.340 403.453 228.680 0.567 456.105 148.735 1.623 32.651 0.654
02RAY102: granodiorite - block 4. UTM (NADS83): 63.28797, -140.55289
zl 95.3 7.62 270.2 56.7 0.21 283.2 113.5 6.16 51.33 0.77
z2 93.1 7.44 403.2 102.7 0.25 426.8 169.9 7.88 54.90 0.79
z3 99.8 7.98 389.6 136.1 0.35 421.0 190.4 17.36 71.57 0.83
10RAYJR089*: breccia clast - block 4. UTM (NADS83): 62.56145, -138.51692
z1 64.092 4.553 309.677 122.931 0.397 338.566 92.958 7.284 54.160 0.790
z2 63.373 4.500 315.511 121.679 0.386 344.106 89.516 3.185 46.339 0.757
z3 59.453 4.226 376.853 162.870 0.432 415.128 93.142 1.803 36.533 0.696
z4 65.243 4.590 575.484 279.834 0.486 641.244 147.899 1.019 31.501 0.652
z5 69.919 4.803 414.590 219.291 0.529 466.123 126.077 2.046 41.130 0.713
z6 73.679 5.232 525.278 202.940 0.386 572.969 204.423 43.518 108.297 0.893
z7 62.376 4.426 462.572 215.940 0.467 513.318 147.318 15.415 76.367 0.849
z8 69.198 4.881 596.809 384.665 0.645 687.205 203.614 5.620 54.314 0.789
79 69.273 4.883 781.879 347.521 0.444 863.547 266.453 8.559 64.100 0.821
z10 60.932 4.289 444.451 181.159 0.408 487.023 133.566 9.882 67.661 0.830
10RAYJR103*: gneissic granodiorite - block 4. UTM (NADS83): 62.7464, -138.90464
z1 77.424 5.516 1300.166 610.834 0.470 1443.712 483.875 6.525 56.330 0.797
z2 73.743 5.173 963.937 305.773 0.317 1035.793 306.531 2.332 42.866 0.740
z3 60.907 4.360 870.962 440.328 0.506 974.439 205.764 1.275 30.391 0.639
z4 78.521 5.610 601.358 224.419 0.373 654.096 204.296 2.878 41.843 0.733
z5 73.820 5.212 987.372 470.068 0.476 1097.838 331.387 3.150 45.744 0.753
11RAYAZ148*: granodiorite - block 4. UTM (NAD83): 62.98926, -140.63564
z1 62.451 4.445 269.121 91.035 0.338 290.514 78.209 6.765 55.456 0.795
z2 57.019 4.078 327.567 92.747 0.283 349.362 82.221 5.116 47.220 0.762
z3 61.910 4.389 338.447 133.385 0.394 369.793 100.192 7.529 59.242 0.807
z4 61.309 4316 408.022 137.542 0.337 440.344 117.137 5.739 56.940 0.801
z5 61.759 4.381 291.820 117.690 0.403 319.477 83.527 7.939 51.803 0.781
76 62.512 4.434 394.985 126.881 0.321 424.802 126.362 29.195 94.856 0.878
z7 59.497 4213 332332 109.394 0.329 358.040 97.044 12.465 72.029 0.841
z8 59.454 4.238 397.190 124.612 0.314 426.473 118.838 20.111 85.430 0.865
z9 57.944 4.047 898.914 363.883 0.405 984.426 248.556 5.283 60.545 0.804
10RAYJR097: gneissic monzogranite - block 4. UTM (NADS83): 62.8907, -139.34373
z1 75.667 6.053 699.958 436.012 0.623 800.346 268.311 10.780 65.094 0.815
z2 75.623 6.050 1228.050 809.995 0.660 1414.554 435.697 4.596 47.000 0.750
z3 69.878 5.590 970.305 878.723 0.906 1172.653 337.494 5.047 49.086 0.757
74 61.312 4.905 795.883 445.352 0.560 898.413 256.087 26.694 84.689 0.856
10RAYMCO0S: monzogranite - block 4. UTM (NADS83): 62.65047, -138.02613
z1 66.674 5.334 746.016 242.524 0.325 801.848 222.267 6.199 49912 0.767
z2 58.669 4.694 398.925 93.402 0.234 420.428 89.022 1.694 33.350 0.667
z3 68.532 5.483 1229.849 390.277 0.317 1319.694 335.619 2.256 35.740 0.685
z4 63.337 5.067 788.312 252.089 0.320 846.344 196.391 2.067 34.690 0.676
10RAYMCO023: granodiorite - block 4. UTM (NAD83): 62.72097, -138.09735
z1 70.843 5.667 53.630 32.585 0.608 61.133 17.626 4.541 46.864 0.750
z2 67.163 5.373 44.181 20.125 0.456 48.815 13.895 6.538 53.857 0.781
z4 83.889 6.711 48.684 62.104 1.276 63.000 22.030 5.312 51.211 0.765
11RAYJR037: metagranodiorite - block 4. UTM (NADS83): 62.7615, -137.9737
z1 48.176 3.854 239.138 96.073 0.402 261.255 57.153 16.720 74.039 0.838
z2 48.825 3.906 529.138 185.695 0.351 571.887 124.245 12.602 66.576 0.822
z3 52.042 4.163 706.125 234.940 0.333 760.217 176.061 13.163 66.488 0.822
z4 69.959 5.597 393.592 141.689 0.360 426.212 131.199 9.937 62.713 0.811
03RAYPO037: granodiorite - block 5. UTM (NAD83): 61.92579, -137.48953
z1 93.372 7.470 254.566 28.846 0.113 261.208 110.831 19.127 72.033 0.837
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sample corrected  uncertainty U Th Th/U eU He

Mass ESR FT
age
(Ma) (Ma) (ppm) (ppm) (Ma) (ppm) (nmol/g) (ug) (um)
23 118.517 9.481 97.356 41.143 0.423 106.832 54.681 7.892 57.119 0.793
74 78.387 6.271 158.395 14.391 0.091 161.709 57.673 15.610 72.888 0.839

* Sample data acquired at the CU TRalL facility at the University of Colorado in Boulder (USA).
T Grain not used in (U-Th)/He models

Blocks 2A and 2B refer to the western and eastern samples in block 2, respectively, which have different age-eU signatures

35



Table 2.3. Single-Grain (U-Th)/He analyses of apatite, YTT, Canada

sample corrected  uncertainty 0] Th Th/U eU He Mass ESR FT
age
(Ma) (Ma) (ppm) (ppm) (Ma) (ppm) (nmol/g) (ug) (um)
08RAY002: hbl-granodiorite - block 1. UTM (NAD83): 63.2053, -136.54049
al 46.777 3.275 5.975 13.448 2.251 9.136 1.879 11.035 78.150 0.810
a2 50.999 3.437 25.118 61.099 2.432 39.477 7.657 2.587 49.511 0.700
a3 50.201 7.079 48.365 42.325 0.875 58.312 9.460 0.674 34.178 0.596
03RAY287: monzogranite - block 2. UTM (NADS83): 63.44881, -140.04494
al 60.516 15.658 13.747 47.897 3.484 25.003 3.336 0.221 23.368 0.403
a2 61.844 4.651 22.158 40.372 1.822 31.645 6.906 1.089 40.198 0.647
a3 256.047 78.179 2.065 16.036 7.765 5.834 2.770 0.188 20.988 0.333
a4 98.432 13.555 8.447 26.523 3.140 14.680 4.370 0.541 31.746 0.551
03RAY293: tonalitic orthogneiss - block 2. UTM (NADS83): 63.38606, -138.8713
alt 0.283 1.711 2.657 2.499 0.941 3.244 0.003 1.266 41.133 0.662
a2 88.702 13.638 1.088 1.963 1.804 1.550 0.475 1.071 38.731 0.631
a3 126.825 31.255 4.816 7.697 1.598 6.625 2.369 0.422 28.762 0.515
a4 282.144 46.351 2.768 4.527 1.636 3.832 3.333 0.534 31.524 0.557
a5t 204.549 39.772 1.139 3.135 2.751 1.876 1.147 0.511 31.132 0.545
01VNOO2: hbl-gtz diorite - block 2. UTM (NADS83): 63.19669, -138.8741
al 116.247 16.011 2.526 6.982 2.764 4.167 1.431 0.479 30.593 0.540
a2 60.656 12.388 24.088 54.991 2.283 37.011 6.548 0.508 30.568 0.536
a3 64.476 9.126 2.218 5.621 2.534 3.539 0.764 0.970 37.643 0.616
a4 61.242 8.112 46.721 114918 2.460 73.727 13.645 0.531 31.711 0.556
a5 52.588 8.185 3.453 12.561 3.637 6.405 1.063 0.718 34.580 0.580
03RAY084: monzogranite - block 2. UTM (NADS3): 63.48424, -139.31567
al 81.443 22.049 1.425 3.089 2.168 2.151 0.524 0.535 31.872 0.544
a2 152.747 11.711 0.759 1.025 1.351 1.000 0.622 2771 54.885 0.740
a3 53.943 6.925 1.178 4.564 3.875 2.250 0.414 1.358 39.363 0.624
a4 128.130 24.790 1.905 6.413 3.366 3.412 1.297 0.588 31.345 0.540
a5t 455.153 70.652 0.352 4.629 13.142 1.440 2.145 0.933 37.319 0.591
01VNO09: granodiorite - block 2. UTM (NAD83): 62.83494, -137.30240
al 74.776 5.949 1.455 4.245 2917 2.453 0.739 2.691 57.320 0.737
a2 177.811 13.763 1.210 3.224 2.664 1.968 1.366 2.099 51.212 0.708
a4 79.626 13.798 18.349 29.649 1.616 25316 6.113 0.636 31.565 0.554
a5 66.846 12.923 13.523 40.105 2.966 22.947 4.279 0.472 28.873 0.508
01GGA147: orthogneiss - block 2. UTM (NAD83): 63.18417, -138.82639
al 32.157 4.722 29.087 14.106 0.485 32.402 3.265 0.610 32.432 0.579
a3 93.608 12.945 29.659 44.110 1.487 40.025 11.530 0.570 32.039 0.565
a4 89.682 12.435 30.416 44.387 1.459 40.847 11.080 0.509 31.178 0.556
08RAY004: orthogneiss - block 2. UTM (NADS83): 63.04254, -137.23962
al 191.649 29.587 3.556 14.817 4.167 7.038 4218 0.668 33.768 0.569
a2 56.473 8.698 44.673 22.950 0.514 50.066 8.559 0.482 30.496 0.556
a3 126.944 26.297 38.619 35.582 0.921 46.981 16.490 0.360 27.392 0.503
a4 88.501 19.247 43.947 26.659 0.607 50.212 13.538 0.636 31.186 0.557
00VNO14: monzogranite - block 3. UTM (NADS3): 63.0228, -139.31711
al t 543.585 101.674 0.953 12.893 13.535 3.982 4.946 0.251 24.630 0.411
a2 124.904 27.944 2.818 9.540 3.386 5.060 1.909 0.541 32.531 0.545
a3 89.345 17.999 20.046 51.526 2.570 32.155 8.576 0.553 30.543 0.532
a4 72.556 5.448 6.521 12.218 1.874 9.392 2.582 1.623 45.627 0.686
01RAY039: monzogranite - block 3. UTM (NADS83): 63.1164, -139.72384
al t 511.106 143.816 0.221 3.283 14.863 0.992 1.453 0.474 32.067 0.516
a2 68.358 15.937 6.410 11.908 1.858 9.208 1.944 0.473 32.115 0.550
a3 70.759 16.155 5.757 5.643 0.980 7.083 1.489 0.444 28.602 0.518
10RAYJR103: gneissic granodiorite - block 4. UTM (NAD83): 62.7464, -138.90464
al 10.208 0.732 9.992 25.596 2.562 16.007 0.666 5.670 57.871 0.743
a2 12.516 0.878 14.046 34.584 2.462 22.173 1.060 2.275 47.821 0.694
a3 10.632 0.787 7.769 17.614 2.267 11.908 0.505 3.308 53.004 0.723
a4 10.388 0.763 10.471 29.674 2.834 17.444 0.726 4.846 55.283 0.731

T Sample not used in (U-Th)/He models
All data were acquired at the CU TRalL facility at the University of Colorado in Boulder (USA). Blocks 2A and 2B refer to the western and eastern
samples in block 2, respectively, which have different age-eU signatures



2.4. Analytical results
2.4.1. Sample groups

In order to facilitate discussion, we have divided the YTT into distinct sample groups
(Figure 2.2) that exhibit different low temperature thermal histories. The boundaries between
sample groups coincide with mapped faults, except for the southern boundary of block 4,
which is an intrusive contact of the Dawson Range Batholith with the White River assemblage.
Some of these faults such as the YRSZ and WLF record major displacement prior to the
exhumation of upper crustal material currently at the surface, and serve as borders for the
fundamental components of the YTT, thus also define the higher temperature history of the
terrane. These boundaries were chosen for the low temperature history of the YTT since they
mark a structural break between our new (U-Th)/He ages, which is supported by field
observations that suggest at least some of these fault zones were reactivated at a later time
when the (currently exposed) rocks were in the upper crust (Johnston 1999; Parsons, pers.
comm., 2018; Ryan et al. 2013, 2014). These faults also serve as physical boundaries that
separate the sample groups based on previously published metamorphic petrology (e.g.
Berman et al. 2007), “’Ar/*’Ar ages (e.g. Hunt and Roddick 1992; Joyce 2002; Joyce et al.
2015; Knight et al. 2013; Staples et al. 2014; Wanless et al. 1978), structural relationships
(e.g. Ryan et al. 2014) and aeromagnetic data (Hayward et al. 2011), as well as the (U-Th)/He
ages presented herein. Even though many of the crustal blocks’ boundaries coincide with
major faults, this is not meant to imply that exhumation was along those specific faults, but
perhaps along nearby faults. In many cases, the specific faults responsible for any tectonic
exhumation cannot be identified because of the paucity of outcrops and lack of detailed studies

on the faults in west-central Yukon: the spatial extent, fault type, timing of fault nucleation
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and reactivation of many of these structures are still uncertain (e.g. Colpron et al. 2016; Ryan
etal. 2014; Ryan, pers. comm., 2016). The published *Ar/*”Ar ages (Joyce et al. 2015; Knight
et al. 2013) used to characterise the different crustal blocks do not include data from the Late
Cretaceous Carmacks Group volcanic rocks that spans 70-55 Ma. These ages do not represent
the timing of YTT exhumation, but instead provide a constraint on the timing of the Carmacks
unconformity, placing the currently exposed portion of the YTT at the surface at this time.
The **Ar/* Ar ages from the Carmacks Group are younger than the **Ar/*’Ar (and occasionally
the zircon (U-Th)/He ages) of the subjacent crystalline basement, which tentatively indicates
that widespread Late Cretaceous volcanism did not reset the *’Ar/’Ar system in the

surrounding rocks.

Five crustal blocks have been defined: two samples were used to characterize block 1,
seven to eight samples for blocks 2, 3, and 4, and block 5 contains one sample. In the
aforementioned section, diffusion and radiation damage annealing in zircon and apatite ages
yields predictable trends in date-eU space. Since the effects of grain-specific parameters
become greater with more residence time within the PRZ, date-eU correlations are related to
the thermal history of the samples. In this section, (U-Th)/He ages with respect to eU for all
samples within one group are described, and individual sample date-eU plots are reported in

Figures A1, A2 and A3 in the Appendix.
2.4.2. Block 1

The Reid Lakes complex (block 1; Figure 2.2) is primarily composed of relatively
undeformed and unmetamorphosed Devonian-Mississippian plutonic and volcanic rocks of
the Simpson Range Suite and Finlayson assemblage (Colpron et al. 2015; Colpron and Ryan

2010; Ryan et al. 2010). Since it is relatively unmetamorphosed, the Reid Lakes complex is
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unique within the YTT, and therefore it has a distinctive temperature-pressure history. This is
evident with the 349-316 Ma *°Ar/*’Ar cooling ages, which are much older than the **Ar/*Ar
cooling ages from the rest of the YTT (Knight et al. 2013). Average (U-Th)/He zircon ages
from the plutonic samples in this area are 146-130 Ma (Knight et al. 2013). The Reid Lakes
complex resides in the hanging wall of the Jurassic Willow Lake normal fault and the
Cretaceous Stewart River normal fault, the latter fault in part responsible for the exhumation

of metamorphic core complex of the Australia Mountain domain (block 5; Staples et al. 2016).

Only one sample, 08RAY002, is used for (U-Th)/He models (Figure 2.3A, Table 2.1).
*He ages for both zircon and apatite remain concordant with increasing eU, spanning 141 and
102 Ma for zircon, and 51 and 46 Ma for apatite (Tables 2.2, 2.3). The eU values range from
151 to 323 ppm for zircon and 9 to 58 ppm for apatite. There is no trend between zircon *He
ages and ESR, and a slightly negative trend between apatite *He and ESR, which ranges from
35 and 50 um for zircon and 34 to 78 pum for apatite. This sample is an unfoliated granodiorite
which is more representative of the Reid Lakes complex than sample 09RAYMC092. The
latter is a quartz sandstone containing pre-Devonian zircon (Knight et al. 2013), and the
zircon’s pre-depositional history and relatively protracted cooling probably explains the large

variance in ‘He ages (Table 2.2).
2.4.3. Block 2

Block 2 is in the hanging wall of the YRSZ, which defines the western limit of this
crustal block. It is composed of the Simpson Range, Snowcap and Finlayson assemblages,
similar to block 1, however block 2 underwent Permian high pressure and high temperature
metamorphism, resulting in amphibolite facies metamorphism, in contrast with the relatively

unmetamorphosed block 1 (Berman et al. 2007; Knight et al. 2013). Most “’Ar/*’Ar data
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Figure 2.3. Numerical modeling results for crustal block 1 showing A) inverse models for
sample 08RAY002; boxes represent the independent time-temperature constraints applied to
the model and are listed in Table 2.4, without (Ai) and with (Aii) the 90-30 Ma constraint
discussed in the text. The light grey polygons in A) envelops all time-temperature pathways
of acceptable fit from the Monte Carlo inversion, and the dark grey polygon envelops the

Forward model results for path in (i) shown as age-eU envelopes (grey area) for a range of
grain sizes and eU values, plotted against measured zircon (ZHe) and apatite (AHe) ages,
respectively. Envelopes 1 and 2 in Dii are for the time-temperature path without and with a
reheating event in the Late Cretaceous, respectively. In all age-eU graphs, ESR ranges from
35 to 50 pm for zircon, and 40 to 80 um for apatite.
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Table 2.4. Geologic constraints used in inverse modeling

Sample group Age (Ma) T range (°C)  Details Reference
1 375-335 800-900 U-Pb crystallization Knight et al. 2013; Colpron et
al. 2015
360-300 200-500 40Ar_39Ar; metamorphic Cooling KIllght etal. 2013
130-50 0-60 Unconformity with Carmacks Ryan et al. 2003
group volcanic rocks
90-30 0-180 Reheating event
2 365-345 800-900 U-Pb crystallization
260-240 500-650 HP metamorphism Berman et al. 2007
200-170 300-500 40Ar_39Ar; K/Ar’ metamorphic Knlght et al. 2013, JOyCC et
cooling al. 2015
120-90 0-60 Unconformity with Indian River Lowey and Hills 1988
formation
95-55 0-200 * Reheating event
3 270-240 800-900 U-Pb crystallization
195-155 200-500 40Ar_39Ar; metamorphic Cooling Jche etal. 2015
130-50 0-60 Unconformity with Carmacks Ryan et al. 2003
group volcanic rocks
90-50 0-200 * Reheating event
4 300-250 800-900 U-PDb crystallization Wanless et al. 1978
110-80 250-450 40Ar_39Ar; metamorphic Cooling Joyce 2002, Godwin 1975,
Wanless et al. 1978; Johnston
1995
100-60 0-100 Unconformity with Carmacks Ryan et al. 2003
group volcanic rocks
75-0 0-200 * Reheating event
5 375-350 800-900 U-PD crystallization Mortensen 1990
155-110 600-700 HP metamorphism Staples et al. 2013
140-100 300-500 40Ar_39Ar; metamorphic Cooling Staples et al. 2014, Hunt &
Roddick 1992
120-90 0-60 * Unconformity with Indian River Lowey & Hills, 1988
formation
90-30 0-200 * Reheating event

* Additional constraints tested on the inverse models as described in section 2.5.
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record midcrustal cooling ages of 205 to 165 Ma (Berman et al. 2007; Joyce et al. 2015; Knight
et al. 2013). Data from the eastern and western areas of block 2 have different *He age-eU

signatures, as described below.

In the western portion of block 2, zircon (U-Th)/He ages are 64 to 262 Ma, though most
ages are between 135 to 179 Ma, with a generally positive correlation with eU (Figure 2.4B),
between 195 and 845 ppm. The ESR values are from 40 to 79 pum, and 03RAY316 has values
between 28 and 34 um (Table 2.2). The apatite ages yield a dispersion from 32 to 282 Ma, an
abnormally large range for apatite in this study. This may be due to *He implantation from
neighboring grains, fluid inclusions, broken grains or a mineral zonation (Flowers et al. 2009;
Ketcham 2012; Meesters and Dunai 2002; Murray et al. 2014; Spencer et al. 2004; Spiegel et
al. 2009). For apatite data with relatively smaller errors (<15 m.y.), the ages span 32 to 126
Ma, with a slightly positive age-eU correlation (Figure 2.4B; Table 2.3). The eU values are
2 to 74 ppm and ESR values are from 23 to 54 um (Table 2.3). The eastern samples in block
2 are characterized by zircon (U-Th)/He ages of 115 to 82 Ma and a positive age-eU
correlation (Figure 2.4B) with values between 88 and 242 ppm, and ESR ranges from 61 to

84 um (Table 2.2).
2.4.4. Block 3

Defined as a separate tectonometamorphic domain from block 2 and fundamental
component of the YTT (Berman et al. 2007; Staples et al. 2016), block 3 is composed of
Permian greenschist facies and amphibolite facies metamorphic rocks, mainly the Klondike
Schist and the Snowcap assemblage intruded by the Sulphur Creek Suite. This block is
structurally lower than blocks 1 and 2 (Ryan, pers. comm., 2016) and was subjected to

Permian high pressure metamorphism, and subsequently retrogressed to greenschist facies in
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Figure 2.4. Numerical modeling results for crustal block 2 showing Ai,ii) inverse models for
samples 03RAY293 and VNO0102, respectively; boxes represent the independent time-tem-
perature constraints applied to the model and are listed in Table 2.4, with and without the
95-55 Ma constraint, respectively. B-D) Forward models: samples that are outliers in age-eU
space are identified on the graphs. White data points correspond to results from the eastern
part of block 2 (see Figure 2.2). B) ESR ranges from 40 to 80 pm for ZHe, and 20 to 40 um
for AHe. C, D) the dark envelopes have an ESR range from 35 to 50 um for ZHe, and 60 to
84 um for the lighter ZHe envelopes (represents samples on the eastern side of block 2). ESR
ranges from 20 to 40 um for AHe. Paths 1-3 for each forward model is described in section
2.5. An envelope with no number means that any of the paths 1-3 give the same result.
Dashed lines are used to differentiate between different paths. Formatting is as in Figure 2.3.
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certain areas (Berman et al. 2007). Block 3 is bounded by major thrust faults including the
YRSZ and Moose Creek fault, and the truncation of a high, positive magnetic anomaly
(Hayward et al. 2011). Mineral *°Ar/*’Ar data from Joyce et al. (2015) resolves mid-crustal

cooling from 185 to 163 Ma.

Zircon (U-Th)/He ages are between 90 and 123 Ma, but relative to the samples in the
eastern side of block 2, the positive correlation between age and eU is less remarkable (Figure
2.5B). The zircon cooling ages for sample 00VNO002 are between 56 and 24 Ma. The eU values
range from 0.04 to 1225 ppm, and ESR ranges from 29 to 101 um (Table 2.2). Apatite (U-
Th)/He ages are 68-125 Ma, apart from two grains with 511 Ma and 544 Ma dates. Apatite
ages between 125 and 68 Ma increase with elevated eU, which varies from 1 to 32 ppm. ESR

varies from 25 to 46 um (Table 2.3).
2.4.5. Block 4

In block 4 are the Sulphur Creek Suite, Snowcap and Finlayson assemblages and
Cretaceous to Paleogene magmatism, separated from block 2 by the low-angle YRSZ and
Moose Creek Fault (Figure 2.2; Ryan et al. 2014). Block 2 south of the YRSZ is also a distinct
magnetic domain (Hayward et al. 2011). The White River assemblage, is located southwest
of block 4 in Figure 2.2 and is structurally lower than the YTT (Ryan et al. 2014), therefore
it is not included in the crustal block. Block 4 is characterized by late-Early to Late Cretaceous

AL/ Ar ages (Godwin 1975; Johnston 1995; Joyce 2002; Wanless et al. 1978).

The *He ages in this group lack a positive or negative trend with respect to eU (Figure
2.6B). Zircon data includes dates from 48 to 84 Ma, with corresponding eU between 49 to

1444 ppm. ESR varies between 30 and 108 pm (Table 2.2). Only one sample had apatite
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Figure 2.5. Numerical modeling results for crustal block 3 showing A) inverse model for
sample 01RAY039; boxes represent the independent time-temperature constraints applied to
the model and are listed in Table 2.4. B-C) Forward models: samples that are outliers in

age-eU space are identified on the graphs. In all age-eU graphs, ESR ranges from 30 to 100
um for ZHe, and 30 to 45 um for AHe. Formatting is as in Figure 2.3.
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Figure 2.6. Numerical modeling results for crustal block 4 showing Ai) inverse model for
sample 10RAYJR103; boxes represent the independent time-temperature constraints applied
to the model and are listed in Table 2.4. B-D) Forward models: samples that are outliers in
age-eU space are identified on the graphs. In all age-eU graphs, ESR ranges from 30 to 85
um for ZHe, and 45 to 60 um for AHe. Formatting is as in Figure 2.3.
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(10RAYJR103), and yielded ages of 13 to 10 Ma. The eU values span 12 to 22 ppm, and ESR

ranges from 48 and 58 um (Table 2.3).
2.4.6. Block 5

Block 5 is the Australia Mountain domain, bounded by the Australia Creek and Stewart
River faults, is composed of metamorphosed parautochthonous continental margin (Staples et
al. 2013). This metamorphic core complex is thought to have exhumed from below the YTT
in the late-Early Cretaceous (Staples et al. 2013, 2016). The block is characterized by a
positive magnetic anomaly and relatively young *’Ar/*°Ar ages, between 140 and 102 Ma

(Staples et al. 2016).

The granodiorite sample from the block yields only three zircon grains and no apatite.
Zircon (U-Th)/He ages range from 78 to 119 Ma, and eU values that vary from 261 to 760

ppm (Figure 2.7B). ESR values are from 63 to 74 um (Table 2.2).

2.5. Numerical Modeling Results

The dispersion in zircon and apatite (U-Th)/He dates in this dataset can be used to
resolve the low temperature history of the YTT. Although Figures 2.3-2.7 only shows time-
temperature paths below 250 °C, the numerical models in fact start at 900 °C (maximum
crystallisation conditions for the granites) and include other independent geologic constraints
at temperatures above 250 °C, such as YA’ Ar ages (Table 2.4). Zircon (U-Th)/He ages
cannot accurately resolve a time-temperature history above ~200 °C, thus it is important to
include the timing of higher temperature events in the models as these will enable the models

to explore a greater range of temperatures beyond those preserved in the (U-Th)/He dataset.
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Figure 2.7. Numerical modeling results for crustal block 5 showing Ai,ii) inverse models for
sample 03RAYPO037; boxes represent the independent time-temperature constraints applied
to the model and are listed in Table 2.4, without (A1) and with the 90-30 Ma constraint (Aii).
B-C) The ESR used for the forward models is 73 pm. Formatting is as in Figure 2.3.
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From the forward and inverse models, the timing and rates of cooling and heating events
are resolved from the analytical data, which are often directly linked to tectonic processes. In
west-central  Yukon, higher temperature thermochronology, geochronology and
thermobarometry studies have resolved important Jurassic and Cretaceous tectonic events
affecting the lower crust, and low-temperature thermochronology has the potential to reveal
the consequences that these processes had on the upper crust (e.g. Berman et al. 2007; Hansen
et al. 1991; Johnston et al. 1996; Knight et al. 2013; Staples et al. 2013, 2016). In addition to
determining the timing of cooling and exhumation in this area, the forward models were also
evaluated in the context of a previously recognised Cretaceous high flux magmatic event, and
to what extent the (U-Th)/He system may have been partially reset by an elevated geothermal

gradient in the upper crust due to the volcanism.

2.5.1. Block 1

Two inverse models for the same sample are shown in Figure 2.3A. The first model
includes previously published geological constraints for these rock units as discussed in the
previous sections. The second model has the same constraints, but with two added constraints
which assess whether block 1 could be at surface temperatures before the deposition of the
nearby late-Early Cretaceous Indian River Formation, and whether a heating event in the Late
Cretaceous (90-30 Ma) related to Carmacks volcanism or Eocene displacement along the
Tintina fault may have (partially) reset the samples (Table 2.4). The first inverse model is
shown in Figure 2.3Ai, the paths with a “good fit” require the Reid Lakes complex to cool
below 200 °C as early as the Pennsylvanian. At c. 130-100 Ma, inverse modeling shows an
increase in cooling rate (~10 °C/km) until surface temperatures are reached post-50 Ma. There

are no paths that reach surface temperatures before 70 Ma, the age of the unconformity with
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the Carmacks Group volcanics. The second inverse model (Figure 2.3Aii) also has good and
acceptable paths, meaning that there are possible thermal histories that include a reheating
event during or after the Late Cretaceous. This model yields similar “good fit” time-
temperature paths as in Figure 2.3Ai until c. 130 Ma. The cooling rate increases at this time,
and some paths reach surface temperature conditions earlier, at c. 130 Ma, followed by a
heating event between 90 and 30 Ma, at a maximum of ~150 °C. The timing of cooling to

surface temperatures after the heating event is not resolved by the inverse model.

Multiple plausible forward model paths based on the inverse modeling results and their
model age-eU results are shown in Figures 2.3B-D. The paths in the forward model reach
surface temperatures before the Carmacks unconformity at c. 70 Ma. The first forward model
exhibits a constant cooling rate of 1.8 °C/Ma through the zircon and apatite PRZ, where
surface temperatures are reached by 75 Ma, and temperatures remain cooler than the apatite
PRZ until the present day (Figure 2.3B). The resulting age-eU envelope for zircon is c. 30-
40 m.y. older than most measured ages, and fits only one of five measured ages that is not in
the 103-110 Ma range. This suggests that if the crustal block cools to surface temperatures
before 70 Ma, but is not subsequently reheated, the apatite age-eU envelope for this model
yields older ages than the measured Eocene ages. For the zircon forward model, the width of
the age-eU envelope is <5 m.y., and <10 m.y. for the apatite model. The forward model path
in Figure 2.3C spends 250 m.y. in the zircon PRZ and cools relatively rapidly (~16 °C/km)
to surface temperatures between 85 and 75 Ma. This crustal block is required to be at surface
temperatures before c. 70 Ma, however the apatite ages are between 51 and 47 Ma. Because
of these young apatite ages, the inverse models and forward model B show that pre-Paleogene

surface temperatures are not possible without a subsequent reheating event to reset the apatite
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system. A reheating event at c. 70 Ma that cools to surface temperatures within 2 m.y. fits the
apatite ages if the temperatures attained are higher than the apatite PRZ (Figure 2.3C).
However, the age-eU envelope for the zircon models is between 81 and 95 Ma, younger than
the measured grains that have Early Cretaceous ages (Figure 2.3C). An earlier exhumation is
required to satisfy the zircon data: the forward model path in Figure 2.3D spends c. 200 m.y.
in the zircon PRZ, then cools relatively rapidly (~16 °C/km) to surface temperatures between
118 and 110 Ma, prior to the deposition of the Indian River Formation. The predicted zircon
ages are therefore older than the predicted zircon ages in Figure 2.3C (age-eU envelope 1),
and only fit the measured zircon and apatite ages if there is a c. 70 Ma reheating event that

reaches temperatures of 180 °C (age-eU envelope 2).

The inverse and forward models show that in order to accommodate the Carmacks
volcanics unconformity, a reheating event is required after crustal block 1 reaches the surface
because the apatite ages are post-Late Cretaceous. Also, forward models C and D illustrate
that cooling from the zircon PRZ to surface temperatures must occur prior to 85 Ma to fit the

measured zircon data.

2.5.2. Block 2

The samples in block 2 are part of a distinct tectonometamorphic domain (Staples et al.
2016), however differences in (U-Th)/He ages and age-eU trends between the zircon in the
western and eastern parts of the block may be explained by slightly disparate cooling histories.
Therefore, no single sample is representative of the entire crustal block. Two inverse models
for block 2 were evaluated, where the first has only geological constraints based on previous
studies, and the second has the same constraints, but with an additional one to assess the

possibility of a Late Cretaceous heating event. Both inverse models were performed using
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sample 03RAY293, however they both had similar results, therefore only the first inversion
is shown in Figure 2.4Ai. Since the samples within this crustal block have very different
apatite age-eU trends and no single sample can represent the age-eU distribution of the block
(Figures A1, A2, A3), the second inversion was also performed on sample VNO102, which is

shown in Figure 2.4Aii.

At temperatures below 250 °C, the first inverse model exhibits two phases of cooling:
a) cooling to the zircon PRZ between c. 200 and 150 Ma, and b) cooling to surface
temperatures between c. 175 and 90 Ma. This sample does not allow a post-70 Ma heating
event (Figure 2.4A). The model paths allow, but do not require, slow cooling between the
two phases. The second inverse model shows that cooling from temperatures in excess of 250
°C to surface temperatures can be between c. 200 and 90 Ma, followed by a reheating event
to maximum temperatures above the apatite PRZ between 95 and 55 Ma (Figure 2.4A). Since
this sample only has apatite grains, the model cannot resolve the maximum temperature of the

heating event.

The first forward model shown (Figure 2.4B) is a time-temperature path located
within the envelope of inverse model 1, and cools at a constant rate of 4.6 °C/km until the
path reaches surface temperatures at 125 Ma (path 1). The model zircon age-eU envelope is
relatively constant across the eU values, and only fits with a small subset of samples with
older ages (Figure 2.4B). The model apatite age-eU envelope only satisfies certain samples
that have eU <20 ppm, and reaches a plateau at c. 130 Ma at higher concentrations of eU (path
1). A Late Cretaceous reheating event to 80 °C was added to this model, and did not change
the zircon model ages (path 2). The model apatite ages became more uniform, only increasing

by c. 20 m.y. within the range of eU, and fit the samples that have Eocene ages (Figure 2.4B).
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Figure 2.4C shows three viable time-temperature paths that reside in the zircon PRZ for 67-
96 m.y. at different temperatures, each having a different age-eU envelope for the zircon data.
There is a similar Late Cretaceous-Paleocene heating event as in Figure 2.4B, therefore the
model apatite ages are the same as the previous model (the apatite system is fully reset), and
the following observations are for the zircon model ages. The difference in temperature within
the zircon PRZ has the effect of widening the age-eU envelope (Figure 2.4C): within each
path, the samples on the west side of the crustal block (black symbols in figure) are best
represented by a time-temperature history when the rocks stay in the zircon PRZ for 67 m.y.,
then relatively quickly reach surface temperatures by 118 Ma (path 1). The same path was
evaluated, only the rocks reside at a higher temperature within the PRZ (path 2); the resulting
age-eU envelope has a lower slope and smaller width. The samples on the east side of the
crustal block (white symbols in figure) are best represented by the age-eU envelope from a
forward model path that spends c. 100 m.y. within the zircon PRZ at a higher temperature,
followed by an increase in cooling rates until surface temperatures are attained, between 85
and 75 Ma (path 3; Figure 2.4C). The age-eU envelope for paths 1 and 3 have a similar slope,
despite the difference in temperature during residence within the PRZ, illustrating that a
protracted cooling history within the PRZ offsets the effect of higher temperatures on the age-

eU trend by increasing the slope.

Figure 2.4D has a single forward model path, except for a c. 70 Ma reheating event
that reaches different temperatures of 100 °C (path/envelope 1 in the figure), 190 °C
(path/envelope 2 in the figure), and a temperature higher than the zircon PRZ (path/envelope
3 in the figure). This path cools rapidly to the upper crust by 110 Ma, prior to the deposition

of the Indian River Formation that is exposed on the western portion of the crustal block
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(Figures 2.2, 2.4D). The zircon age-eU envelope fits the pre-late Early Cretaceous measured
ages from the western side of the crustal block when the reheating event reaches 100 °C (age-
eU envelope 1), and fits the late-Early to Late Cretaceous measured ages from the eastern part
of the crustal block (younger ages) when it reaches 190 °C (age-eU envelope 2). Samples
03RAY287 and 08RAY004 are spurious and only a complete resetting of the zircon (U-
Th)/He system at c¢. 70 Ma can produce an age-eU envelope that agrees with these samples

(age-eU envelope 3).

The inverse and forward models illustrate that there is no single time-temperature path
that represents the data from the entire crustal block. However, block 2 can be divided into
western and eastern sections, and according to forward modeling these areas may have the

same low temperature history until they reach surface temperatures for the first time.

2.5.3. Block 3

One inverse model is shown for block 3 (Figure 2.5A). As with the other crustal blocks,
a second inverse model was performed with an additional thermal constraint from 0 to 200
°C, between 90 and 50 Ma. Since the second inverse model was unsuccessful at resolving a
thermal event within the additional constraint, only resulting in five “good fit” paths out of
10,000, and has similar path envelopes to the first model, only the first inverse model is shown.
The inverse model illustrates that block 3 cooled to upper crustal temperatures in the Triassic
or Jurassic, then cooled at a moderate rate until the late-Early to Late Cretaceous when it

rapidly reached surface conditions.

Two plausible forward models are shown (Figure 2.5B, C). The forward model path in

Figure 2.5B cools relatively rapidly through the zircon PRZ, within 25 m.y. starting at c¢. 125
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Ma. Surface temperatures are reached by 90 Ma, resulting in age-eU envelopes that encompass
most of the measured zircon and apatite ages. In Figure 2.5C, the forward model path reaches
175 °C in the zircon PRZ by 160 Ma, and stays within the PRZ for 75 m.y. The cooling rate
increases at 85 Ma, and the path reaches surface temperatures by 75 Ma. The age-eU trend for
zircon from this model is similar, only wider than the envelope from Figure 2.5B because of
the protracted time within the zircon PRZ, thus better accounts for the spread in measured
zircon ages. The increase in time spent in the zircon PRZ also requires cooling to surface
temperatures at a later time than 90 Ma to fit the measured zircon and apatite ages (Figure

2.5C).

The forward models illustrate that cooling to the zircon PRZ can vary between the
Middle Jurassic to Early Cretaceous while still fitting the data, depending on the cooling rate
through the PRZ, and the time that the path cools through the upper bound of the zircon PRZ.
The second forward model better represents the dispersion in zircon ages with the wider zircon
age-eU envelope (Figure 2.5B, C), and the Jurassic thermal histories between blocks 2 and

block 3 are similar, simplifying the exhumation model.

2.5.4. Block 4

For block 4, the time-temperature constraints used in inverse modeling are in Table 2.4.
The inverse models do not yield “good” or “acceptable fit” time-temperature paths without an
additional constraint between 75 and 0 Ma, and 0 and 200 °C, therefore the inverse model
with the added constraint is the only one shown in Figure 2.6A. The inverse model shows
that block 4 cooled to 20 °C in the late-Early to Late Cretaceous with a maximum amount of
time within the zircon PRZ of 20 m.y. The apatite ages are younger than the constraint for the

Carmacks unconformity (Tables 2.2-2.4), therefore in order to conform to the unconformity,
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the inverse model requires a reheating event between 75 and 0 Ma up to ~180 °C to reset the
apatite ages. This is also illustrated by the forward model Figure 2.6B where rapid cooling
from 250 °C to surface temperatures between 85 and 75 Ma without reheating results in model
zircon ages that are older than the measured ages. Since the forward models from the previous
crustal blocks show that apatite ages that are younger than the time constraint for surface
temperatures requires resetting after cooling to surface temperatures, a 2 m.y. Miocene
reheating event to 100 °C was added to the model, however there is not yet any independent
geological data to support this. The forward model in Figure 2.6C has a reheating event after
the Carmacks unconformity that is c. 50 m.y. and reaches temperatures of 180 °C, and yields
age-eU curves that represents the dispersion in zircon ages, and an apatite age-eU envelope
that is 1-2 m.y. older than three out of four of the measured grains. The forward model in
Figure 2.6D shows that partially resetting the zircon samples to 170 °C at c. 70 Ma and
cooling to surface temperatures within a few million years yields an age-eU envelope that
encompasses most of the measured zircon ages, and a similar reheating at c. 10 Ma to 100 °C

resets the apatite (U-Th)/He system to Miocene ages.

The inverse and forward models for block 4 show that at least one reheating event is
required after surface temperatures are attained for the first time (post 75 Ma) a maximum

temperature of 180 °C, resetting the apatite ages.

2.5.5. Block 5

Inverse models for block 5 are limited by the lack of apatite data and other low
temperature geologic constraints, leaving many possibilities for the low-temperature history
of the Australia Mountain domain (Table 2.4). The first inverse model shown in Figure 2.7A

is based on previously published geologic constraints that are >250 °C, therefore are not
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within the time-temperature space of the figure. The first inverse model indicates that block 5
cooled to the zircon PRZ by the Early Cretaceous, but does not resolve the thermal history
below this PRZ from the lack of independent temperature constraints and apatite dates (Figure
2.7A). The second inverse model has additional constraints which test the possibility of
reaching surface temperatures before or during the deposition of the Indian River Formation,
and the possibility of a reheating event during the Late Cretaceous-Paleocene (Figure 2.7A).
The “good fit” paths from this model reaches maximum temperatures of ~190 °C within the

constraint that tests for reheating.

Two forward models that yield age-eU envelopes that satisfy the measured zircon ages
are shown in Figures 2.7B and 2.7C. In Figure 2.7B, the forward model path reaches 150 °C
by 105 Ma, followed by slow (<1 °C/km) cooling within the zircon PRZ until it reaches 130
°C at 50 Ma. Cooling rates then increase to ~9 °C/km until surface temperatures are attained.
The age-eU curve is representative of two out of three measured zircon ages. The forward
modeling path in Figure 2.7C illustrates relatively rapid cooling (~46 °C/km) to surface
temperatures during the deposition of the 112-100 Ma Indian River Formation, to assess the
interpretation that the material eroded from block 5 was deposited as the Indian River
Formation (Figure 2.2; Colpron et al. 2016; Lowey and Hills 1988; Staples et al. 2016). This
path results in a similar age-eU envelope as the forward model in Figure 2.7B if there is a
reheating event to 180 °C, fitting the same two out of three measured zircon ages (Figure

2.70).

2.6. Discussion
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2.6.1. Exhumation of the Yukon Tanana Terrane, west-central Yukon

In order to interpret the data in a tectonic context, the preferred model(s) for the low
temperature history of the YTT must be evaluated. When multiple time-temperature histories
fit the (U-Th)/He data and independent field and geochronology data, the simplest model is
chosen. In general, the age-eU trends do not exhibit noticeable positive to negative roll-over
points, which suggests that the samples had a relatively short low-temperature cooling history
supported by the numerical models that illustrate that the crustal blocks spent <250 m.y. in

the zircon PRZ.
Pre-Cretaceous exhumation history

As illustrated in the previous section, numerical models suggest a low-temperature
cooling history as early as the Carboniferous for some samples. Forward models show that
the Reid Lakes complex (block 1) cooled to upper crustal temperatures before the Triassic
(Figure 2.3), whereas blocks 2, 3, and 4 only cooled to the zircon PRZ between the Early
Jurassic and Early Cretaceous (Figures 2.4-2.6). The cooling of block 1 earlier than the rest
of the YTT corroborates previously published observations that block 1 occupied shallower
crustal levels and was not deformed and metamorphosed at high pressure (9 kbar) conditions,
unlike the rest of the YTT at ca. 260 Ma (Berman et al. 2007; Dusel-Bacon et al. 2002).
Moreover, the timing of exhumation of block 2 from beneath block 1 along the WLF was
interpreted to have started in the Early Jurassic, based on c. 190 Ma *’Ar/*’Ar ages near the
WLF that contrast with the Carboniferous ages recorded in the rest of the block (Knight et al.

2013).
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Blocks 3 and 4 are structurally lower than blocks 1 and 2. They are interpreted to be
from the same structural panel and possess generally similar rock assemblages (except for
sample 11RAYAZ148 in block 4; Ryan et al. 2014). However, blocks 3 and 4 have very
different (U-Th)/He ages and age-eU trends, indicating that the two crustal blocks have had
dissimilar low-temperature histories. Plausible low-temperature thermochronology models
place block 3 in the upper crust by the Middle Jurassic. **Ar/*’Ar and (U-Th)/He ages from
block 4 are late-Early to Late Cretaceous, and the (U-Th)/He ages do not show steep positive
or negative age-eU trends, suggestive of rapid cooling through the PRZ. Since they are from
the same structural panel with no major faults separating the two blocks, it is likely that block
4 had a similar temperature history as block 3 until the Cretaceous, and that the **Ar/*’Ar and
(U-Th)/He ages in block 4 were reset in the late-Early to Late Cretaceous by a heating event
(Figures 2.5, 2.6). Moreover, in block 4, the Whitehorse plutonic suite including the Dawson
Range Batholith was emplaced under mid- to shallow crustal conditions within this structural
panel in the late-Early Cretaceous (Johnston et al. 1995; 1999), thus this block was in fact at

shallow crustal temperatures (i.e. near the zircon PRZ) at this time, similar to block 3.

Previous studies report that YTT rocks were metamorphosed under amphibolite
conditions during the Early Jurassic, and started to exhume to shallower depths in the Early
to Middle Jurassic, cooling through **Ar/*’Ar closure temperatures between 205 and 163 Ma
(Berman et al. 2007; Dusel-Bacon et al. 2002; Joyce et al. 2015). This exhumation event has
been associated with the obduction of the YTT and other outboard terranes onto North
American continental margin, which brought the obducted material to shallow crustal levels
(Berman et al. 2007; Colpron et al. 2005; Dusel-Bacon et al. 2002; Hansen et al. 1991;

Johnston et al. 1996; Knight et al. 2013; Staples et al. 2016). In the preferred low-temperature
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forward models for blocks 2, 3 and 4, these blocks reach the zircon PRZ at c. 160 Ma (Figures
2.4-2.6). This simple model was chosen for Jurassic cooling since there is no requirement for
crustal blocks 2, 3, and 4 to cool to upper crustal temperatures at different times based on the
low-temperature thermochronology results, previously published field and structural
observations (Joyce et al. 2015; Knight et al. 2013; Parsons, pers. comm., 2018; Ryan et al.
2014). Differential cooling to the zircon PRZ could be related to variable erosion rates within
the study area or tectonic exhumation of one of the crustal blocks via low-angle normal
faulting that accommodated a large amount of displacement in the Jurassic, similar to the
exhumation of block 2 along the WLF. Block 2 is juxtaposed against the structurally lower
blocks 3 and 4 at the YRSZ in the southwest of the study area. WNW-WSE brittle thrusting
has been recorded on the YRSZ, displacing block 2 relative to blocks 3 and 4 at temperatures
<450 °C sometime after 176 Ma (Parsons, pers. comm., 2018), however, the ESE-dip of the
fault plane is shallow, therefore the WNW-ESE thrusting did not result in significant vertical
offset in block 2 relative to blocks 3 and 4. The structurally lower level is thought to be
exposed southwest of block 2 not only because of the YRSZ, but because of an interpreted
regional-scale synform that formed during widespread NE-SW contraction prior to 176 Ma,
bringing the structurally lower panel to the same crustal level as the structurally higher panel
in some areas (Parsons, pers. comm., 2018; Ryan, pers. comm., 2016). The YRSZ had
previously juxtaposed block 2 over blocks 3 and 4, either in an extensional environment in the
Permian to Middle Triassic, or a compressional environment in the latest Triassic to Early
Jurassic (Parsons, pers. comm., 2018). The folding event happened before the YTT reached
the zircon PRZ since, at 176 Ma, the YTT in west-central Yukon was still cooling through

P Ar/*Ar closure temperatures (Joyce et al. 2015). Therefore, it is simplest to assume that
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cooling rates at the upper bound of the zircon PRZ were uniform across the synform, and the

samples from blocks 2, 3 and 4 reached the zircon PRZ at the same time.

Based on the interpretations from higher temperature studies that characterize the
Jurassic as a time of crustal thickening due to the obduction of the YTT onto ancestral North
America (Berman et al. 2007; Dusel-Bacon et al. 1995, 2006; Hansen et al. 1991; Johnston et
al. 1996; Knight et al. 2013), the cooling of crustal blocks 2, 3 and 4 to upper crustal
temperatures in the Middle Jurassic as resolved through our numerical models may be due to
increased erosion rates as a result of thickening and uplift of the YTT. However, the forward
models for blocks 2-4 show that the time at which these blocks reached the zircon PRZ can
vary between the Early Jurassic (c. 200 Ma) to Early Cretaceous, and still satisfy the measured
zircon and apatite data, moreover, the Jurassic cooling rates that are accepted by the models
vary by multiple orders of magnitude (Figures 2.3-2.6). With such a wide range of possible
cooling times and rates, the (U-Th)/He system is not able to resolve exhumation mechanisms
in the shallow crust during the Jurassic and Earliest Cretaceous. Forward modeling has shown
that the model age-eU results are much more sensitive to the thermal history from the late-

Early Cretaceous to the present day.

Early Cretaceous exhumation of blocks 1, 2 and 5

The preferred thermal history during the Cretaceous involves the relatively rapid cooling
of the structurally higher blocks 1 and 2 to the surface between 118 and 110 Ma. Block 2 must
be exposed at the surface and at sea-level by the Early Cretaceous because of the unconformity
with the Indian River Formation, which was deposited in the Albian in what is interpreted to
be a marine environment (Lowey and Hills 1988; Mortensen and Dusel-Bacon 2014). Since

the Indian River Formation is exposed in such a small area of block 2, the low-temperature
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models cannot resolve if the entire extent of block 2 on Figure 2.2 was at the surface by 110
Ma, however this is the simplest model. Numerical modeling indicates that the data on the
eastern part of block 2 may have cooled to surface temperatures later than the western part in
the Late Cretaceous, and to accommodate the age-eU relationship, this model requires the
eastern and western parts of block 2 to be at different temperatures prior to the increases in
cooling rate in the Cretaceous (Figure 2.4). If the western part of block 2 exhumed earlier
than the eastern part, this either requires different erosion rates between the western and
eastern parts of block 2 during the Cretaceous, or tectonic exhumation through a combination
of thrust-driven uplift and erosion, or exhumation through normal faulting. There are no
independent constraints on erosion rates between the eastern and western parts and currently
there are no mapped faults that separate block 2 into eastern and western parts that may explain
a differential cooling history within the block. Therefore the simpler solution of the entire
crustal block exhuming at the same time is preferred. Perhaps the NE-SW trending Stewart
River fault, that cuts across the northern part of block 2, is more significant than previously
suggested and defines a separation of block 2 into western and eastern parts, however this is

equivocal given the sparse thermochronology samples in the eastern part of block 2.

Block 1 may also exhume to the surface later than 110 Ma, however the simpler model
of block 1 exhuming at the same time as block 2 is preferred. A differential exhumation
between blocks 1 and 2 is unlikely because this would imply that block 1 would exhume along
its bounding low-angle faults (Stewart River and Willow Lake faults). These faults are not
optimal for exhumation of block 1 from temperatures of ~170 °C to surface temperatures,

because thrusting on low-angle faults is unlikely to create enough vertical offset to
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significantly increase erosion. There are no other known faults nearby that may accommodate

enough displacement to exhume block 1 separately.

According to our preferred model, block 5, the metamorphic core complex that formed
beneath the YTT, exhumed to surface temperatures in the late-Early Cretaceous (Figure 2.7)
after cooling through **Ar/*’Ar closure temperatures in the Early Cretaceous (Hunt and
Roddick, 1992; Staples et al. 2014). Even though the numerical models allow exhumation to
surface temperatures in the Eocene, late-Early Cretaceous exhumation is the preferred model,
since the YTT surrounding it has been tectonically quiescent since the Late Cretaceous
(Gordey and Ryan 2005; Ryan et al. 2003, 2010, 2017; Staples et al. 2016), and it supports
the interpretation that the 112-100 Ma Indian River Formation in block 2 is a syn-extensional
detachment basin to the Australia Creek fault (Staples et al. 2016). Also, there are no known
post-Late Cretaceous sedimentary units that can be associated with the exhumation of block
5 in the Eocene (Colpron et al. 2016). The late-Early Cretaceous exhumation of block 5
supports the model for late-Early Cretaceous exhumation of block 1; when block 5 exhumes,
block 1 is required to have exhumed prior to this, since the final exhumation of block 5 was
along the Stewart River fault, the SE-dipping normal fault that bounds block 1 to the northwest
(Figure 2.2). The Stewart River fault cross cuts the Australia Creek fault, therefore
exhumation along the Stewart River fault post-dated the exhumation of block 5 along the

Australia Creek fault (Figure 2.2; Staples et al. 2016).

Blocks 3 and 4 did not exhume to the surface by 110 Ma, such as blocks 1 and 2, since
blocks 3 and 4 were at greater depths at this time, constrained by the 105-100 Ma Dawson
Range batholith that intruded the structural panel of blocks 3 and 4 at mid- to shallow crustal

levels (Johnston, 1999). Intrusion of the batholith likely reset the **Ar/*’Ar ages to c. 105-90
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Ma (Godwin 1975; Johnston 1995; Joyce 2002; Wanless et al. 1978) and zircon (U-Th)/He
ages to c. 80-60 Ma in block 4 (Table 2.2). Thus, an exhumation mechanism is required to

cool blocks 1, 2 and 5 in the late-Early Cretaceous without exhuming blocks 3 and 4.

The rate of cooling alone cannot be used to distinguish between the exhumation
processes in the Early Cretaceous, however in certain cases it can narrow the possibilities.
Knowledge of the exhumation of shallow crustal material is imprecise because, in part, of a
lack of information on paleogeothermal gradients and exact cooling rates, since the cooling
rates in certain cases in the forward models may change by an order of magnitude without
altering the overall model’s results. In the Cretaceous for example, the models cannot
distinguish between cooling rates on the order of 10 °C/Ma or 100 °C/Ma. In Figures 2.3-2.7,
the increase in Cretaceous cooling rates are 10-15 °C/Ma. Since paleogeothermal gradients
are also unknown, so are the depths from which the crustal blocks exhume. Block 2 is modeled
to have a pre-exhumation temperature between 140 and 135 °C, meaning there was ~3.4 km
of material removed from the YTT above block 2 between 118 and 110 Ma, assuming the
geothermal gradient in the upper crust is similar to the modern-day estimates of ~40 °C/km
(see Chapter 3; Hyndman et al. 2005). Moreover, the high modern-day geothermal gradient
likely developed as a response to lithospheric thinning, which usually involves widespread
rapid cooling and exhumation (e.g. Bao et al. 2014; Currie et al. 2008; Currie and Hyndman
2006; Morales and Tommasi 2011; Ueda et al. 2012). However, there is no indication in the
low-temperature thermochronology data that this would have happened before the Early
Cretaceous cooling event. If the very slow cooling (<1 °C/Ma) between the Jurassic and
Cretaceous rapid cooling events is due to slow or no erosion, a geothermal gradient might be

as low as ~10 °C/km, since a lack of erosion is often associated with low geothermal gradients
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(Stiiwe 2007). This would mean that ~14 km of material must have been removed from block
2 in the Cretaceous — an unrealistic amount. On a greater scale, since the northern Canadian
Cordillera was still an active orogen between the Jurassic and Cretaceous cooling events, the

geothermal gradient may have been higher.

The equivocal exhumation rates hinder a detailed analysis of the exhumation history and
shallow crustal processes of the YTT, however geological constraints and numerical modeling
results do require there to be a hiatus of ¢. 30 m.y. between the exhumation of blocks 1, 2 and
5, and blocks 3 and 4. Climate-driven erosion is often invoked as an efficient exhumation
process (e.g. Clift et al. 2008; Reiners and Brandon 2006; Thiede et al. 2004; Willett 1999),
however this does not explain the differential exhumation that is apparently present across
west-central Yukon. The difference in thermal histories between block 2 and blocks 3 and 4
is also not explained by the burial of block 2 by the Indian River Formation, which is
interpreted to have filled numerous small, shallow basins, since the rocks have not been
deformed or undergone metamorphism (Ryan and Gordey 2004). A tectonically-driven
exhumation may cause a differential exhumation if there are major faults separating block 2
from blocks 3 and 4, supported by the sample groups occupying distinct areas in age-eU space
(Figures 2.3-2.7). Low-angle normal faults may exhume footwall rocks very rapidly (e.g.
Ring et al. 1999), however there is no known low-angle normal fault that could have exhumed
blocks 1, 2 and 5 in the Cretaceous (Colpron et al. 2016). The preferred forward model paths
suggest cooling from upper crustal conditions to surface temperatures between 118 and 110
Ma, which does not require extremely rapid exhumation. The crustal-scale YRSZ is a major
fault separating block 2 from blocks 3 and 4, which has been reactivated multiple times,

including under brittle conditions (Parsons, pers. comm., 2018). Since block 2 is on the
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hanging wall of the fault, thrusting along this fault leading to uplift and erosion would need
to be invoked to explain the increase in cooling rates. Reactivation of the fault due to NE-SW
contraction in the late-Early Cretaceous could have resulted in southwestward thrusting along
the YRSZ and uplift of block 2, which is consistent with late Cretaceous amphibolite facies
metamorphism and a suggested crustal thickening episode in the YTT and Kluane schist south
of the study area in southwestern Yukon (Israel et al. 2011; Mezger et al. 2001; Vice 2017).
Erosion contemporaneous or subsequent to the thrusting of blocks 1 and 2 can explain the
increase in cooling rates, and can explain the preferred thermal model where blocks 1, 2 and
5 exhume at the same time in the late-Early Cretaceous (Figure 2.8A). Even though the late-
Early Cretaceous is associated with northwestward displacement of the YTT (Gabrielse et al.
2006; Pavlis et al. 1993; Staples et al. 2016), northwestward thrusting along the YRSZ is not
as likely to have resulted in uplift since the plunge of the synform (to the southeast) is shallow

(Parsons, pers. comm., 2018).

Late Cretaceous exhumation of blocks 3 and 4

There must also be a mechanism for the Late Cretaceous exhumation of blocks 3 and 4
after the emplacement of the 105-100 Ma Dawson Range Batholith. The preferred forward
models have increasing cooling rates at 85 Ma, until surface temperatures are reached at 75
Ma. If a geothermal gradient of 25 °C/km is used, ~7 km of material had to be removed to
exhume blocks 3 and 4 within 10 m.y., or ~4 km of material if a geothermal gradient of 40
°C/km is used. Numerous faults are located near or at the boundary separating block 2 from
blocks 3 and 4, including the YRSZ and the Big Creek fault (Figure 2.2; Colpron et al. 2016),
and the delayed exhumation compared to block 2 suggest a tectonic exhumation process. The

lack of published data on fault kinematics leaves many possibilities for the exhumation
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Figure 2.8. A) Schematic cross-section showing the late-Early Cretaceous orogen-normal
compression resulting in thrusting along the YRSZ and WLF, which led to uplift and
increased erosion rates of blocks 1 and 2. The dotted line shows the inferred YRSZ synform
(Ryan pers. comm. 2016). Bi) Schematic map showing a possible exhumation mechanism
for the Late Cretaceous deformation of blocks 3 and 4, as proposed NE-SW-trending thrust
faults accommodate shortening parallel to the BCF causing uplift and erosion in blocks 3
and 4. Bi1) Schematic block diagram showing an alternate deformation mechanism for the
Late Cretaceous exhumation of blocks 3 and 4 as NW-SE extensional exhumation is along
the YRSZ. Dotted line in t = 2 corresponds to the YRSZ fault trace in t= 1. B1, B2, B3 and
B4 corresponds to blocks 1, 2, 3 and 4, respectively. Fault labels are as in Figure 2.2.
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history. The steeply-dipping Big Creek fault has a similar orientation to the YRSZ (NW-SE)
and accommodated >20 km of dextral displacement in the Late Cretaceous and is the northern
boundary of the Dawson Range batholith in block 4 (Figure 2.2; Betsi et al 2012; Johnston
1999). Exhumation of blocks 3 and 4 along thrust or extensional faults perpendicular to the
Big Creek fault could result in increased cooling rates (Figure 2.8Bi). There are many
perpendicular thrust and extensional faults mapped within blocks 3 and 4, however there
currently is no knowledge of a dominant NE-SW fault along which the crustal blocks
exhumed. Perhaps the vertical uplift of blocks 3 and 4 along the BCF was due to the buoyancy
of the Dawson Range batholith, resulting in isothermal exhumation and doming prior to
unroofing at 85 Ma, but there still is no field evidence within blocks 3 and 4 for faults other
than the BCF accommodating the uplift. Alternatively, blocks 3 and 4 may have exhumed
through NW-SE extensional faulting, for example along the YRSZ, from the northwestward
motion of crustal blocks of the YTT in the Cretaceous, since the fault dips shallowly to the
southeast (Figure 2.8Bii). Even though the exact faults that exhumed blocks 3 and 4 are
uncertain due to a lack of detailed field observations, exhumation through faulting is the most

likely cause for their exhumation in the Late Cretaceous, c. 30 m.y. after blocks 1, 2 and 5.

The 105-100 Ma emplacement of the Dawson Range batholith suggests that blocks 3
and 4 exhumed after 100 Ma (thus after block 2), however the 112-100 Ma Whitehorse
plutonic suite has also been mapped in some very localised areas within the eastern side of
block 2 (Colpron et al. 2016). Nonetheless, the sampling density in the eastern side of block
2 is low therefore we are unable to resolve whether it exhumed later than the western side of
block 2 because the mapped exposures of the Whitehorse plutonic suite are relatively very

small, and could have been the result of very localized exhumation.
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Latest Cretaceous thermal resetting

After the Late Cretaceous, the landscape in west-central Yukon has remained relatively
unchanged, preserving the Carmacks Group extrusive rocks and Indian River Formation, and
relatively low incision rates since c. 100 Ma (Gordey and Ryan 2005; Mortensen and Dusel-
Bacon 2014; Ryan et al. 2003, 2010, 2017; Staples et al. 2016). This contrasts with low
temperature thermochronology data in Alaska, SW Yukon and southern British Columbia that
suggest rapid uplift and cooling in the Eocene (e.g. Cook et al. 1992; Dusel-Bacon et al. 2016;
Enkelmann et al. 2017; O’Sullivan et al. 1997; Parrish et al. 1988). A few samples in this
study have post-Late Cretaceous apatite ages (i.e. after the crustal blocks are required to be at
the surface), meaning that the apatite system had to be reset after reaching surface
temperatures. These samples were not thermally reset through burial to the point of fully
resetting the apatite ages since the current landscape in the YTT dates back to the Late
Cretaceous (Gordey and Ryan 2005; Mortensen and Dusel-Bacon 2014; Ryan et al. 2003,
2010, 2017; Staples et al. 2016), however they may have been partially or fully reset by
hydrothermal fluids associated with Carmacks volcanism. The Late Cretaceous Carmacks
Group is present in numerous places within the study area, however the spatial extent of the
group is unknown (Ryan, pers. comm., 2016). Many of the numerical models require some
low-temperature reheating at c. 70 Ma, probably due to the extensive volcanism during the
Late Cretaceous. Blocks 1, 4, and the samples in the eastern half of block 2 require the zircon
ages to be partially or completely reset, whereas the samples on the western side of block 2
only require some of the samples to have the apatite ages reset at c. 70 Ma (Figures 2.3, 2.4,
2.6). Forward models show that any resetting of the zircon ages in the western samples of

block 2 and will yield model zircon ages that are younger than the measured ages, and resetting
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of block 3 will result in younger model zircon and apatite ages (Figures 2.4, 2.5). Therefore,
Late Cretaceous volcanism seems to have more of an effect on the eastern side of the study
area. This is either because the Carmacks volcanic rocks once covered more area in the eastern
side than the western side, or the samples on the western side were still at shallow depths (but
at temperatures below the apatite PRZ) at c. 70 Ma, and the western side has since been

slightly more eroded than the eastern side.

In some of the crustal blocks where there are apatite ages younger than 70 Ma, the ages
are from a single sample (e.g. block 4), so there are not enough data to discount the possibility
that the young apatite ages may instead reflect sample-specific details (e.g. broken grain or
mineral zonation) that control such dates (Figure 2.6, Meesters and Dunai 2002; Murray et
al. 2014). The numerical models presented in this study assume that the *He data represent
regional cooling of an entire crustal block, however other factors may affect ‘He loss.
Localized thermal events such as fluid flow and mineralization may partially or fully reset the
*He ages, which may explain some of the anomalous data points in age-eU space that do not
fit any numerical models. The YTT hosts many Jurassic to Late Cretaceous mineral deposits
near samples in this study such as Minto, Casino, Sonora Gulch, White Gold and Nucleus and
Revenue, many of which are associated with the Klondike assemblage (Bennett et al. 2010;
Colpron and Ryan, 2010). Sample 00VNOO?2 is located near the White Gold deposit, and has
anomalously young zircon ages, however these ages are younger than 60 Ma. The rocks are
required to be at the surface by 70 Ma, thus mineralization cannot be used to explain these
ages. Other samples that are near mineral deposits do not appear to have been reset (i.e. do
not have anomalously young zircon ages, e.g. samples 10RAYJR097 and 10RAYJR103),

which are near the Coffee and Casino deposits, respectively (Figure 2.2; Colpron and Ryan
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2010). Sample 10RAYJR103 has very young (10-12 Ma) apatite ages, however mineralization
occurred in the Cretaceous, and this crustal block had to have been at the surface by 70 Ma,
therefore the apatite ages cannot be explained by mineralization (Mackenzie et al. 2014).
Moreover, the numerical modeling is based on the effect that accumulation and annealing of
radiation damage has on diffusion kinetics in zircon and apatite, and factors other than
radiation damage may contribute to “He retention in zircon and apatite, yielding anomalously
old ages. Such factors include fluid inclusions and *“He implantation from neighboring phases,
including oxides (Flowers et al. 2009). The numerical models are also limited in the sense that
the “He diffusion kinetics used are based on very localized studies (e.g. Guenthner et al. 2013)
and may not be representative zircon populations in other locations. Moreover, the zircon
radiation damage annealing model used is based on zircon fission track annealing, which does
not account for the multiple mechanisms affecting radiation damage annealing in zircon

(Geisler et al. 2001; Zhang et al. 2000).

The low-temperature thermochronometers and numerical models highlight the complex
Cretaceous exhumation history in the upper crust that cannot be readily explained by erosion
and normal faulting alone, which are often invoked as efficient exhumation processes

(Brandon et al. 1998; Jolivet and Brun 2010; Kirby et al. 2002).
2.6.2. Implications for regional tectonics

Staples et al. (2016) proposed a late-Early Cretaceous orogenic collapse episode in west-
central Yukon, expressed on the surface by Cretaceous normal faulting, the exhumation of the
Australia Mountain domain from beneath the YTT and an increase in volcanic and plutonic
activity (Dusel-Bacon et al. 2002; Nelson et al. 2006 and references therein; Ryan et al. 2014;

Staples et al. 2013). In this model, northwestward orogen-parallel extrusion is associated with
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lateral escape tectonics, in which orogen dynamics transition from orogen-normal
compression to orogen-parallel extension (England and Houseman 1990; Meissner and
Mooney 1998). Lateral escape of the crust has been proposed to explain the transition from
mainly compressional tectonics to extensional tectonics in many orogens such as the
Himalayas and Basin and Range, and is caused by the decoupling of the upper and lower crust
where viscosity is low (England and Houseman 1990; Gans 1987; Tapponnier et al. 1982).
However, the only field evidence of major low-angle extensional structures in the Cretaceous
in the study area are the Australia Creek and Stewart River faults, and the most likely model
for the late-Early Cretaceous exhumation of blocks 1 and 2 involves NE-SW contraction,
which suggests that extension was localized. In the Late Cretaceous, the exhumation of blocks
3 and 4 may have been along extensional structures that were active during the NW-SE motion
of the crustal blocks that characterize the Cretaceous tectonic history of the YTT, involving
the many NW-SE trending strike-slip faults in the study area. Widespread extension may
therefore have started after the exhumation of the Australia Mountain domain, later than the
widespread late-Early Cretaceous extension proposed by Staples et al. (2016), coeval with the
beginning of dextral fault motion on the Tintina in the Late Cretaceous (Gabrielse et al. 2006).
However, the exhumation models in this paper and in Staples et al. (2016) require unidentified
faults, and additional work on characterizing brittle faults within west-central Yukon will shed

light on the Cretaceous exhumation mechanisms.

Lateral escape of the crust due to decoupling at a low-viscosity zone is also associated
with lower crustal and lithospheric delamination (Meissner and Mooney 1998). Lithospheric
detachment, Rayleigh-Taylor type instabilities and slab windows have been proposed as an

explanation for the rapid cooling rates, flat Moho and hot, thin lithosphere in the southern
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Canadian Cordillera (e.g. Bao et al. 2014; Currie et al. 2008; Thorkelson et al. 2011). These
processes cause the upwelling of the asthenosphere, and this hot, low-density material triggers
thermal (and possibly isostatic) uplift, and an increase in geothermal gradient and regional
magmatism (DeCelles et al. 2015; Dewey 1988; Houseman and Molnar 1997; Thorkelson and
Taylor 1989). The thermal uplift results in increased erosion rates and extension, directly
followed by rapid cooling (England and Molnar 1990; Meissner and Mooney 1998; Ueda et
al. 2012). The increase in magmatic activity throughout west-central Yukon in the late-Early
Cretaceous and subsequent increase in cooling rates as resolved through low and high
temperature thermochronometers suggests the late-Early to Late Cretaceous as the timing of
crustal thinning in the northern Canadian Cordillera (Dusel-Bacon et al. 2002; Staples et al.
2013, 2014). Although multiple studies invoke lithospheric thinning to explain the rapid
cooling rates and current thin lithosphere in the southern Canadian Cordillera in British
Columbia, the (U-Th)/He data and numerical models from this study do not show an obvious
spatial migration of Cretaceous exhumation or a spatial transition from lower to higher cooling
and sedimentation rates that can distinguish between the different lithospheric thinning
mechanisms for the northern Canadian Cordillera (e.g. Bao et al. 2014; Currie et al. 2008;
Currie and Hyndman 2006; Morales and Tommasi 2011; Ueda et al. 2012). Rapid cooling of
the upper crust in the late-Early to Late Cretaceous is also consistent with low-temperature
thermochronology results from the Mount Nansen area (Moher 2018), and are
contemporaneous with the eastward progression of upper crustal exhumation in the foreland
fold and thrust belt, shown by an increase in cooling rates in the western Mackenzie Mountains
in the latest Cretaceous followed by relatively rapid Paleocene cooling closer to the

deformation front (Powell et al. 2016).
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The Cretaceous signature of the low temperature data contrasts with the large-scale
extension, exhumation and magmatism associated with lithospheric thinning in the Eocene in
British Columbia and Alaska (e.g. Cook et al. 1992; Dusel-Bacon et al. 2016; Enkelmann et
al. 2017; O’Sullivan et al. 1997; Parrish et al. 1988). Moreover, the lack of a late Oligocene-
early Miocene exhumation event resolved by the low-temperature thermochronometers
indicates that there was no thermal event in the shallow crust in west-central Yukon related to
the slab window opening on the west coast of British Columbia and southwestern Yukon.
Geochemical and geophysical data constrain the opening of this slab window to the early
Cenozoic, causing an increase in magmatic activity, thinning of the lithosphere and high heat
flow (Thorkelson et al. 2011), but this did not affect west-central Yukon, since the current
landscape has not undergone major changes since the Late Cretaceous (Gordey and Ryan
2005; Ryan et al. 2003, 2010, 2017; Staples et al. 2016). The lack of exhumation events in the
Cenozoic suggests that this area of the Cordillera has been isolated from the Cenozoic

exhumation processes affecting Alaska, southern Yukon and British Columbia.

2.7. Conclusion

Numerical modeling of low temperature (U-Th)/He data has the potential to provide
information on the timing of multiple cooling and heating events and estimate cooling rates,
giving invaluable insight on shallow crustal tectonic processes. The low temperature results
presented in this paper builds on previous studies that resolve the high temperature history of
the YTT to give a more complete picture of the tectonothermal history of west-central Yukon

(Berman et al. 2007; Knight et al. 2013; Staples et al. 2013; 2016).
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The numerical models evince three main periods of cooling in west-central Yukon. The
first is the Jurassic exhumation of the crustal blocks; the YTT reached the zircon PRZ in the
upper crust at c. 160 Ma. According to the low temperature models, cooling rates subsequently
decreased dramatically until the Cretaceous. The crustal blocks in west-central Yukon
exhumed in the Cretaceous, however if the unroofing is via tectonic mechanisms, the
exhumation requires currently unidentified faults. West-central Yukon is divided into two
areas separated by major faults that have very different Cretaceous cooling histories, and these
faults separate distinct tectonometamorphic domains. The crustal blocks north of the YRSZ
and BCF must exhume before c. 110 Ma, whereas the blocks in the footwall are necessarily
at mid-crustal depths, and only exhume c. 30 m.y. later. Thrusting along the YRSZ, resulting
in uplift and increased erosion rates in the northern part of the study area may explain the late-
Early Cretaceous exhumation. Numerical modeling corroborates the rapid late-Early
Cretaceous exhumation of the underlying metamorphic core complex (block 5; Staples et al.
2013), however that model proposes widespread extensional collapse that drove the
exhumation of the core complex. The numerical models presented here evince no synchronous
events in the late-Early Cretaceous, but possibly in the Late Cretaceous. In the Late
Cretaceous, the structurally lower blocks to the south likely exhumed as a consequence of
northwestward motion of the YTT which was accommodated by NW-SE trending dextral
faults such as the Big Creek fault and perpendicular thrust or extensional faults, perhaps aided
by the buoyancy of widespread magmatism (e.g. Dawson Range batholith; Gabrielse et al.
2006; Johnston et al. 1999). Alternatively, the northwestward motion of the YTT may have
driven the exhumation of the structurally lower panel through extension along the YRSZ.

Further analysis of the brittle faults in west-central Yukon combined with local
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thermochronology studies in areas within the present study area are required to distinguish

between the possible exhumation processes presented in this study.

Although very broad in scale, these results define an older exhumation history compared
to the Alaskan and southern Canadian Cordillera, which record a dominant Eocene collapse
signature (e.g. Bao et al. 2014; Dusel-Bacon et al. 2016). A deeper understanding of the
different processes governing orogenic plateau formation in the northern and southern
Canadian Cordillera, notably understanding why the thermal history of the northern Canadian
Cordillera lacks an Eocene signature is significant for understanding the evolution of craton

margins, and the natural resources that reside there.
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Appendix

Text Al. Zircon and Apatite (U-Th-Sm)/He Methodology

Zircon in Table 2.2 with an asterix and apatite in Table 2.3 were analyzed at the (U-
Th)/He Thermochronology Research and Instrumentation Laboratory at the University of

Colorado in Boulder (USA).

Individual mineral grains were handpicked using a Leica M 165 binocular microscope
equipped with a calibrated digital camera and capable of both reflected and transmitted,
polarized light. The grains were screened for quality, including crystal size, shape, and the
presence of inclusions. Zircon were measured for their axial dimensions and photo
documented prior to analysis. After characterization, grains were placed into small Nb tubes
that were then crimped on both ends. This Nb packet is then loaded into an ASI Alphachron
*He extraction and measurement line. The packet is placed in the UHV extraction line (~3x10"
® torr) and heated with a diode laser to ~800-1100°C for 5 to 10 min to extract the radiogenic
*He. The degassed *He is then spiked with approximately 13 ncc of pure *He, cleaned via
interaction with two SAES getters, and analyzed on a Balzers PrismaPlus QME 220
quadrupole mass spectrometer. Degassed grains are then removed from the line, and taken to
a Class 10 clean lab for dissolution. Apatite grains, still enclosed in the Nb tubes, are placed
in 1.5 mL Cetac vials, spiked with a 2*U-*"Th tracer in HNO3, capped, and baked in a lab
oven at 80°C for 2 h. Zircon and apatite with inclusions are dissolved using Parr large-capacity
dissolution vessels in a multi-step acid-vapor dissolution process. Grains (including the Nb

25U-2Th tracer, and mixed

tube) are placed in Ludwig-style Savillex vials, spiked with a
with 200 pl of Optima grade HF. The vials are then capped, stacked in a 125 mL Teflon liner,

placed in a Parr dissolution vessel, and baked at 220°C for 72 h. After cooling, the vials are
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uncapped and dried down on a 90°C hot plate until dry. The vials then undergo a second round
of acid-vapor dissolution, this time with 200 pl of Optima grade HCl in each vial that is baked
at 200°C for 24 h. Vials are then dried down a second time on a hot plate. Once dry, 200 pl of
a 7:1 HNO,:HF mixture is added to each vial, the vial is capped, and cooked on the hot plate
at 90°C for 4 h. Once the minerals are dissolved, regardless of the dissolution process, they
are diluted with 1 to 3 mL of doubly-deionized water, and taken to the ICP-MS lab for
analysis. Mineral standards of Durango Apatite (31.5 Ma) and Fish Canyon Tuff Zircon (28.2
Ma) are routinely analyzed (degassed and dissolved) in conjunction with the samples with
each run to ensure data integrity. Sample solutions, along with standards and blanks, are
analyzed for U, Th, and Sm content using a Thermo Element 2 magnetic sector mass
spectrometer. Once the U, Th, and Sm contents have been measured, *He dates and all

associated data are calculated in a custom spreadsheet.

The remaining zircon were analyzed at the (U-Th)/He Laboratory at the University of
Texas Jackson School of Geosciences (Austin, USA) using laboratory procedures described
in Stockli and others (2000) and House and others (2000). Single inclusion-free grains of
zircon were wrapped in Pt foil, heated for 10 minutes at 1290°C and reheated until >99% of
the *He was extracted from the crystal with a continuous mode Nd-YAG laser in a stain-less
steel ultra-high vacuum noble gas extraction and purification line. For each single-grain
aliquot, “He was extracted, spiked with *He for isotope dilution, concentrated and purified
with in a Janis cryogenic trap, released, and the *He /*He ratio was subsequently measured
with a Balzers Prisma QMS-200 quadrupole mass spectrometer. All ages were calculated
using standard a-ejection corrections using morphometric analyses (Farley et al. 1996). After

laser heating, zircon were unwrapped from Pt foil and dissolved using HF-HNO3 and HCl
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pressure vessel digestion procedures. U, Th, and Sm concentrations were determined by
isotope dilution ICP-MS analysis using a ThermoElement2 mass spectrometer. Mean (U-Th-
Sm)/He ages were calculated on the basis of 2-4 zircon replicate analyses. Reported age
uncertainties (2c) reflect the reproducibility of replicate analyses of laboratory standard
samples (Farley et al. 2001). Estimated analytical uncertainties are ~8% (20) for zircon ‘He
ages (Reiners et al. 2002). Ft factor refers to a-ejection correction factor as described in Farley

and others (1996), assuming homogenous U and Th distribution.
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Chapter 3.

Mapping Curie depth across western Canada from a wavelet analysis of
magnetic anomaly data

Elyse Gaudreau, Pascal Audet, David Schneider

Abstract

In this study, we estimate Curie depths in western Canada, which provide geothermal
gradient estimates for crustal rocks throughout the study area. The Curie depth corresponds to
the point at which rocks reach the Curie temperature, above which the material is
paramagnetic. Previous studies have shown that there is an abrupt change in crustal
temperatures between the Canadian Cordillera and adjacent North American craton, making
this an ideal study area to evaluate a new method of estimating Curie depths. We use a wavelet
transform for the spatio-spectral analysis of magnetic anomaly data to map the depth to the
bottom of the magnetized source rather than the oft-used moving windows, since wavelets
allow a better compromise between spatial and wavenumber-domain resolution. We forego
the common assumption that crustal magnetization has a high degree of randomness, since
many studies have shown that this assumption results in depths to the base of the magnetized
crust that are greatly overestimated. The parameters in our model therefore include the
parameter 5, which describes the degree of self-similarity of magnetization, z and z,, the
depths to the top and bottom of the magnetized crust, respectively. Synthetic tests reveal the
increased accuracy of the estimated z, when values for z are set prior to the inversion,
consequently for western Canada, z; is set to the thickness of meta-sedimentary rocks

overlying the magnetic bedrock. However, in areas where there are rapid, high-amplitude
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changes in z;, the z, values are underestimated. Moreover, in areas where the z; values used in
the inversion are underestimated, the z, results are greatly overestimated, highlighting the
importance of choosing appropriate input parameters. We estimate the value of § in various
regions by comparing the statistics of predicted heat flow values obtained from Curie depths
with those from measured heat flow data. In the Canadian Cordillera and the Slave craton, the
p parameter that gives the most accurate results is 2.5. A § parameter of 2.0 gives the most
accurate results for the remaining North American craton. The Curie depths resolve geological
domains and important structural features, with estimates for z, averaging 15 + 1 km in the
Cordillera, 32 + 3 km in the Slave craton, and 34 + 3 km in the North American craton to the

south.

3.1. Introduction and tectonic setting

The western margin of the North American continent, which today consists of the
Canadian Cordillera, is composed of a patchwork of allochthonous and para-autochthonous
terranes that record almost 750 million years of tectonic processes (Monger & Price, 2002).
The Cordillera started to develop in the Neoproterozoic with the formation of an ocean basin
that formed on the margin of Laurentia, the newly-rifted portion of the Rodinia supercontinent
that eventually became the North American continent. By 545 Ma, the rift had evolved to
seafloor spreading, where the thick passive margin sediments presently found in the Western
Canada Sedimentary Basin were deposited (Bond & Kominz, 1984; Monger & Price, 2002).
From the middle Paleozoic, the divergent intra-plate setting shifted to a convergent setting,
which led to a series of magmatic arcs forming the many oceanic and accretionary terranes

that eventually accreted onto ancestral North America in the Mesozoic (Monger & Price,
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2002, and references therein). Orogen-normal compression, uplift and crustal thickening in
the Jurassic is interpreted as an important episode of Cordilleran mountain-building (Dusel-
Bacon et al., 2002; Foster et al., 1985; Hansen & Dusel-Bacon, 1998; Monger & Price, 2002;
Murphy et al., 2006). The Cretaceous is characterized by right-lateral transtension in the
northern Canadian Cordillera, similar to the right-lateral transtension in the Eocene across the
Canadian Cordillera (Gabrielse et al., 2006; Monger & Price, 2002). In the southern Canadian
Cordillera, the subduction of the Juan de Fuca plate beneath North America was responsible
for the accretion of Cenozoic terranes onto the western margin of the Cordillera in the Eocene

(Cook, 1995).

The modern-day tectonics of the northern Canadian Cordillera are mainly governed by
the oblique collision of the Yakutat block at the Alaska subduction zone, and the
transpressional, right-lateral shear on the Queen Charlotte fault system offshore of the central
Cordillera related to the northward motion of the Pacific plate (Fig. 3.1; e.g. Leonard et al.,
2007; Mazzotti et al., 2003; Mazzotti et al., 2008). Modern deformation and seismic activity
are therefore concentrated on the western margin of the northern Cordillera, however there is
active deformation and seismicity in the Mackenzie Mountains, and the role of the active
boundaries on the western Cordilleran margin as driving force for this deformation is highly
debated (Finzel et al., 2014; Hyndman et al., 2005; Mazzotti et al., 2008; Mazzotti &
Hyndman, 2002). Further south, the Juan de Fuca and Explorer plates are subducting beneath
the southern Canadian Cordillera (Audet et al., 2008). The ongoing subduction is the main
source of active deformation on the western margin of the southern Cordillera, along with
some northeast-southwest contraction and shortening in the Rocky Mountains in eastern

British Columbia (Mazzotti et al., 2008; Ristau et al., 2007).
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Figure 3.1. Magnetic anomaly grid of western Canada used in the inversion from NAMAG
(2002). White lines represent important tectonic boundaries and physiographic lineaments:
YB, Yakutat Block; QC, Queen Charlotte Fault; DeF, Denali fault; TF, Tintina Fault;
GSLSZ, Great Slave Lake Shear Zone; the North American craton or Canadian Shield lies
east of the Cordilleran Deformation Front (DF) and is composed of: GBA, Great Bear Arc;
BHT, Buffalo Head Terrane; T1.A, Talston Arc; RA, Rimbey Arc; THO, Trans-Hudson
Orogen. Red boxes delineate the areas used when calculating zb averages for different
regions.
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Cutting across the entirety of the Cordillera is a major northwest/southeast-striking
physiographic lineament which includes the Rocky Mountain Trench (RMT) in British
Columbia and the Tintina Fault in Yukon and Alaska (Fig. 3.1). The crustal-scale, right-lateral
Tintina Fault accommodated >400 km of displacement between the Cenozoic to the present
day (Gabrielse et al., 2006; Hayward, 2015; Leonard et al., 2008; Roddick, 1967; Saltus,
2007). This marks an important boundary in terms of geology, separating the oceanic and
accretionary terranes west of the fault from the deformed and weakly metamorphosed
sedimentary rocks from ancestral North America’s passive margin on the eastern side, up to
the Cordilleran Deformation Front (e.g. Colpron et al., 2007; Gordey, 2013). East of the
Deformation Front, an aggregation of multiple Archean cratons constitutes the North
American craton, overlain by Proterozoic juvenile arcs and orogens to the west near the craton

edge, overlapping to the other side of the Cordilleran Deformation Front (Fig. 3.1).

The present-day geophysical signature of the North American craton is also quite
different than that of the Canadian Cordillera. Many studies have defined Cordilleran crust
and lithosphere as relatively hot and thin compared to the North American craton, with the
average heat flow in the Cordillera being roughly twice the average heat flow in the craton
(Lewis et al., 2003; Mareschal et al., 1999; Rolandone et al., 2002), and the elastic thickness
in the Cordillera rapidly increasing from <10 km to >70 km at the Cordillera-craton boundary
(Audet et al., 2007; Flick et al., 2003). Mantle seismic velocities are lower beneath the
Canadian Cordillera than beneath the adjacent craton, however at crustal depths to the
uppermost mantle, the variations in seismic velocities vary according to important tectonic
boundaries in the Cordillera (Bao et al., 2014; Hyndman et al., 2009; Kao et al., 2013;

McLellan et al., 2018; Perry et al., 2002; Schaeffer & Lebedev, 2014). There is also an abrupt
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transition between the 30 to 35 km thick crust in the Cordillera and 40 to 45 km thick crust in
the craton (Clowes et al., 1995, 2005; Cook et al., 2012; Ferndndez-Viejo et al., 2005; Kao et
al., 2013; Mooney et al., 1998; Perry et al., 2002; Tarayoun et al., 2017). The Moho depth is
relatively uniform with a sharp interface in the Cordillera, however there are slight variations
related to the Tintina Fault; observations from the SNorCLE lines show that the Moho depth
is shallower at the Tintina Fault, increases southwest of the fault, and decreases further to the
west (Clowes et al., 1995; Fernandez-Viejo et al., 2005). In the North American craton, slight
variations are also coincident with major tectonic boundaries (Clowes et al., 2005). Such a
shallow Moho, despite the high elevations in the Canadian Cordillera, can be explained by the
thermal expansion of the upper mantle, corroborated by high upper mantle temperatures
inferred from the thin elastic thickness, low seismic velocities and high heat flow (Currie &
Hyndman, 2006; Hyndman & Currie, 2011). The mechanisms responsible for generating and
maintaining this high heat are not well constrained. Geodynamic models that focus on this
problem require accurate estimates of crustal temperatures. In western Canada, heat flow

measurements are sparse and unevenly distributed (Fig. 3.2; Mareschal, pers. comm., 2018).

Curie depth estimates, which correspond to the depth at which crustal rocks reach their
Curie temperature (~580 °C for magnetite; Dunlop & Ozdemir, 1997), give independent
temperature constraints for geotherms over an entire area where aeromagnetic data is
available. Curie temperature is defined as the temperature at which ferrimagnetic and
ferromagnetic materials become paramagnetic. The thickness and depth to the base of the
magnetized crust is reflected in the wavenumber content of the magnetic anomaly data, and
the Curie depth can be estimated directly from the power spectra using curve-fitting methods.

Therefore, this method provides more direct estimates of crustal temperatures than those
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Figure 3.2. Distribution of heat flow measurements within the study area (Mareschal,
personal communication, 2018).
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obtained from elastic thickness or seismic tomography models (e.g. Goes & Van Der Lee,

2002; Priestley & McKenzie, 2006).

Since the wavenumber content of magnetic anomaly data varies spatially, and the long
wavelength anomalies require large windows that reduce the spatial resolution, spatio-spectral
localization techniques must be employed to analyze the signal. Among the most popular
techniques used are moving square windows of various sizes to estimate the depth to the
bottom of the magnetic source in different areas throughout the study region to create a map
of the depth to the bottom of the magnetic source, or the Curie depth (e.g. Bouligand et al.,
2009; Li et al., 2017; Wang & Li, 2015; Witter & Miller, 2017). The segmentation of the
signal using moving windows has significant drawbacks including spectral leakage, even
when minimized using tapers. Moreover, an optimal window size is set in advance, which
must be large enough to accurately characterize the long wavelengths of the signal (typically
a window width that is 6-10 times the depth to the bottom of the magnetic source; Ravat et
al., 2007), limiting the spatial resolution. Here we use a 2D wavelet transform, where wavelets
at different azimuths and scales are translated across the magnetic anomaly grid, avoiding the
segmentation of the signal that arises when using moving windows. Wavelets with smaller
scales result in better spatial resolution, and larger scales result in better wavenumber
resolution. The wavelet transform offers a better compromise between spatial and
wavenumber resolution than moving windows since the wavelet transform uses a combination
of multiple wavelet scales to construct a power spectrum at each grid point. Moreover, using
moving windows in western Canada is disadvantageous because there are significant data gaps
(white areas in Figure 3.1), which require a buffer zone around each area that lacks magnetic

anomaly data so that the windows do not overlap these areas. The wavelets in this study can
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still translate across the anomaly grid even where there are data gaps, because these values are

set to 0 nT, and the resulting wavelet coefficients are simply ignored.

The shape of the radially averaged power spectra that results from the wavelet transform
in this study can be modelled as a function of the depths to the top (z;) and bottom (z,) of the
magnetized layer, and 5, which describes the fractal distribution of crustal magnetization (e.g.
Bansal et al., 2011; Bouligand et al., 2009; Li et al., 2017; Maus et al., 1997; Maus & Dimri,
1996; Pilkington et al., 1994; Pilkington & Todoeschuck, 1993). Many Curie depth studies
assume that the distribution of magnetization in the crust is random, which is represented by
a f value of 0 (Blakely, 1988; Ross et al., 2006; Tanaka et al., 1999). Previous studies have
demonstrated the inverse relationship between the fractal parameter and z, results and show
that assuming a randomly magnetized crust results in greatly overestimated z, (e.g. Bouligand

et al., 2009; Witter & Miller, 2017).

A great number of these studies (using both random and fractal magnetization) use the
centroid method to estimate z; and z, (e.g. Bhattacharyya & Leu, 1977; Okubo et al., 1985;
Tanaka et al., 1999). With this method, z is calculated by finding the slope of the power
spectrum at high wavenumbers, and the centroid depth z, is calculated by finding the slope at
low wavenumbers. The depth to the bottom of the magnetized crust (zp) is given by 2z - z.
However, there are no formal criteria on which part of the spectrum to use when calculating

the high wavenumber and low wavenumber slopes for the centroid method.

In this study, we use a fractal correction method to remove the effect of the parameter
B, followed by curve-fitting to find the best-fit theoretical power spectrum in a least-squares
sense. We first test the inversion on synthetic data to show the strengths and limitations of the

method. These tests demonstrate that z, can be estimated at a better spatial resolution when
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using the wavelet transform than when moving windows are used, and z, can be more
accurately estimated if z; and f are fixed to the correct value. We then apply our method to
data from western Canada. Our results indicate that the Tintina Fault system, RMT and Slave
craton are very well resolved by the estimated z, map. As expected, the z, values suggest
much higher geothermal gradients in the Canadian Cordillera than in the North American
craton, and the z, results are generally negatively correlated with surface heat flow

measurements.

3.2. Methodology
3.2.1. Layered Magnetization Model

The magnetization model used here assumes that the magnetic anomalies are caused by
a single magnetized layer confined between depths z; and z,. A magnetized layer of a certain
depth and thickness has a predictable spectral shape, therefore the depths to the top and bottom
of the magnetic source can be inferred from the power spectrum of the magnetic anomalies
using curve-fitting methods. For a magnetic layer located between depths z and z,, the
equation from Blakely (1988) can represent the 2D theoretical power density spectrum of the

total-field anomaly:
(ki ky) = Dy (ky, ky) - H(ky, ky) (1)
where @y (ky, k,,) is the 2D power spectrum of magnetization, and

H(ky ky) = 4m%CF10,,]%10p |2 (7 1M1 — e~ IKI0)2, )
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where | k| is the norm of the 2D wavevector k = (ky, k,,), Cy, is a constant, and ©,, and
O are complex functions of k, and &, that depend on the orientations of the dipole m, and the

unit vector parallel to the ambient field f, respectively. The radial average of the total-field

anomaly power spectrum is given by
®p(k) = A- @y (k) (e7% — e7kop)? 3)

where k = |k| and A is a constant that depends on the direction of magnetization and regional

magnetic field.

Deep magnetic sources are characterized by longer wavelength anomalies, because the
amplitude of short wavelength anomalies attenuate at a faster rate. Therefore, in the power
spectrum, the relative power at low wavenumbers is higher when the base of the magnetized
layer is deeper. The depth to the top of the magnetized layer affects the high wavenumber end
of the spectrum, with higher power at shallower depths. Consequently, areas that are

magnetized at shallow depths will be characterized by short wavelength anomalies.
3.2.2. Crustal Magnetization

Solving equation 3 for z; and z, from the observed spectrum of the total-field anomaly
requires some assumptions on the statistical properties of magnetization. A common
assumption is that crustal magnetization is a random distribution of dipoles in the Cartesian
plane (e.g. Blakely, 1988; Ross et al., 2006; Tanaka et al., 1999; Witter & Miller, 2017), in
which @y, (k) is a constant and we can solve directly for z; and z, from the total-field anomaly
spectrum. However, magnetization often follows a fractal distribution, meaning that crustal
magnetization has some degree of self-similarity (Maus & Dimri, 1995, 1996; Pilkington et

al., 1994; Pilkington & Todoeschuck, 1993). The degree of self-similarity seems to depend on
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a number of factors including the lithology and geological processes and is likely to vary
within a study area (Bansal et al., 2010; Gettings, 2005, 2012; Leonardi & Kumpel, 1996;
Maus & Dimri, 1995, 1996; Pilkington & Todoeschuck, 1993; Pilkington, 2007). Since z, is
estimated by analyzing the shape of the power spectrum of magnetic anomalies (e.g. Spector
& Grant, 1970), self-similarity is an important characteristic to consider: a fractal distribution
is expressed by a negative slope in the power spectra of magnetic anomalies on a log-log plot
affecting all wavenumbers, whereas a random distribution has a flat power spectrum. The
negative slope of the power spectrum of magnetization on a log-log scale (the power-law

exponent for the power spectrum) is given by f3:
Dy (ko ky) o [KI7A. (4)

The negative slope of the power spectrum decreases with increasing degree of
randomness, and 8 = 0 represents a random function whose power spectrum is flat. A fractal

model for ®@,, in equation 3 is introduced by substituting ®,, by k.
3.2.3. Wavelet Analysis

The 2D wavelet transform computes the convolution of a signal with different wavelets
lpg,b, which are scaled and rotated versions of the mother wavelet 1, at scales @ and azimuths

6 (Foufoula-Georgiou & Kumar, 1994). The different scales and azimuths allow for the signal
to be analyzed at different bandwidths and directions, and they are translated to analyze the

signal at different locations (b):
Y, = |2 Cor-b)), 5)

where r is the location on the 2D physical plane (1y, ry), and Cgy is the rotation operator
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Co(r) = [r cos(8) + 1, sin() — 7 sin(8) + 1, cos(6)],0 < 6 < 2m.

The scaled, rotated and translated wavelets allow for the characterization of a non-stationary

signal in spectral space.

The non-orthogonal continuous wavelet transform is used for this analysis, which is
defined at arbitrary scales, and is less complicated to express analytically than its orthogonal

counterpart. It is defined as
We(a,8,b) = [, f(X)pg,(r)d?r, (6)

where the asterisk denotes complex conjugation. The convolution in equation 6 is equivalent

to a multiplication in the Fourier domain, which is much faster to perform than equation 6:
We(a,0,K) = F[f1Pa(Co (K)), (7)
where F[f] is the 2D Fourier transform of £ (r) and §;;(C, (K)) is the complex conjugate of

the Fourier transform of lpg,b (r).

The choice of the wavelet influences the spatial and wavenumber resolution. In this
study, a 2D scaled and rotated Morlet wavelet is chosen, since it is a complex-valued wavelet.
The 2D isotropic Morlet wavelet is a complex exponential modulated by a Gaussian function,

and being a directional wavelet, allows for the detection of azimuthal information:

l/)(l‘) — e—iko-re—%lAﬂZ’ (8)

which satisfies the conditions for a wavelet, which are a) a zero mean to establish a wave-like
behaviour, and b) compact support in physical and spectral spaces. The variable ko is a

wavevector that sets the spectral resolution and has to be set to a value higher than 5.336 to
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satisfy the zero-mean condition, and A is the 2 x 2 anisotropic diagonal matrix, where the first
and second elements are set to 1 to create an isotropic wavelet in this case (Antoine et al.,

1993; 1996; Kumar, 1995).

The Morlet wavelet is defined in spectral space as

Dk) = e 2kl ©)

The wavelets are arranged in a ‘fan’ geometry, defined by the superposition of adjacent
isotropic Morlet wavelets through azimuthal averaging. The fan wavelet is superior to many
popular wavelets in terms of Fourier-based estimates, such as Derivative of Gaussian, Paul,

Perrier, and Poisson (Kirby, 2005). The fan wavelet is defined as
~ 1 ~
Pr(k) = -2 PlCo, (0], (10)

where Ng = int(%), 60 = 2,/—21In(0.75) /|K,| and A8 is the azimuthal extent.

The fast Fourier Transform is employed when transforming between the space domain
and spectral domain to decrease the processing time, using the magnetic anomaly grid padded
with zeros to the next power of 2 in each direction. For a more in-depth description of the
wavelet transform, see Foufoula-Georgiou & Kumar (1994), Torrence & Compo (1998), and

Holschneider (1999).
3.2.4. Application

In this study, 2D wavelets are translated over the entire study area at 20 different scales,
yielding multiple power spectra with different bandwidths at each grid point on the magnetic

anomaly map. The 3¢ uncertainty is then calculated for each power spectrum from the radial
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averages. Equation 3 may be used as the theoretical expression for the power density spectrum
once the fractal dimension is corrected for; the slope of the radially averaged power spectrum
is removed by dividing it by |K|#. To simplify the analysis, the logarithm of the radial average
of the power spectrum is calculated at each grid point, and only includes wavenumbers from

0.01 to 0.5 rad/km:
In (®,(k)) =B +In (®),(k)) + 2 - In(e *? — e~k2p) (11)

The best-fit curve, and thus the best-fit z; and z, are then found using nonlinear least-
squares, and the goodness of fit is calculated using the reduced chi-square statistic. Similar to
this study, Bouligand et al. (2009) estimated z. and z, by finding the theoretical power
spectrum that best fits the calculated power spectrum in a least-squares sense, however the
fractal dimension of the calculated spectrum did not have to be corrected since the equation
for the theoretical power spectra used was from Maus et al. (1997), which includes £.
Bouligand et al. (2009) also used a 3D model for crustal magnetization whereas a 2D
magnetization model is used here, so the  value of 3 used in Bouligand et al. (2009) is
equivalent to a § value of 2 in this study. Bouligand et al. (2009) demonstrated that calculating
Z, Zp and [ simultaneously may lead to inaccurate results, therefore in this study, we estimate
depth parameters with f fixed at a constant value for the entire study area. Multiple maps of
z, and z, created using a different § value from 2.0 to 3.5 are shown, but inversions were also
carried out with  values from 1.5 to 4.0, which are typical values estimated in crustal rocks

(e.g. Maus & Dimri, 1995; Maus et al. 1997; Pilkington & Todoeschuck, 1993).

3.3. Synthetic examples
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The synthetic tests in the present study builds on the work of Bouligand et al. (2009) by
testing the inversion when both  and z are fixed, which shows that z, values are more
accurate when it is the only unknown parameter. Moreover, we go further by testing the
inversion on a magnetized layer that has a variable thickness, showing that varying z; and z,
in the synthetic models results in less reliable z; and z, estimates than a uniform magnetic
layer. We test the inversion by generating synthetic magnetic anomaly maps using a set of
parameters that describe the magnetization: z;, z, and . First, the Fourier spectrum of
magnetization is generated by creating a grid of wavenumbers with random phase; the
wavenumber grid is then raised to the exponent - /2, and inverse Fourier transformed. To
obtain the magnetic anomaly map, we multiply the Fourier transform of the magnetization by
the function H in equation 2 using the specified values for z; and z,. In these examples, we
only test the recovery of z and z, assuming a known [ parameter. The synthetic map is
therefore corrected for 8 using the input value. We then calculate the wavelet transform and
wavelet power spectra using the parameter ko= 10, and invert each point of the 2D map using
equation 11 to estimate z; and zp. This inversion is carried out 100 times using the same model
parameters but a different random seed generator in order to obtain the statistics of the
recovered parameters. For each model, the inversions are also run where z; is set to the correct

value, and 7z, is the only parameter estimated.

Selected inversion results from the synthetic datasets are shown in Figures 3.3, 3.4, 3.5,
and 3.6. Figure 3.3 shows the inversion results for a magnetized slab with uniform z and z,
and illustrates the trade-off between z; and z,. These examples show how setting z to the

correct (i.e., input) value provides much more accurate z, results.
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Figure 3.3. Results from 100 inversions on synthetic magnetic anomaly data generated for a
magnetized layer of uniform thickness where = 3.0, z =2 km and z, = 10 km, plotted as z
as a function of z. There is a much larger spread in the results when z and z, are jointly
estimated (in white) rather than when z_alone is estimated (in gray).
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Synthetic data are also generated for a magnetic layer of variable thickness using the

method of Blakely (1995), where the Fourier transform of the total-field anomaly is given by

(=lxD™

n!

FIAT] = 21C,,,0,,0eK170 ¥ FIM(z! — zM)], (12)

Ze+Zp

where F[AT] is the Fourier transform of the total-field anomaly AT and z, =

Figure 3.4A and 3.4B shows the depth to the top and bottom of the magnetic layer,
respectively, and Figure 3.4C and 3.4D shows the inversion results for a magnetic layer with
a uniform z; and variable z,. The inversion results for z, when z; and z, are jointly estimated
have relatively large standard deviations and the estimated z, are not accurate near the
transitions from shallow to deep z, (Fig. 3.4C). Where there is a transition from deep to
shallow z, the average estimated z, becomes even deeper instead of transitioning to a
shallower z,. As for the average z: map (Fig. 3.4C), the average depth becomes shallower
where the z, becomes shallower. The z; results are more accurate and have a smaller standard
deviation than the results for z,. When z is fixed to the correct value, z, results are more
accurate and the standard deviation is smaller relative to the results when z, and z, are

estimated, however the inverted z, are not able to replicate sharp transitions (Fig. 3.4D).

Figure 3.5 shows the inversion results when z; varies, and the base of the layer is at a
uniform depth. When z; and z, are estimated simultaneously, the correct topography in z; is
not found; z is relatively uniform but at the mean depth of the input z (Fig. 3.5C). The
calculated z, is also relatively uniform, but deeper than the input value (Fig. 3.5C). If z, is
calculated while z is fixed to the correct values, the estimated z, are still not accurate, having

the inverse of the z topography but with amplitudes ~2 times higher (Fig. 3.5D).
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A) z, input map B) z, input map

C) cross section: z, z, results D) cross section: z, results

Figure 3.4. Results from 100 inversions of synthetic magnetic anomaly data generated for a
magnetized layer where z_ is shallower in the centre of the map and B = 3.0; A, B) maps of
the input parameters (z,, z,, respectively) used to generate 100 magnetic anomaly maps; C)
cross section showing the depths to the top and bottom of the magnetized layer (dashed
black lines) along the dashed lines in A) and B). The averaged depths retrieved for each of
the parameters by the inversion where z and z,_ are jointly estimated (solid black lines).
Standard deviation is in gray. D) Cross section showing the depths to the top and bottom of
the magnetized layer and the averaged depths to the bottom retrieved by the inversion where
z, alone is estimated.
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Figure 3.5. Results from 100 inversions on synthetic magnetic anomaly data generated for a
magnetized layer where z varies strongly and z, is constant, and = 3.0. Formatting is the
same as Figure 3.4.
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Figure 3.6 shows inversion results where z; strongly varies laterally, as expected for
thick sedimentary basins that are only weakly magnetized. Here, z is fixed to the depth to
basement according to SEDMAP (Fig. 3.7; Laske & Masters, 1997) and we further imposed
a circular region in the centre where z, is shallower (15 km) than the surrounding z, (20 km)
to assess if these variations can be recovered using the wavelet transform approach (Fig. 3.6A,
3.6B). The data gaps in the magnetic anomaly grid (white areas in Figure 3.1) are also
included in this synthetic test, by setting the magnetic anomaly values in these areas to 0 nT
to visualise the effect of these gaps on the inversion results. The inversion results are superior
with z; fixed to the correct depth during the inversion (Fig. 3.6C, 3.6D). In Figures 3.6C and
3.6D, where z is estimated and where z is fixed to the depth to the bedrock, respectively, the
zp near the edges of the maps are shallower than 20 km, then gradually increase within 200
km from the east and west edges, and 100 km from the north and south edges. The areas
surrounding the data gaps are less accurate when z; is estimated at the same time as z,, where
some of the surrounding z;,, values are deeper than 36 km and extend less than 50 km outward
(Fig. 3.6D). When z, only is estimated, the z, surrounding the data gaps are either shallower
or deeper but less so than when z; and z, are estimated jointly, and again, these areas extend
less than 50 km outward from the gaps (Fig. 3.6C). In either inversion, the z, results are less
accurate where there is a sharp transition in z; for example in the Bowser Basin in northern

British Columbia, and at the Cordilleran Deformation Front (Fig. 3.6C, 3.6D).

3.4. Application to Western Canada

3.4.1. Magnetic Anomaly Dataset
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Figure 3.6. Results from 100 inversions on synthetic magnetic anomaly data generated for a
magnetized layer where z is set to the thickness of sedimentary material in western Canada,
and the z,_is shallower in the centre of the map. p = 3.0 and k, = 10.0. White areas are the
data gaps in Figure 1. A, B) maps of the input parameters (z, z,, respectively) used to gener-
ate 100 magnetic anomaly maps; C) map showing the depth to the bottom of the magnetized
layer retrieved by the inversion (average of 100 inversions) where z and z, are jointly
estimated. D) map showing the depth to the bottom of the magnetized layer retrieved by the
inversion (average of 100 inversions) where z, alone is estimated. E) map showing the
standard deviation of the 100 inversions where z and z, are jointly estimated. F) map show-
ing the standard deviation of the 100 inversions where z,_ alone is estimated.
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Figure 3.7. Map of thickness of sedimentary material used as z,_in the inversion, taken from
SEDMAP (Laske & Masters, 1997). BB, Bowser Basin; BS, Beaufort Sea.
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The magnetic anomaly map (Fig. 3.1) is a portion of the aeromagnetic compilation from
NAMAG (2002), which includes surveys from different sources such as the Geological
Survey of Canada and industry. For this study, the grid spacing is 3 km, and the grids are
continued to an elevation of 305 m above topography. Merging different grids with different
specifications may have resulted in offsets or changes in the spectral content within the survey
area, thus the long wavelength anomalies in the original merged dataset are not accurately
represented. The anomalies with wavelengths greater than 500 km are already filtered out of

the compilation grid and replaced by downward-continued satellite data.

The change in spectral content of the magnetic anomalies throughout the study is visible
from the magnetic anomaly map (Fig. 3.1). The Cordillera west of the Tintina-RMT boundary
is characterized by short wavelength anomalies, and east of this boundary until the Cordilleran
Deformation Front there are little to no magnetic anomalies even though the deformed
Cordilleran crust continues eastward to the Deformation Front, which reflects a change in
geology (Fig. 3.1). West of the Tintina-RMT boundary are a collection of accreted oceanic
and arc terranes, and east of this boundary are the passive margin rocks of ancestral North
America (e.g. Colpron et al., 2007; Gordey, 2013). The lack of magnetic anomalies east of the
Tintina-RMT structure may be explained by the thick sedimentary material in these areas. Arc
material is often relatively highly magnetic and sedimentary rocks are expected to be
paramagnetic (weakly magnetic). East of the Cordillera Deformation Front, the long
wavelength anomalies generally have much greater amplitude than the anomalies in the

Cordillera (Fig. 3.1).

3.4.2. Curie Depth
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The results presented in this section are shown as z, maps for western Canada estimated
from the wavelet analysis of magnetic anomalies, as described above. The results are shown
as maps of the depths to the bottom of the magnetic layer relative to topography, which give
an independent constraint for crustal temperatures. For joint inversions of z; and z, the z; map
is also shown; otherwise the z; is fixed to the depths to the magnetic basement shown in Figure

3.7.

The synthetic tests outlined above have shown that estimating z; and z, simultaneously
leads to results that are less accurate. An inversion is done by jointly estimating z; and z, to
compare with the z, results when z is fixed to a certain depth. An example is shown in Figure
3.8. In this inversion, [ is set to 2.5. The saturation of the scalebar at 50 km is based on the
assumption that the mantle is nonmagnetic (e.g. Wasilewski et al., 1979; Wasilewski &
Mayhew, 1992), therefore Curie depths beyond this are deemed unreasonable (the maximum
depth to the Moho in western Canada is ~50 km; Cook et al., 2012; Kao et al., 2013). Some
of the z, values in the northern Canadian Cordillera are >50 km, including some reaching over
1000 km. The mean z, in the Cordillera is calculated from within the western box outlined in
Figure 3.1 to avoid the areas with unreasonably deep z, values beyond 50 km. The z, values
in the Cordillera in Figure 3.8 are 24 + 4 km on average. In the Slave craton, taken from the
top right box in Figure 3.1, the mean z, is 29 £ 5 km and 14 + 4 km in the rest of the North

American craton.

In the following inversions, § and z are fixed to limit the number of unknown variables,
leaving only z, to be estimated. The depth to the top of the magnetic layer is chosen to be the
thickness of the sedimentary layer overlying the bedrock (SEDMAP; Laske & Masters, 1997),

since this layer is most likely weakly magnetic and is assumed to not contribute to the
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magnetic anomalies. However, this map has limitations, for instance, the seismic model used
does not resolve older, denser, and deformed sedimentary rocks such as the late Proterozoic
to Devonian Selwyn Basin and Mackenzie Platform in Yukon (Gordey, 2013, and references

therein).

Since the fractal parameter of magnetization for the crust in western Canada is not
known, the inversion is performed multiple times with different values for f, ranging from
2.0 to 3.5. Figure 3.9 shows the inversion results for different ko and S values: when f8
increases, there is an important decrease in z, (Fig. 3.9). Increasing the wavelet parameter ko
has a smoothing effect on the results since wavelets with higher k, values are wider in space,
so more accurate in the Fourier domain than the space domain (Fig. 3.9). With a higher ko,
the short wavelength patterns in the z, maps are less affected by the short wavelength patterns
of the magnetic anomalies (Figs. 3.1, 3.9). As the  parameter increases from 2.0 to 3.5, the
mean 7, value in the Cordillera decreases from 37.6 km to 1.7 km. The mean z, within the
Slave Craton ranges from 5.1 km to 75.8 km (with decreasing f8), and in the Canadian Shield
south of the Slave craton, the mean z, ranges from 2.6 km to 34.2 km. These mean values are
calculated from the maps obtained with a ko value of 20. Since changes in z; are very rapid in
certain areas mentioned previously, the depth to the bottom of the magnetic source in the areas
is underestimated, often with z, = 0, so these data points are not included when calculating
the averages. The edge effects illustrated in Figure 3.6.D do not change the mean z,, namely

in the craton south of the Slave Craton.

Maps with the uncertainty and reduced chi-square of the fitted parameters are shown in
Figures 3.10A and 3.10B, respectively, for each of the inversions with a ko of 20. Within

each map in Figure 3.10A, the estimated z, uncertainty is high where the z, values are deeper
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Figure 3.9. Maps showing z, results based on the acromagnetic data in western Canada when
z, is set to the sediment thickness map (Fig. 3.7) for A) k= 10 and B) k, = 20 and various f3
(assuming constant 3 values throughout the study area), illustrating the inverse relationship
between the fractal exponent f and z,.
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Figure 3.10. A) 3o uncertainty of the best-fit z, in western Canada for k, = 20. B) Maps of
the reduced chi-square statistic illustrating the fit between the calculated and best-fit theoret-
ical power spectra in western Canada for k, = 20. Goodness of fit is highest when the
reduced chi-square is 1.
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than 50 km, and decreases with increasing . The chi-square statistic in the Cordillera and
Slave craton remain relatively constant in the different inversions, but the chi-square statistic
in the Canadian Shield south of the Slave craton decreases with increasing S (Fig. 3.10B). For
all § values, the reduced chi-square is highest where z, is deeper than 50 km. The fit in
different areas is also illustrated in Figure 3.11, which shows the calculated and best-fit
theoretical spectra from a single grid point in different areas when f = 2.5 and ko = 20: the fit
is superior in areas of shallow z,. For the spectrum in Figure 3.11A, located in the southern
Canadian Cordillera (grid point A in Figure 3.11E), z is set to 0.044 km and the best fit z, is
13 + 1 km, with a reduced chi-square of 1.7. The spectra in Figures 3.11B and 3.11C are
from points located where the z, results are aberrant. For grid point B, z is set to 0.028 km
and the best fit z, is 48 + 5 km, with a reduced chi-square of 15. The fit for grid point C is
worse; the best fit z, is 82 = 11 km, with a reduced chi-square of 20. Here, the z; is set to 1.20
km. Grid point D is located within the North American craton where z;, values are well below
50 km (Figure 3.11E). At point D, 7 is set to 0.53 km and the best fit z, is 15 = 1 km, with a

reduced chi-square of 2.1.

3.4.3. Monte Carlo Simulation

The previous section compares the results for the different z, maps of western Canada
resulting from inversions with different § parameters. In order to find the most appropriate 8
between 2.0 and 3.5 for different regions within the study area (assuming that f is constant
within these regions), we assume that z, within the boxes outlined in Figure 3.1 correspond
to the Curie depth and compare observed heat flow estimates (un-corrected for crustal heat
generation) with heat flow calculated by assuming a conductive geotherm constrained by the

average Curie depth within each box. The heat flow for the Slave craton is calculated

131



A) 5
4
= 3
2 50
8 2
£
40
2 =
102 10 10° 1072 10 10° 30§,
N.Q
20
10
0
~12p6 ~1100 ~100°
_
. f 500 km
-2 -1
02 (0 10° 1072 10 10°
wavenumber (rad/km) wavenumber (rad/km)

Figure 3.11. A-D) Calculated spectra (solid black line) and best-fit theoretical spectra
(dashed gray line) for select grid points, with the locations shown in E) the z, map of west-

ern Canada. Error bars (3o confidence intervals) are in gray.

132



separately from the heat flow of the Canadian Shield to the south because of the distinct z,

results in the Slave craton, which may be due to a different § parameter.

A Monte Carlo approach is used in order to include a range of possibilities for the Curie
temperature. We sample the Curie temperatures from a normal distribution with a mean of
580 °C and standard deviation of 50 °C (Table 3.1). The Monte Carlo simulation calculates

1,000,000 heat flow values from the equation

T In (1+c'T
qzkim:KMJf_Q
Zp cTe)

(13)

where q is the heat flux, k is the bulk conductivity, k,, is the thermal conductivity at 0 °C, T,
is the Curie temperature, and the temperature coefficient for the upper crust is ¢ = 0.001

(Lewis et al., 2003).

A range of values centered around the average z, for each region is also used. The
parameters used for the Monte Carlo simulation are found in Table 3.1. The average measured
surface heat flow is taken from Lewis et al. (2003) for the Cordillera (92 + 24 mW/m?) and
the Slave craton (53 + 10 mW/m?; Lewis et al., 2003; Russell et al., 2001; Russell & Kopylova,
1999) and 50 + 7 mW/m? is used for the North American craton south of the Slave craton
(Majorowicz, 2018). Figure 3.12 shows log-normal histograms indicating the frequency of
the heat flow values obtained from each simulation, their mean and standard deviations, with
measured surface heat flow values superimposed. For both the Cordillera and the Slave craton,
the calculated mean heat flow is centred around the measured mean heat flow for § =2.5 (Fig.
3.12). Using a  of 2.5, the average z, is 15 £ 1 km in the Cordillera and 32 + 3 km in the

Slave craton (in the rectangular areas outlined in Figure 3.1). For the rest of the Canadian
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Table 3.1. Parameters used in Monte Carlo simulation

Mean Curie Standard 2, range (km) Mean heat
.. Heat flow
temperature deviation  k, (W/m K) flow
A . ) reference
W9 (&S] B=2.0 B=25 B=3.0 B=3.5 (mW/m?)
Canadian Lewis et al.
580 50 2.7-3.3 27-47 9-21 2-8 0.5-3 94 £ 24 ?
Cordillera 2003
Lewis et al.,
2003; Russell
Slave craton 580 50 2.7-3.3 60-90 26-38 11-16 3-7 53+10 & Kopylova,
1999; Russell
etal., 2001
North Mai .
American 580 50 2733 2642 1220 39 1-4 507 5 0?§row‘°2’
craton

*For normal distribution
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Figure 3.12. Monte Carlo simulation results for heat flow based on the inversion results with
different  for A) the Canadian Cordillera, B) the Slave craton and C) the Canadian Shield

south of the Slave craton.
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Shield, the calculated mean heat flow is closest to the measured mean heat flow if § = 2.0.

The average 7, in this area is 34 + 3 km if § = 2.0.

3.5. Discussion

3.5.1. Comparison with Geological and Magnetic Features

When z; and z, are estimated jointly, the only z, feature that coincides with major
tectonic or geological boundaries is the Slave craton, where z, is deeper than the Canadian
Shield to the south (Fig. 3.9B). For § = 2.5, the z, depths in the Cordillera (23 = 4 km on
average; Fig. 3.9B) are deeper than the z, results when z; is fixed (15 + 1 km on average; Fig.
3.8). In the Slave craton, the z, is 29 = 5 km when z; and z, are estimated jointly compared to
32 + 3 km otherwise; and 14 + 4 km in the rest of the North American craton when z; is also
estimated compared to 16 = 1 km (Fig. 3.9B). When z is not fixed, the uncertainty is higher
(Fig. 3.9C), however the reduced chi-square is lower than if z, alone is estimated, with most

values on the grid less than 5 (Fig. 3.10; 3.9D).

Based on the results of the Monte Carlo simulation, our preferred inversion results
(where only z, is estimated) for the Cordillera and Slave craton are those with a § of 2.5 while
the preferred results in the rest of the Canadian Shield are the results with § = 2.0 (Fig. 3.13).
The higher Ky is used in the preferred model, as it smooths the small-scale z, features that tend
to follow the short wavelength magnetic anomalies, and has a more accurate resolution in the

wavenumber domain.

Perhaps the most striking feature of the z, maps (Fig. 3.13) is the sharp transition

between shallow (~15 km) and very deep (>50 km) z, values which coincides with the Tintina
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Figure 3.13. A) z, map for western Canada where = 2.0 and k= 20.0, which are the
best-fit z, results for the Canadian Shield south of the Slave craton in terms of heat flow; B)
Best-fit z, results for the Canadian Cordillera and Slave craton in terms of heat flow, where B
= 2.5 (based on the Monte Carlo heat flow simulation results).
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Fault in Yukon and the RMT in British Columbia. In the northern Canadian Cordillera, the
region of z, beyond 50 km continues northward and eastward until the eastern edge of the
Slave craton in the Northwest Territories. In the southern Canadian Cordillera, the area of
deep zy, values extends eastward until the Cordilleran Deformation Front. In northern British
Columbia, Alberta, and across the Northwest Territories, the Great Slave Lake Shear zone and
Talston Arc are very visible in the magnetic anomaly map, and this is reflected in the z, maps
(Figs. 3.1; 3.13). These structures coincide with the southern and eastern extent of the Slave
craton, which has distinct z, values that are deeper than the rest of the Canadian Shield to the
south: when f is set to 2.5, the average z, in the Slave craton is 31.8 km, compared to 16.1
km in the rest of the Canadian Shield. If 8 is constant throughout the study area, the deeper z,
imply that the crust is much cooler than the average crust in the North American craton,
however this does not reflect the heat flow data (Lewis et al., 2003; Majorowicz, 2018;
Majorowicz & Weides, 2015; Rolandone et al., 2002). Alternatively, one could interpret the
shallow z, in the Canadian Shield south of the Slave craton as a lithological contact that
represents the base of the magnetized crust that is shallower than the Curie depth (Blakely,
1988); however, a contact at this depth that is consistent throughout the North American craton
south of the Slave craton is unlikely. A more reasonable explanation is that there is a strong
change in lithology and geological history resulting in a different § value for the Slave craton,

and this is consistent with the heat flow simulations (Fig. 3.12).

Rayleigh and S-wave tomography, magnetotelluric and geochemical studies and seismic
reflection profiles have demonstrated that the Tintina-RMT boundary is a crustal-scale
structural feature that defines a major change in the geology (Abraham et al., 2001; Cook et

al., 2004; Ledo et al., 2002; McLellan et al., 2018; Snyder et al., 2005), and this is also evident
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from our inversion results. East of the Tintina-RMT structure but west of the Deformation
Front, the z, that are beyond 50 km are interpreted to be due to a lack of ferrimagnetic material
(i.e. the base of the weakly magnetic sedimentary or metasedimentary rocks in this area is
deeper than the Curie depth). The difference in the anomalies in these areas is not due to a
change in survey specifications since the locations and shapes of the different surveys do not
coincide with the areas of deep z, yet they do coincide with geological boundaries. Moreover,
these z, values are deeper than the Moho (Clowes et al., 1995, 2005; Cook et al., 2012;
Fernandez-Viejo et al., 2005; Kao et al., 2013; Mooney et al., 1998; Perry et al., 2002;
Tarayoun et al., 2017), so interpreting these values as Curie depths implies that the mantle
material in this area is magnetic. In the past, the mantle was generally considered nonmagnetic
(e.g. Wasilewski et al., 1979; Wasilewski & Mayhew, 1992), meaning that the base of the
magnetized layer could correspond to the Moho rather than the Curie depth, however recent
studies (e.g., Ferré et al., 2014) make a strong case for the occurrence of a magnetized upper
mantle in certain geological contexts. In our study, however, many z, values are >100 km in
these areas, which implies a geothermal gradient of less than 5.8 °C/km (if a Curie temperature
of 580 °C is assumed), which is much lower than the current estimates for this area (Clowes
et al., 2005; Lewis et al., 2003; Majorowicz, 2018). In addition, the fit of the z, in these areas
is much worse than in the areas where z, <50 km (Fig. 3.10B, 3.11). Therefore, these aberrant
zp values are likely erroneous. The fit is particularly poor at high wavenumbers; in the spectra
plotted in Figure 3.11B and 3.11C, the slope of the spectra calculated using the wavelet
transform is very steep at high wavenumbers compared to the theoretical spectra in these areas.
Because z affects the high wavenumber portion of the spectra, this suggests that the actual z

in these areas are much deeper than the values in SEDMAP, which corroborates the
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interpretation that the aberrant z, values are in areas where there is very thick sedimentary
material. The poor fit between the theoretical and calculated spectra are likely due to

underestimated z; values.

The model used in this study assumes that the magnetic anomalies are caused by a single
magnetized layer in the subsurface, the bottom of which may correspond to the Curie depth.
However, the geology of an area is most likely more complex and is composed of many layers
of different magnetic susceptibilities, and the anomalies at the surface are the sum of the
contributions from these layers. In some cases, z, may not always represent the base of the
magnetized crust, but the depth to the base of the first magnetic layer if this first layer has a
high enough magnetic susceptibility to mask the magnetic signal of the other layers (Blakely,
1988). If this is the case in our study region, the calculated heat flow values are overestimated.
This is a concern in the Cordillera west of the Tintina-RMT structure, where the accreted
terranes are thought to have been thrust over the ancestral North American passive margin as
a thin thrust sheet (Snyder et al., 2009). The layering of the accreted terranes over the passive
margin sediments (which are expected to have a weaker magnetic susceptibility) could result
in z,, values that correspond to the base of this thrust sheet rather than the Curie depth (Blakely,
1988). Results from reflection profiles from Lithoprobe SNORCLE lines suggest that the thin
thrust sheet is less than 10 km thick at the Tintina Fault, and gradually thickens westward to
about 35 km over a lateral distance of ~250 km (Snyder et al., 2009). Our z, values west of
the Tintina-RMT structure do not increase steadily westward to 35 km, suggesting that the z,
values do not represent the base of the accreted terranes, rather the Curie depth is shallower

than the base of the terranes.
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The synthetic tests show that z, is not well resolved when there are strong variations in
z; (Fig. 3.5, 3.6). Most of the depths in the sediment thickness map are close to 1 km, however
in some areas, the z; sharply increases to values above 10 km. This results in z;, values that are
shallower than z for example in the Bowser Basin in northeastern British Columbia and in the
Beaufort Sea, as illustrated in Figures 3.7 and 3.13. The z, values in these areas are an artifact

of the inversion and cannot be interpreted as the Curie depth.

3.5.2. Comparison with Other Studies

Previous studies have demonstrated the inverse relationship between the fractal
parameter and z, results and show that assuming a randomly magnetized crust with f = 0
results in greatly overestimated z, (e.g. Bouligand et al., 2009; Witter & Miller, 2017). It is
very clear from Figure 3.9 that increasing the £ value has a significant effect on the inversion
results. Moreover, many of these studies (using both random and fractal magnetization) use
the centroid method to estimate z; and z, (e.g. Bhattacharyya & Leu, 1977; Okubo et al., 1985;
Tanaka et al., 1999). However, this method is subjective since there is no agreement on which
part of the spectrum to use when estimating the high wavenumber and low wavenumber slopes

for the centroid method, which may lead to incorrect z, results.

The study area of Witter & Miller (2017) is located within the limits of our study, so a
comparison between the z, results can be made. The Witter & Miller (2017) study illustrates
some of the disadvantages of using moving windows, such as the need for a buffer zone around
each area that lacks magnetic anomaly data. Unlike the model presented in this paper, in Witter
& Miller (2017), the Tintina Fault is not a boundary for a major change in Curie depths. This
may be due to the large windows used (200 km and 300 km squares), some of which cover

areas on both sides of the Tintina Fault. The Curie depths calculated from these windows are
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based on the wavenumber content of both sides of the fault, however the wavenumber content
on the eastern side of the fault is very different than that on the western side. This change is
observable from the spectra plotted on Figure 3.11, and from the magnetic anomaly map (Fig.
3.1). Since the wavelet transform has a better spatial resolution, the Tintina-RMT boundary is
resolved in the z, maps presented herein. Similar to the results presented in this paper, there
are very deep (>50 km) z, east of the Tintina Fault and in northwestern Yukon in the Witter
& Miller (2017) model. There is a small area of shallow z, on the eastern side of the Tintina
Fault in central Yukon which may be explained by a piece of the Slide Mountain and Yukon
Tanana terranes on the other side of the Tintina Fault (see e.g. Colpron et al., 2007). An area
of shallow z, appears exactly where this terrane is located (closer to the Yukon-British
Columbia border) in the z, maps presented in this paper, visible if the saturation depth shown
on the maps is increased beyond 50 km. This is also observed in Li et al. (2017), a worldwide
model for Curie depths; a map of this model in Yukon is included in Witter & Miller (2017).
This piece of the accreted terranes is composed of similar material as the terranes on the
western side of the Tintina Fault (e.g. Colpron et al., 2007). West of this fault, the z, results
from this study and Witter & Miller (2017) are qualitatively similar, with shallower depths in

central Yukon and slightly deeper depths in northwest Yukon.

Bao et al. (2014) calculated the Curie depth (defined as the 585 °C isotherm in their
study) of a southwest-northeast cross section through the southern Canadian Cordillera and a
~400 km portion of the North American craton east of the Deformation Front, based on a
steady-state conductive geotherm model using the method of Russell & Kopylova (1999).
This is a 2-layer model where the upper crust geotherm is higher than the lower crust because

of increased heat generation. The 585 °C isotherm calculated in the Cordillera in Bao et al.
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(2014) is relatively constant at ~20 km, and markedly increases to ~80 km at the Cordillera-
craton boundary and decreases eastward to ~40 km, which are deeper than the average z, in
the Cordillera and North American craton calculated in the present study. The discrepancy
may be caused by the assumptions in the steady-state conductive geotherm model, for instance
the upper versus lower crustal heat generation. Alternatively, the shallower z, found in the
present study could mean that the Curie temperature is lower than 585 °C, or the f parameter
is not set to the correct value (and should be somewhere between 2 and 2.5 for the Cordillera,
and below 2 for the Canadian Shield south of the Slave craton according to Figure 3.9).
However, even with a different £ in the craton, there still would not be the steady eastward

decrease in z, on the eastern side of the Deformation Front (Figure 3.9).
3.5.3. Comparison with Heat Flow Measurements

The Monte Carlo simulation assumes that the Curie temperatures of the crustal rocks in
western Canada follow a normal distribution around 580 °C, the Curie temperature of
magnetite. This is because the origin of magnetic anomalies in crustal rocks is principally due
to magnetite and titanomagnetite, however other ferrimagnetic minerals may contribute to the
whole rock magnetic susceptibility such as hematite, pyrrhotite and other iron and nickel
alloys in some cases (Blakely, 1995 and references therein). Thus the popular assumption that
the Curie depth corresponds to a 580 °C isotherm, the Curie temperature of pure magnetite
(Dunlop & Ozdemir, 1997), may not be correct, since the Curie temperature of titanomagnetite
is lower than 580 °C at atmospheric pressure, and decreases with increasing Ti content (Hunt
et al., 1995), and the Curie temperatures for hematite and pyrrhotite are 675 — 695 °C
(Chevallier, 1951; Guillaud, 1951; Smith & Fuller, 1967) and 310 — 325 °C (Dekkers, 1989),

respectively. Moreover, Curie temperatures have been shown to increase with pressure
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(Schult, 1970). Most crustal rock-forming minerals such as quartz and feldspars are weakly
magnetic relative to magnetite and titanomagnetite (e.g. Brown & McEnroe, 2008; Hunt et
al., 1995), so their whole-rock susceptibility is mainly due to a trace amount of the latter two
minerals (Blakely, 1995 and references therein). If the distribution of Curie temperatures used
in the Monte Carlo simulation does not accurately represent the distribution of Curie

temperatures in western Canada, the heat flow results from the simulation are not accurate.

The distribution of heat flow measurements is shown in Figure 3.2. The heat flow
measurements are relatively dense in southern British Columbia, where the heat flow does not
appear to be constant in this area, with values ranging from ~60 mW/m? to ~100 mW/m?. This
range of values is consistent with the measurements reported for northern British Columbia
(Figure 3.2). In southwestern British Columbia on Vancouver Island, multiple heat flow
measurements near 30 mW/m” are anomalously low and do not agree with the z, results. The
low heat flow anomaly in southwestern British Columbia is due to the Juan de Fuca slab
subducting beneath the Cordillera in this area, and z, is shallow in this area. The heat flow in
Yukon seems to be more consistent near 100 mW/m?, but the only measurements are in the
southeastern part of Yukon. The high heat flow in Yukon has been attributed to an increased
heat generation in the upper crust resulting in higher measured surface heat flow (Lewis et al.,
2003). However, the high surface heat flow values seem to be consistent with xenolith and
seismic studies in Yukon (Francis et al., 2010; Shi et al., 1998), and the z, estimates do not
seem to be shallower in the northern Canadian Cordillera than the southern portion as a result
of higher upper crust heat generation (Fig. 3.9). There is a dense group of measurements in
east-central Saskatchewan and west-central Manitoba where the heat flow is consistently low

at values below 50 mW/m? (Fig. 3.2). Figure 3.2 shows that the heat flow in the Cordillera is
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generally higher than in the Canadian Shield, however the sparse data make it difficult to see
the smaller-scale variations in crustal temperature and assess how consistent these heat flow
values are throughout the Cordillera and North American craton. The sparseness of the data
makes it difficult to compare with the z, map, but the correlation between the heat flow values
and z, is shown by the scatter plots in Figure 3.14. A negative correlation is expected, since
shallow Curie depths imply high geothermal gradients and vice-versa. Figure 3.14A shows
the correlation between heat flow and the corresponding z, at the location of the heat flow
measurement within the different boxes outlined in Figure 3.1, for inversion results with § =
2.5. Figure 3.14B is the same scatter plot, but the z, results within the Canadian Shield south
of the Slave craton are the inversion results with § = 2.0, since these z;, results work best with
published heat flow averages. There is an unsurprisingly large amount of scatter in both
Figures, owing to the variety of rock compositions, geological settings, and upper crustal heat
generation. The heat generation in the upper crust is often higher than the lower crust because
of a higher concentration of radioactive elements (e.g. Lewis et al., 2003). The results for the
Cordillera consistently plot at low z, <15 km, but exhibit a wide range in heat flow values,
although these are >40 mW/m”. The North American craton mostly plots at deeper z,
(especially in Figure 3.14B), and exhibits a wide range in heat flow values that are generally
lower than the Canadian Cordillera. However, the amount of upper crustal heat generation is
uncertain in most areas. If the measured heat flow is significantly higher as a result of the
upper crustal heat generation, the Monte Carlo simulation results may be biased toward a
higher 8, where the z, results are shallower. This may also explain some high heat flow values
where 7, is large in Figure 3.14. The steady state geotherm model of Russell & Kopylova

(1999) accounts for the increased heat production in the upper crust, is consistent with Moho
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Figure 3.14. Heat flow as a function of zb in the different subregions delineated in Figure 2:
Canadian Cordillera (in black); Slave craton (in white); North American craton south of the
Slave craton (in gray). The curves plotted in each Figure are the theoretical curves for the 1D
heat conductive model for different thermal conductivities: the heat flow is given by

q= kT Jz, where x is the thermal conductivity and T is the Curie temperature (580 °C is
used here). A) z, results when = 2.5; B) z, results where 3 = 2.5 for the Canadian Cordille-
ra and Slave craton, and z, results where = 2.0 for the rest of the North American craton
south of the Slave craton, after the results of the Monte Carlo heat flow simulation.
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temperature estimates in the Slave craton (Lewis et al., 2003), and predicts the 580 °C
isotherm to be at depths of ~75 km for the Slave craton, consistent with the inversion results
using f < 2.5. The effect of the upper crustal heat generation on heat flow measurements is
also highly variable within the study area since different rock types tend to have different
concentrations of radioactive minerals, with felsic rocks having a greater concentration than
mafic rocks (Hasterok & Chapman, 2011). Despite the variability in heat flow measurements,
the negative correlation between heat flow and z, is more apparent in Figure 3.14B than
3.14A, where most of the data points fit between the theoretical curves for the 1D heat

conductive transport model for thermal conductivities between 1.3 and 3.5 W/m°C.

3.6. Conclusions

This study improves on previous Curie depth studies, since the wavelet transform has a
better spatial resolution than moving windows while still having a good wavenumber-domain
resolution. Our method also assumes that crustal magnetization follows a fractal distribution
characterized by the parameter 3, since the results show the significant impact that this
parameter has on the estimated z,. The results provide crustal temperature constraints with
good spatial coverage in western Canada, an area that is not well understood in terms of the
source of heat to explain thermal isostasy in the Cordillera and the sharp contrast at the
Cordillera-craton boundary. According to our heat flow calculations, a § value of 2.5 gives
the most accurate inversion results in the Cordillera and Slave craton, while a  value of 2.0
gives better results in the Canadian Shield south of the Slave craton. With these parameters,
the average Curie depth is 15 + 1 km in the Canadian Cordillera, 32 + 3 km in the Slave

craton, and 34 + 3 km in the North American craton to the south. The elevated and uniform
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crustal temperatures in the Cordillera (west of the Tintina Fault) relative to the North
American craton corroborate previous heat flow, seismic and elastic thickness studies,

providing independent temperature information throughout most of the study area.

The present analysis has unearthed some of the limitations of this method. First, the
inversions performed on synthetic datasets show that for a magnetic layer with variable
thickness, the estimated z, are not accurate if z is also estimated, and z, estimates are greatly
improved by setting z: to the correct value in the inversion. Furthermore, the inversions on
synthetic datasets have shown that if the map of fixed z; values has areas of rapid changes
with high amplitudes, the z, results calculated in these areas are greatly underestimated. In the
map of sedimentary rock thicknesses used as z; in western Canada, this effect is seen in the
Bowser Basin in northern British Columbia and in the Beaufort Sea where zy, is shallower than
7;, but elsewhere in the study area, there is a much smaller variation in sedimentary rock
thicknesses that does not affect the z, results as much. In other areas, the inversion resulted in
unreasonably deep z;, in the northern part of the study area between the Tintina Fault and Slave
craton, and in the southern part of the study area between the RMT and Deformation Front,
since the base of the thick sedimentary rocks in these regions lies at depths greater than the
Curie depth. Therefore, study areas with thick packages of nonmagnetic rocks and
underestimating the z; values used in the inversion might lead to large errors when estimating

Curie depths.

The results presented in this study show that the thermal structure of different geologic
domains may be estimated from a wavelet analysis of magnetic anomaly data, if using

complementary datasets such as the depth to the magnetic bedrock, knowledge of the regional
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geology, and the gravity and seismic structure of the crust and upper mantle to differentiate

the Curie depths from the z, that do not correspond to a thermal boundary.
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Chapter 4.

Conclusion

Geodynamic processes operating on a lithosphere-scale involve geological processes at
various scales, therefore our understanding of geodynamic systems relies not only on the
characterization of their geophysical properties, but also the smaller-scale surface processes.
In recent years, geophysical studies have shown that the lithospheric architecture of western
Canada is complex, marked by a sharp transition between the thick, cold and stable North
American craton and the hot and thin Canadian Cordillera (e.g. Audet et al. 2007; Bao et al.
2014; Currie et al. 2008; Lewis et al. 2003; McLellan et al. 2018; Schaeffer & Lebedev 2014).
To contribute to a better understanding of the Canadian Cordillera, this thesis provides
geological and geophysical constraints on the crust of the Canadian Cordillera at different

spatial scales and timescales.

In Chapter 2, numerical modeling of low temperature (U-Th)/He data was used to assess
shallow crustal exhumation mechanisms of different crustal blocks within the Yukon Tanana
Terrane in the northern Canadian Cordillera. The shallow tectonism of the Yukon Tanana
Terrane in west-central Yukon was mainly active in the Cretaceous, coeval with dextral
faulting across the northern Canadian Cordillera, facilitating the northwestward displacement
of Cordilleran material (Gabrielse et al. 2006; Pavlis et al. 1993). There is a significant contrast
between the modeled Cretaceous thermal histories of the structurally higher and lower crustal
blocks within the study area. Numerical modeling of (U-Th)/He data coupled with
independent geologic data resolve the timing of exhumation of the structurally higher blocks
to 118-110 Ma, whereas the structurally lower crustal blocks are modeled to exhume between

85 and 75 Ma. Major faults such as the YRSZ and BCF coincide with the boundaries between
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the two domains, which is represented in the (U-Th)/He data by a marked change in age-eU
trends. This suggests that faulting was responsible for exhumation, however at this scale,
further studies are needed to identify the exact faults and exhumation mechanisms. Future
studies may include smaller-scale thermochronology studies in the eastern side of crustal
block 2 to confirm if this area did in fact exhume in the late-Early Cretaceous, and assess
whether or not the Stewart River fault is more important than previously thought, and is
responsible for the disparity in (U-Th)/He data between the eastern and western sides of block

2.

In Chapter 3, Curie depths are estimated from a spatio-spectral analysis of magnetic
anomaly data, yielding constraints on geothermal gradients throughout the Canadian
Cordillera and Canadian Shield. This study differs from most Curie depth studies by using the
wavelet transform to obtain spectral information at a greater spatial resolution than if moving
windows were used, while minimizing the effects of spectral leakage and avoiding the
negative effects that gaps in the anomaly grid have on moving windows. The Curie depths
reflect the results of previous geophysical studies in western Canada, since the Curie depths
are much shallower in the Cordillera (15 + 1 km) than in the Canadian Shield (34 + 1 km),
confirming that geothermal gradients in the crust are much higher throughout the Cordillera,
than in the Canadian Shield. An important amelioration for this model would be to improve
the z; map used in the inversion, since we have found that in certain areas, the depths from
SEDMAP seem to be much shallower than the depth to the magnetic crust, resulting in
erroneous Curie depth results. Furthermore, as discussed in Chapter 3, one of the limitations
of this method is that the estimated depth to the base of the magnetized crust may in fact

correspond to a geologic boundary that is shallower than the Curie depth. Future studies
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involving complementary datasets such as gravity anomaly grids and seismic tomography will

be useful for assessing the significance of this issue within our Curie depth results.
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