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Abstract
The lowest structural and stratigraphic levels of the Yukon-Tanana terrane and the
structurally

underlying

parautochthonous

North

American

margin

rocks

were

metamorphosed at similar conditions (7.5 – 9 kbar; 600 – 680 °C) and share a common
style of deformation, characterized by the transposition of lithologic contacts and primary
compositional layering into a regional ductile foliation (ST) with at least one generation of
intrafolial isoclinal folds. Equilibrium assemblage modeling and in situ U-Th-Pb SHRIMP
dating of monazite are used to place quantitative constraints on the conditions and
timing of deformation, metamorphism and subsequent decompression. These data
reveal that these fabrics, and the associated metamorphism, did not develop during a
single tectono-metamorphic event. Rather, ductile deformation and high-grade
metamorphism developed diachronously. Rocks deformed and metamorphosed in the
Permo-Triassic and Early Jurassic were exhumed in the Early Jurassic, while rocks to
the northeast in the Finlayson domain were buried, heated and ductiley deformed at midcrustal levels (~25 km depth) from the Middle Jurassic to Early Cretaceous (c. 169 – 142
Ma). Metamorphism continued at an even deeper crustal level (~ 30 km depth, as
recorded in the Australia Mountain domain), propagating downward into the
parautochthonous North American crust in the Early Cretaceous (c. 146 – 118 Ma).
Together, these data reveal a spatial and temporal pattern of structurally downward
younging deformation and metamorphism that corresponds with the foreland-directed
growth of a critically tapered orogenic wedge. In this model, rocks in front of the wedge
are episodically underthrust downward into a distributed, high-grade transposition shear
zone at 25 to 30 kilometres depth near the base of the overriding wedge. Rocks
previously underthrust, buried and metamorphosed are progressively exhumed to higher
structural levels within the wedge, as the upper crust enters a state of extension in order
to maintain a critically tapered wedge. Rocks that occupied the mid-crustal shear zone in
the Middle Jurassic and Early Cretaceous (Finlayson and Australia Mountain domains)
were exhumed in the mid-Cretaceous along southeast-directed (orogen-parallel)
extensional faults, from beneath a supracrustal ‘lid’ that had previously been
metamorphosed and ductiley deformed at amphibolite facies in the Permo-Triassic and
Early Jurassic.
Keywords:

Northern Canadian Cordillera; Yukon-Tanana terrane; SHRIMP; in situ
monazite geochronology; P-T-t path
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Method of Presentation
This thesis is presented as three self-contained papers (Chapters 2, 3, and 4), each
contributing to a common goal of unraveling the tectonometamorphic history of the
hinterland of the northern Canadian Cordilleran orogen. This format is intended to
facilitate the publication of this research; however, it introduces some unavoidable
redundancies. Chapters 1 and 5 are introductory and conclusion chapters, respectively,
which outline the aim of the study and how each of the three self-contained papers
(chapters 2, 3, and 4) fit together into the single coherent theme mentioned above. I was
the primary author for all manuscripts (Chapters 2, 3 and 4). These three
manuscripts/chapters are coauthored by my co-supervisors Dan Gibson and Maurice
Colpron, as well as my committee members Jim Ryan and Rob Berman. Don Murphy
provided field assistance, guidance of regional geology and contributed comments to an
early version of chapter 3, warranting co-authorship of this paper. Chapter 2 has been
published in the Journal of Metamorphic Geology in September 2013. Chapter 3 has
been accepted with minor revisions to the journal Geological Society of America Bulletin.
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Chapter 1.
Introduction
1.1. Presentation of the Problem
The metamorphic hinterland of the northern Canadian Cordilleran orogen in
Yukon largely consists of the allochthonous Yukon-Tanana terrane and structurally
underlying parautochthonous North American margin rocks (Fig. 1.1). These rocks have
experienced a protracted and transitory history of sedimentation, continental arc
magmatism, rifting, intraoceanic arc magmatism (only Yukon-Tanana terrane), arccontinent collision and subsequent crustal shortening (Nelson et al., 2006). This complex
history is recorded, in part, by multiple phases of deformation and metamorphism in the
lowest structural levels of the Yukon-Tanana terrane and the structurally underlying
parauthochthonous North American margin rocks. Much of these lowest exposed
structural levels have been metamorphosed to amphibolite facies and share a common
style of deformation characterized by the transposition of lithologic contacts and primary
compositional layering into a regional ductile foliation (ST) with at least one generation of
intrafolial isoclinal folds (Foster et al., 1994; Hansen and Dusel-Bacon, 1998; DuselBacon et al., 1995, 2002, 2006; Gordey and Ryan, 2005; Berman et al., 2007).
The majority of published quantitative P-T data from the hinterland of the
northern Cordillera comes from scattered eclogite occurrences both within and along the
boundaries of Yukon-Tanana terrane (Fig. 1.2; Creaser et al., 1997; Erdmer et al.,
1998). The poorly resolved geological and structural context of these eclogites with
respect to the regional greenschist to amphibolite facies metamorphism within YukonTanana terrane suggests they may not be representative of the terrane as a whole.
There are a few additional metamorphic studies within Yukon-Tanana terrane (Hansen,
1992; Johnston, 1993; Dusel-Bacon et al., 1995; de Keijzer, 2000; and the structurally
underlying parautochthonous rocks (Dusel-Bacon et al., 1995). However, given the
1

transitory and diachronous nature of deformation and metamorphism, and polytectonic
history of orogenic belts, the absence of prograde metamorphic dates linked to these PT estimates prevents any significant understanding of the orogen’s history. Prior to the
study of Berman et al. (2007), which provided in situ SHRIMP U-Pb ages linked to
changing P-T conditions, estimates for the timing of metamorphism came primarily from
metamorphic cooling ages (e.g. Hansen et al., 1991; Dusel-Bacon et al., 2002).
However, as Berman et al. (2007) revealed, Yukon-Tanana terrane has experienced
several moderate pressure (~9 kbar) amphibolite facies metamorphic events; therefore,
K-Ar and
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Ar/39Ar ages will only provide the time of cooling following the youngest

metamoarphic event.
Two different, yet overlapping, timing constraints for the development of the
transposition foliation within the northern Yukon-Tanana terrane in west-central Yukon
have been proposed (c. 260-240 Ma; Berman et al., 2007; and 260-253 Ma; Beranek
and Mortensen, 2011). However, deformation and metamorphism is commonly
diachronous both across and along strike within orogens (e.g. Collins and Vernon, 1992;
Hatcher et al., 2002; Berman et al., 2010); therefore, it is uncertain to what extent the
timing of this deformation and metamorphism can, or should be correlated throughout
the terrane. In fact, the style, orientation and sequence of deformation, and the
amphibolite facies metamorphism accompanying it, is a common feature of many
orogenic belts worldwide (Turner and Weiss, 1963; Hobbs et al., 1976; Williams and
Jiang, 2005). It is therefore possible that the nearly identical transposition foliation and
amphibolite facies metamorphism observed throughout Yukon-Tanana terrane and the
structurally underlying parautochthonous North American margin rocks may have formed
during very different times in different places (both spatially and structurally) and in
different geodynamic settings.
Hints of this diachronous tectono-metamorphism have been revealed from the in
situ U-Pb monazite dating of Berman et al. (2007), who not only documented a PermoTriassic deformational and metamorphic event, but also a 9 kbar Early Jurassic
metamorphic overprint, and a separate Early Cretaceous metamorphic domain around
Mount Burnham in the eastern Stewart River area. In fact, prior to the work of Berman et
al. (2007) most of the ductile deformation and amphoibolite-facie metamorphism
throughout Yukon-Tanana terrane had been attributed to the Jurassic based on
2

evidence for Early Jurassic contraction and imbrication (Hansen and Dusel-Bacon, 1998;
Murphy et al., 2006) and widespread K-Ar and
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Ar/39Ar cooling ages (Hansen et al.,

1991; Johnston et al., 1996; Dusel-Bacon et al., 2002).
Thus, the problem being addressed here deals with resolving the temporal and
spatial evolution of deformational and metamorphic events throughout Yukon-Tanana
terrane and the structurally underlying parautochthonous North American margin rocks.
In particular, to what extent do we assign the main transposition event and associated
amphibolite facies metamorphism to the initiation of subduction and subsequent arc
magmatism in the Devonian and Mississippian, versus Permo-Triassic accretion, or later
Jura-Cretaceous crustal shortening? Are the numerous phases of deformation
observable across the terrane and at different structural levels coeval or diachronous,
and were they created by the same tectonic processes? Also, if deformation and
metamorphism was diachronous throughout this portion of the orogen, by what means
did different domains escape earlier or later deformation and metamorphic events in
adjacent or structurally underlying or overlying portions of the orogen? The answers to
these questions will not only improve our understanding of the tectonic evolution of this
portion of the northern Canadian Cordillera, but may also provide insight into the
orogenic processes responsible for mountains building events throughout the world.

3

Figure 1.1.

Simplified terrane map of the northern Canadian Cordillera (modified
from Colpron et al., 2006). Abbreviations: D – Dawson; Wh –
Whitehorse; TF – Teslin fault. Lithotectonic terrane abbreviations:
AX – Alexander; CA – Cassiar; CC – Cache Creek; KS – Kluane
Schist; NAb – North American basinal strata; NAm – North American
platformal strata; pNAm – parautochthonous North American
continental margin; SM – Slide Mountain; ST – Stikinia; YT YukonTanana; W – Windy; WR – Wrangellia.
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Figure 1.2.

Tectonic assemblage map of the Yukon-Tanana terrane and adjacent
terranes of the northern Cordillera in east-central Alaska, central
Yukon, and northern British Columbia. The locations of the study
areas of chapters 2, 3, and 4 are outlined by thick black squares.
Dashed outlines labelled S and Y show the original position of the
offset of the Slide Mountain and Yukon-Tanana terranes within the
Finlayson Lake district, respectively, prior to displacement along the
Tintina fault (Gabrielse et al., 2006). Figure modified from Colpron et
al. (2006).

1.2. Methodological Approach
Williams (1985) illustrated the difficulty of correlating deformational and
metamorphic events throughout an orogen on the basis of structural overprinting, style,
pattern of orientation, and relationship of fabrics to metamorphic minerals and
assemblages. However, understanding how deformation and metamorphism vary
temporally throughout the orogen is critical to our understanding of the tectonic
processes operating in orogenic belts. Therefore, my research is focused on placing
quantitative pressure-temperature-time-deformation constraints on the regional tectonometamorphism.
The advent of in situ U-Pb monazite geochronology allows monazite to be dated
in its petrological context with respect to metamorphic assemblages and fabric elements,
thereby providing a greater level of confidence in establishing not only the age of
metamorphism and the associated P–T conditions (Foster et al., 2002, 2004; Gibson et
al., 2004), but also the timing of deformation fabrics (Williams and Jercinovic, 2002;
Berman et al., 2005, 2012). Additionally, when coupled with analysis of garnet zoning
patterns, phase diagram modeling, and an understanding of the partitioning of REE’s
between accessory phase chronometers (e.g., monazite) and the major phases used to
establish the P-T history (Pyle and Spear, 1999; Foster et al., 2002), in situ U-Pb
monazite dating can establish the timing of points along specific P–T paths (Berman et
al., 2007, 2010, 2012; Caddick et al., 2007; Gaidies et al., 2008). Applications of this
method have also identified domains of contrasting P–T–t histories in areas previously
considered to be part of a single tectono-metamorphic unit (Berman et al., 2007; Horváth
et al., 2010).

6

Berman et al. (2007) have successfully applied this method to amphibolite facies
rocks in the Stewart River region of Yukon-Tanana terrane and have delineated five
metamorphic and three deformational events spanning from Devonian to Cretaceous
time. This study expands the application of this method to the northeast across YukonTanana terrane and the structurally underlying parautochthonous North American
margin rocks to further constrain the timing, nature and regional extent of Cretaceous
metamorphism and decompression in west-central Yukon (see Chapter 2 study area
outline in Fig. 1.2). This work also reveals a previously unrecognized Middle Jurassic to
earliest Cretaceous mid-crustal tectono-metamorphic event in the eastern portion of the
Yukon-Tanana terrane (Finlayson Lake district, southeast Yukon; see Chapter 3 study
area outline in Fig 1.2).
Based on these newly acquired data, together with previously published
structural, thermobarometric, in situ U-Pb SHRIMP and K-Ar and
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Ar/39Ar data, it is

concluded that the transposition fabrics and the associated amphibolite facies
metamorphism that is nearly ubiquitous throughout the northern Yukon-Tanana terrane,
and the underlying parautochthoous North American rocks, did not develop during a
single tectono-metamorphic event. Rather, deformation and metamorphism developed
diachronously across the northern portion of Yukon-Tanana terrane and underlying
parautochthonous North American margin rocks in west-central Yukon. Chapter 4
summarizes the regional data, and presents a model wherein this diachronous pattern of
deformation and metamorphism is reconciled by the foreland-directed growth of a
critically tapered orogenic wedge. This model is inspired by a similar model originally
proposed by Platt (1986) and later adapted by Brown (2004) to explain a similar, and
partly coeval, diachronous pattern of structurally downward younging ductile deformation
in the southeastern Canadian Cordillera.

1.3. Pre-accretionary Geology of the Yukon-Tanana Terrane
and structurally Underlying Parautochthonous North
American Margin
The Yukon-Tanana terrane consists of a metasedimentary basement (Snowcap
assemblage) of pre-Late Devonian age, overlain by Late Devonian to Permian
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subduction generated arcs (Colpron et al., 2006; Piercey and Colpron, 2009). The
Snowcap assemblage contains lithological, geochemical and isotopic compositions, and
detrital zircon signatures, which suggest that it represents a rifted portion of the
northwestern Laurentian continental margin (Piercey and Colpron, 2009; Colpron and
Nelson, 2009). Strongly foliated calc-alkaline granitoids of Late Devonian to
Mississippian age intrude the Snowcap assemblage, and is overlain by three
unconformity bounded Upper Devonian to Permian volcanic arc sequences (Finlayson,
Klinkit, and Klondike assemblages; Fig. 1.2; Mortensen, 1992; Ruks et al., 2006; Colpron
et al., 2006a). Coeval back-arc assemblages of the adjacent Slide Mountain terrane in
the eastern portion of Yukon-Tanana terrane (Dawson and Finlayson map sheets),
suggest a west-facing Devonian-Mississippian arc (Nelson et al., 2006). In contrast to
voluminous magmatism in the Yukon-Tanana terrane that continued into the Permian
(Colpron et al., 2006a; Nelson et al., 2006), there is an absence of contemporaneous
igneous rocks younger than c. 350 Ma within the parautochthonous continental margin,
suggesting that Yukon-Tanana had rifted and migrated away to the west by Early
Mississippian time (Nelson et al., 2006). A Late Devonian to Permian basinal
assemblage of oceanic chert, carbonaceous clastic sediments and MORB mafic volcanic
rocks of the Slide Mountain terrane, which presently intervenes structurally between
Yukon-Tanana terrane and the North American continental margin, reflects the evolution
of a back-arc marginal ocean contemporaneous with the arc history of Yukon-Tanana
terrane (Mortensen, 1992; Nelson et al., 2006; Colpron et al., 2007).
Sedimentation, magmatism and syngenetic VHMS deposits indicate an intra-arc
and back-arc extensional tectonic environment for the Yukon-Tanana terrane throughout
Devonian-Mississippian time (Piercey et al., 2006; Murphy et al., 2006; Nelson et al.,
2006). Devonian and Mississippian unconformities and post-kinematic Devonian and
Mississippian intrusions (Gabrielse et al., 1993; Colpron et al., 2006a,b; Murphy et al.,
2006) indicate this period was punctuated by brief episodes of cryptic compressional
deformation, uplift and erosion. Accompanying metamorphism within the Stewart River
area at this time is recorded by the presence of metamorphic titanite dated at ~365 –
350 Ma (Berman et al., 2007). To the southeast, in the Glenlyon map area, Colpron et al.
(2006b) noted that rocks of the Snowcap assemblage appear to have experienced a
more complex deformational and metamorphic history than the overlying Upper
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Devonian to Carboniferous strata, which despite containing a pervasive transposition
foliation, locally preserve primary textures. In contrast, the Snowcap assemblage is more
penetratively foliated and lineated, and the dominant regional foliation within the
Snowcap assemblage is axial planar to rootless, tight to isoclinal folds that deform at
least one earlier schistosity (Colpron et al., 2006b).
Intruded into and overlying both the pre-Late Devonian metasedimentary rocks of
the Snowcap assemblage, and the overlying Devonian and Mississippian rocks in the
region, are comagmatic, dominantly felsic, calc-alkaline metavolcanic and metaplutonic
rocks of the middle to late Permian Klondike assemblage and Sulphur Creek suite (c.
265-253; Mortensen, 1990; Piercey et al., 2006; Ruks et al., 2006; Beranek and
Mortensen, 2011; Fig. 1.2). The Klondike assemblage, and a discontinuous belt of early
to middle Permian (c. 273-260 Ma) blueschist and eclogite to the northeast locally found
along the eastern side of the Yukon-Tanana terrane (Fig. 1.2; Creaser et al., 1997;
Erdmer et al., 1998), are interpreted to record a Permian northeast-facing magmatic arc
and accretionary wedge, respectively (Mortensen, 1992; Nelson et al., 2006).
The development of a regional transposition foliation and associated amphibolite
facies metamorphism (~9 kbar and 600 °C; Berman et al., 2007) in the north-central
portion of Yukon-Tanana terrane in west-central Yukon is constrained to the late
Permian to Middle Triassic (c. 260-253 Ma, Beranek and Mortensen, 2011; and c. 260239 Ma, Berman et al., 2007), coeval with arc magmatism. By the Early to Middle
Triassic (251 – 235 Ma), siliciclastic strata that contain detrital zircon sourced from the
Paleozoic arc assemblages of Yukon-Tanana terrane were deposited on the ancestral
North American continental margin (Beranek et al., 2010; Beranek and Mortensen,
2011). This depositional relationship implies that the Slide Mountain ocean had closed
by the Early Triassic and the Yukon-Tanana terrane had been accreted and uplifted, and
shedding detritus that was incorporated into adjacent Laurentian strata. Beranek and
Mortensen (2011) suggest that the Late Permian tectono-metamorphism is therefore the
result of the accretion of the Yukon-Tanana terrane onto the western Laurentian margin.
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1.4. Tectonic Setting of the Northern Cordilleran Orogen
The North American Cordilleran orogen formed as a result of the successive
accretion of allochthonous terranes to the western Laurentian margin (Coney et al.,
1980). The core of the northern Cordilleran orogen in British Columbia, Yukon and
Alaska, consists of an interrelated set of magmatic arcs (Quesnel and Stikine terranes),
continental fragments (Yukon-Tanana terrane) and an ocean basin (Slide Mountain
terrane), collectively referred to as the peri-Laurentian terranes that were accreted
between late Paleozoic and Mesozoic time (Fig. 1.1; Colpron et al., 2007). These rocks
enclose the Cache Creek terrane – an accretionary complex consisting in part of
carbonate bodies that cap seamounts or oceanic plateaus and which contain exotic
Tethyan fauna that suggest portions of the Cache Creek terrane lay far to the west of the
North American continent during the Permian to Middle Triassic (Orchard et al., 2001;
Nelson et al., 2013). Crustal fragments and magmatic arcs of the Insular terranes
(Peninsular, Alexander and Wrangellia terranes) were subsequently accreted to the
outboard margin of the Yukon-Tanana and Stikine terranes (Fig. 1.1). In the southern
Canadian Cordillera, the accretion of the peri-Laurentian and Insular terranes, and the
subsequent crustal thickening resulted in two major metamorphic belts separated by a
zone of low-grade, weakly deformed rocks of the Quesnel, Cache Creek, and Stikine
terranes (Monger et al., 1982). By contrast, in the northern Cordillera in west-central
Yukon and east-central Alaska, amphibolite facies metamorphism is laterally continuous
across the Yukon-Tanana terrane west of North American margin sedimentary rocks to
the Denali fault. The absence of an intervening zone of low grade rocks between two
separate metamorphic welts as observed in the southern Cordillera, may at present be
best explained by a position within the northern hinge of a south-facing orocline (Fig.
1.3). Mihalynuk et al (1994) suggest that the Yukon-Tanana terrane formed a northern
join between the Quesnel and Stikine arc terranes, and was located in the northern axis
of an oroclinal enclosure that entrapped the more exotic Cache Creek terrane as the
peri-Laurentian terranes were accreted to the western Laurentian margin. The
subsequent collision of the Insular terranes against the accreted peri-Laurentian terranes
resulted in complex overprinting and reworking of earlier deformation and metamorphism
within the evolving northern Cordilleran hinterland. The thesis is focused on the tectonometamorphic history of the north-central and northeastern portions of Yukon-Tanana
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terrane and the structurally underlying parautochthonous continental margin rocks (see
chapter 4 study area outline in Fig. 1.2), which preserve both the early accretionary
history with western Laurentia, as well as events coeval with the subsequent accretion of
the Insular terranes.
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Chapter 2.
A window into the Early to mid-Cretaceous
infrastructure of the Yukon-Tanana terrane
recorded in multi-stage garnet of west-central
Yukon, Canada
2.1. Abstract
Amphibolite facies metasedimentary schists within the Yukon-Tanana terrane in
the northern Canadian Cordillera reveal a two-stage, polymetamorphic garnet growth
history. In situ U-Th-Pb SHRIMP dating of monazite provide timing constraints for the
late stages of garnet growth, deformation and subsequent decompression. Distinct
textural and chemical growth zoning domains, separated by a large chemical
discontinuity, reveal two stages of garnet growth characterized in part by: (i) a synkinematic, inclusion-rich stage-1 garnet core, and (ii) an inclusion-poor, stage-2 garnet
rim that crystallized with syn- to post-kinematic staurolite and kyanite. Phase equilibria
modelling of garnet molar and compositional isopleths suggest stage-1 garnet growth
initiated at ~ 600 °C, 8 kbar along a clockwise P-T path. Growth of the compositionally
distinct, grossular-rich, pyrope-poor inner portion of the stage-2 overgrowth is interpreted
to have initiated at higher P and/or lower T than the stage-1 core along a separate P-T
loop, culminating at peak P-T conditions of ~ 650 – 680 °C and 9 kbar. Stage-2
metamorphism and the waning development of a composite transposition foliation (ST) is
dated at c. 118 Ma from monazite aligned parallel to ST, and inclusions in syn- to post-ST
staurolite and kyanite. Slightly younger ages (c. 112 Ma) are obtained from Y-rich
monazite that occurs within resorbed areas of both stage-1 and stage-2 garnet, together
with retrograde staurolite and plagioclase. The younger ages obtained from these
texturally and chemically distinct grains are interpreted, with the aid of phase equilibria
calculations, to date the growth of monazite from the breakdown of garnet during
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decompression at c. 112 Ma. Evidence for continued near-isothermal decompression is
provided by the presence of retrograde sillimanite, and cordierite after staurolite, which
indicates decompression below ~4-5 kbar prior to cooling below ~550 °C. As most other
parts of the Yukon-Tanana terrane were exhumed to upper crustal levels in the Early
Jurassic, these data suggest this domain represents a tectonic window revealing a much
younger, high-grade tectono-metamorphic core (infrastructure) within the northern
Cordilleran orogen. This window may be akin to extensional core complexes identified in
east-central Alaska and in the southeastern Canadian Cordillera.

2.2. Introduction
The geodynamic evolution of orogenic belts is dictated to a large extent by the
rheology of the lithosphere, which in turn is controlled, in part, through a dynamic
interplay between metamorphism and deformation. Our understanding of the evolution of
orogenic belts is therefore significantly aided by establishing the P-T conditions and style
of deformation and metamorphism operating at various times and locations throughout
an orogen. However, the diachronous and transitory nature of deformation and
metamorphism across an orogen prohibits the correlation of metamorphic and
deformational events solely on the basis of similarities in metamorphic mineral
assemblage and structural style (Williams, 1985). This issue is compounded in the cores
of orogenic belts, which may experience multiple episodes of deformation and
metamorphism under nearly identical conditions.
The advent of in situ U-Pb monazite geochronology allows us to date monazite in
its petrologic context with respect to metamorphic assemblages and fabric elements,
thereby providing a greater level of confidence in establishing not only the age of
metamorphism and the associated P-T conditions (Foster et al., 2002, 2004; Gibson et
al., 2004), but also the timing of deformation fabrics (Williams & Jercinovic, 2002;
Berman et al., 2005, 2012). Additionally, when coupled with analysis of garnet zoning
patterns and phase diagram modeling, in situ U-Pb monazite dating can establish the
timing of points along specific P-T paths (Berman et al., 2007a, 2010, 2012; Caddick et
al., 2007; Gaidies et al., 2008). Applications of this method have also identified domains

18

of contrasting P-T-t histories in areas previously considered to be part of a single
tectono-metamorphic unit (Berman et al., 2007a; Horvath et al., 2010).
We apply similar techniques to amphibolite facies rocks of the Yukon-Tanana
terrane, which occupies much of the metamorphic core of the orogen in the northern
Canadian Cordillera and easternmost Alaska (Figs 2.1 & 2.2). Typical of the core zone of
many orogenic belts, the Yukon-Tanana terrane rocks are poly-deformed and
metamorphosed, with metamorphic and deformational events recorded in the DevonoMississippian, Permo-Triassic, Jurassic and Cretaceous (See Berman et al., 2007a for a
review). Further complicating matters, mapping and P-T-t-D data (Berman et al., 2007a)
reveal that the style, pattern and grade of metamorphism and deformation was nearly
identical in each of the Permo-Triassic, Jurassic and Cretaceous tectono-metamorphic
events.
Difficulty in identifying distinct tectono-metamorphic domains within the YukonTanana terrane, and deciphering discrete deformational and metamorphic events within
an individual domain, are overcome herein by a detailed analysis of textural relationships
and monazite and garnet chemistry. The timing of deformation and a segment of an
individual P-T path are determined by in situ Sensitive High Resolution Ion Microprobe
(SHRIMP) monazite geochronology, with monazite growth texturally and chemically
linked to deformation fabrics as well as metamorphic porphyroblasts and their modelled
P-T stability conditions. These data, together with the data of Berman et al. (2007a),
elucidate a high-pressure Cretaceous tectono-metamorphic domain (Australia Mountain
domain) that is distinct from an adjacent domain affected by Permo-Triassic and Early
Jurassic events, and exhumed to upper crustal levels in the Early Jurassic. In this study,
we better constrain the timing, nature and regional extent of Cretaceous metamorphism
and decompression in west-central Yukon, and elucidate the structural-thermal
architecture of the northern Cordilleran orogen in the Cretaceous.
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Figure 2.1.

Simplified terrane map of the northern Canadian Cordillera showing
location of Figure 2.2, and the study area, within the northern
portion of Yukon-Tanana terrane (modified from Colpron et al.,
2006). Abbreviations: D – Dawson; Wh – Whitehorse. Lithotectonic
terrane abbreviations: AX – Alexander; CA – Cassiar; CC – Cache
Creek; KS – Kluane Schist; NAb – North American basinal strata;
NAm – North American platformal strata; pNAm – parautochthonous
North American continental margin; SM – Slide Mountain; ST –
Stikinia; YT Yukon-Tanana; W – Windy; WR – Wrangellia.
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Figure 2.2.

(a) Simplified geology for portions of Stewart River and McQuesten
map areas showing the distribution of sample locations and the
approximate boundary of the Early to mid-Cretaceous Australia
Mountain metamorphic domain bounded by the Australia Creek,
Stewart River and Tintina faults. Modified from Gordey & Ryan,
2005; Ryan et al., 2010. (b) Map showing the distribution of rocks at
mid- to lower crustal levels in the Early to mid-Cretaceous in the BC,
Yukon and Alaskan Cordillera. Location abbreviations and
references: a – this study and Berman et al. (2007a); b – east-central
Alaska (Dusel-Bacon et al., 2002; Pavlis et al., 1993); c – Finlayson
region (Murphy, 2004); d – Shushwap complex (Parrish, 1995;
Crowley et al., 2000; Gibson et al., 2008); e – Prince Rupert area
(Wolf et al., 2010).

2.3. Geologic Background
2.3.1.

Northern Cordilleran Orogen
The Yukon-Tanana terrane, together with Stikinia, Quesnellia and the oceanic

Slide Mountain terrane, represent late Palaeozoic to Mesozoic arc and back-arc systems
that lay outboard of the previously thinned, western ancestral North American margin
(Colpron et al., 2007). The timing and nature of accretion of the above terranes have
been well documented in both the northern and the southern Canadian Cordillera (e.g.
Monger et al., 1982; Nelson et al., 2006; Colpron et al., 2007; Beranek & Mortensen,
2011). In the Mesozoic, the orogen grew as a consequence of protracted compression
and crustal thickening during arc-continent collisions (e.g., Berman et al., 2007a; Gibson
et al., 2008) as the North American craton moved westward, converging with its offshore
subduction zone (Monger & Price, 2002). In the southern Canadian Cordillera, a
significant body of geochronologic data from the metamorphic core of the orogen has
revealed that despite similarities in regional metamorphic grade and deformation
patterns, both were strongly diachronous, younging systematically with increasing
structural depth (Parrish, 1995). Rocks presently in the upper exposed structural levels
were buried, heated and exhumed in the Jurassic (Murphy et al., 1995; Colpron et al.,
1996; Gibson et al., 2005), while structurally deeper rocks were progressively buried and
heated from at least Cretaceous to earliest Eocene (Carr, 1991; Parrish, 1995; Gibson et
al., 1999, 2005; Crowley & Parrish, 1999; Crowley et al., 2000). The deepest structural
levels

within

the

core

of

the

orogen,
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which

includes

autochthonous

and

parautochthonous North American crust, were largely exhumed by extensional shear
zones in the early Eocene (Parrish et al., 1988; Brown et al., 2012), marking a shift to a
transtensional tectonic setting.
The deformational and metamorphic history of the Yukon-Tanana terrane within
the northern Cordillera differs from the southeastern Canadian Cordillera in that the main
phase of metamorphism (amphibolite facies) and deformation appears to have occurred
earlier, in the Late Permian to Early Triassic (Berman et al., 2007a; Beranek &
Mortensen, 2011). There was an ~8 kbar metamorphic overprint in the Early Jurassic
before much of the metamorphic core of the northern Cordilleran orogen was rapidly
exhumed in the Early to Middle Jurassic (Hansen et al., 1991; Stevens et al., 1993;
Johnston et al., 1996; Berman et al., 2007a).
In east-central Alaska, the allochthonous Yukon-Tanana terrane is structurally
underlain by a large area of metamorphic rocks interpreted by Dusel-Bacon et al. (1995,
2002) to be part of the parautochthonous western continental margin of ancestral North
America. In the pre-latest Triassic (>212 Ma), the uppermost structural levels of the
allochthonous Yukon-Tanana terrane were affected by northeast-directed shear at 8-12
kbar (Dusel-Bacon et al., 1995). By Early Jurassic (>188 Ma), both the lower structural
levels of the allochthonous Yukon-Tanana terrane and the underlying parautochthonous
rocks were deformed and metamorphosed at amphibolite facies conditions (7-12 kbar)
during northwest-directed contraction and imbrication (Dusel-Bacon et al., 1995). Early
Jurassic

40

Ar/39Ar cooling ages are interpreted by Hansen & Dusel-Bacon (1998), and

Dusel-Bacon et al. (2002) to date the time of cooling of the upper plate following the
aforementioned northwest-directed contraction that emplaced the allochthonous rocks of
Yukon-Tanana terrane onto the parautochthonous continental margin. The lower plate
was subsequently exhumed by southeast-directed crustal extension as recorded in c.
135-110 Ma

40

Ar/39Ar cooling ages in parautochtonous continental margin rocks (Pavlis

et al., 1993; Hansen & Dusel-Bacon, 1998; Dusel-Bacon et al., 2002). Exhumation of
ductiley deformed amphibolite facies rocks in the Early to mid-Cretaceous is also
recorded < 200 kilometres to the east of the Cretaceous domain of east-central Alaska,
in the Australia Mountain area of west-central Yukon. Although the timing of deformation
and metamorphism appears to be older in the northern Cordillera, this diachroneity of
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tectonism, which may be a function of structural level and position within the orogenic
wedge, suggests similarity with what is recorded in the southern Canadian Cordillera.

2.3.2.

Australia Mountain Area
The Yukon-Tanana terrane has been dissected and offset ~430 km by the Tintina

fault, an Eocene dextral strike-slip fault (Gabrielse et al., 2006). The study area is
located at Australia Mountain (Figs 2.1 & 2.2), immediately southwest of the Tintina fault,
and is underlain by highly deformed psammite, semi-pelite and quartzite with lesser
amounts of pelite, mafic volcanic and ultramafic rocks that have been metamorphosed to
amphibolite facies. These rocks are widely accepted to be part of Yukon-Tanana terrane
(eg. Mortensen, 1990; Gordey & Ryan, 2005; Ruks et al., 2006; Berman et al., 2007),
and we treat them as such here. However, as is elaborated in the discussion section, our
data allows that the rocks could equally represent parautochthonous North American
continental margin rocks that are structurally juxtaposed with Yukon-Tanana terrane
similar to what is described by Dusel-Bacon et al. (2002; 2006) in east-central Alaska.
West and south of the Australia Mountain area are polydeformed and transposed
amphibolite facies Palaeozoic rocks of the Yukon-Tanana terrane, which are intruded by
weakly to undeformed plutons of Triassic, Jurassic, Cretaceous and Eocene age
(Gordey & Ryan, 2005). These are overlain by Cretaceous and Paleocene volcanic and
sedimentary rocks, and rare Quaternary basalt (Gordey & Ryan, 2005).
The main episode of deformation to the west and south of Australia Mountain,
and generally considered representative for the Yukon-Tanana terrane in general,
produced a regional transposition foliation that is interpreted by Berman et al. (2007a)
and Beranek & Mortensen (2011) to be bracketed between c. 260 and 253 Ma. This
constraint is based upon the ages obtained from the strongly foliated Sulphur Creek
orthogneiss (c. 260 Ma), as well as the undeformed Jim Creek pluton (253 Ma), which
cuts across the transposition foliation in the Devono-Mississippian Nasina assemblage
(Beranek & Mortensen, 2011). A c. 239 Ma monazite included within garnet was
interpreted by Berman et al. (2007a) to constrain the latter stages of a Late Permian to
Middle Triassic tectono-metamorphic event that was initiated at low pressure and
culminated with the growth of garnet at approximately 9 kbar and 600 °C. A subsequent
episode of metamorphism is recorded in c. 195 – 187 Ma monazite inclusions within
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garnet and kyanite porphyroblasts, which are interpreted by Berman et al. (2007a) to
date an Early Jurassic metamorphic event with peak conditions of ~ 8 kbar and 600 °C.
Unlike the Permo-Triassic event, this Early Jurassic metamorphism was not
accompanied by significant fabric development, rather Berman et al. (2007a) suggest
the strain was partitioned heterogeneously into regional high-strain zones. West of
Australia Mountain, amphibolite facies rocks of the Snowcap assemblage and
structurally lower level Permian rocks at greenschist facies are interpreted by Mackenzie
& Craw (2012) to be thrust imbricated along localised ductile and brittle Jurassic shear
zones that were active at greenschist facies conditions.
The amphibolite facies rocks west and south of the Australia Mountain area yield
Early to Middle Jurassic K-Ar cooling ages (Hunt & Roddick, 1992), interpreted to record
widespread exhumation and cooling below ~ 300 °C. In contrast, strongly deformed,
amphibolite facies rocks at Australia Mountain are juxtaposed to the southeast against
essentially undeformed and unmetamorphosed rocks of the Mississippian Reid Lakes
volcano-plutonic complex (Colpron & Ryan, 2010). The preservation of Mississippian
40

Ar/39Ar cooling ages throughout the Reid Lakes complex (Knight et al., 2013) indicates

it was not significantly buried or heated during the Permian and Jurassic
tectonometamorphic events. This is also consistent with the lack of observed
deformation and metamorphism within the complex. The boundary between the Australia
Mountain domain and these adjacent distinct domains are inferred as normal faults,
herein named the Australia Creek and Stewart River faults (Fig. 2.2).
At Australia Mountain, the rocks are characterized by a strong, penetrative
foliation that is parallel to the axial planes of tight to isoclinal folds. Primary compositional
layering in metasedimentary rocks and a pre-existing foliation can be traced around the
closures of these tight to isoclinal folds indicating that the folds are at least F2 structures.
The presence of rootless intrafolial isoclinal folds suggests this foliation is likely a
composite transposition foliation in the sense of Williams (1983) and Tobisch & Paterson
(1988). Following Williams & Compagnoni (1983), we have notated this composite
transposition foliation as ST. ST has in turn been deformed by at least two later episodes
of folding, herein denoted FT+1 and FT+2. FT+1 folds are sub-horizontal to gently plunging,
steeply to moderately inclined, tight asymmetric chevron folds with more open parasitic
crenulations. The FT+1 folds lack an axial planar foliation, and show no signs of
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development of a crenulation cleavage. The latest phase of folding, FT+2, consists of subhorizontal, upright gentle to open folds. The metamorphic grade, style, orientation and
pattern of successive phases of deformation within this Cretaceous domain are strikingly
similar to those found in the surrounding Permo-Triassic and Jurassic metamorphic
domain (Ryan et al., 2003). Through the application of high-resolution in situ U-Pb
monazite dating, linked to the P-T history and deformation fabrics, we herein shed light
on the unique Early to mid-Cretaceous metamorphic, deformational and exhumation
history for this portion of the Yukon-Tanana terrane.

2.4. Petrological Methods
2.4.1.

Thermobarometry
Mineral compositions were quantitatively analyzed using a fully automated

CAMECA SX-50 instrument, operating in wavelength-dispersion mode with the following
operating conditions: excitation voltage, 15 kV; beam current, 20 nA (10 nA for micas);
peak count time, 20 s (40 s for F, Cl); background count-time, 10 s (20 s for F, Cl); spot
diameter, 5 m. Quantitative data were obtained for garnet, biotite, plagioclase and
muscovite (Table 2.1). Temperatures and pressures were calculated using the winTWQ
program (version 2.32; Berman, 2007), which uses internally consistent thermodynamic
data for end-members and mixing properties to calculate the average P-T values from
the intersections among the following independent set of equilibria (mineral
abbreviations after Kretz, 1983):
Alm + Phl = Pyp + Ann

(1)

Grs +2Ky +Qtz = 3An

(2)

3East + 2Grs + Pyp + 6Qtz = 3Phl + 6An

(3)

Alm + Grs + Ms = 3An + Ann

(4)

The winTWQ software incorporates solution solid solution models for garnet and
biotite (Berman, 2007), as well as for plagioclase (Fuhrman and Lindsley, 1988) and
muscovite (Chatterjee & Froese, 1975). For samples 1 and 2 with sodic-rich plagioclase,
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the aluminum-avoidance plagioclase model of Aranovich (1991) was used. This model
yields lower pressures that are generally more consistent with independent estimates
(Aranovich, 1991). Absolute errors of thermobarometric data are considered to be
approximately ± 50 °C and 1 kbar (Berman, 1991), with appreciably smaller errors
associated with relative differences between samples.
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Table 2.1.

Microprobe analyses used in P-T calculations.
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2.4.2.

Phase Diagram Calculations
Isochemical phase diagram sections were calculated in the system MnO-Na2O–

CaO–K2O–FeO–MgO–Al2O3–SiO2–H2O–TiO2-Fe2O3 with the program Domino (de
Capitani

&

Brown,

1987;

de

Capitani

&

Petrakakis,

2010;

http://titan.minpet.unibas.ch/minpet/theriak/theruser.html, version 01.08.09), and the
internally consistent thermodynamic dataset of Holland & Powell (1998); data set tcds55,
created November 22, 2003. Activity-composition models were used for the following
phases: muscovite, excluding the margarite component (Coggon & Holland, 2002),
feldspar (Holland & Powell, 2003), garnet and biotite (White et al., 2007), ilmenitehematite and magnetite-ulvospinel (White et al., 2000), chlorite, cordierite, chloritoid,
staurolite and epidote (Holland & Powell, 1998). All other phases were treated as pure.
Garnet, biotite, staurolite, chloritoid, chlorite and cordierite were extended to the Mnbearing system as outlined in Tinkham et al. (2001). A pure H2O fluid was considered in
excess in all calculations. Additionally, excess SiO2 was added for sample 1 calculations.
Silicate melt was not included in the calculations. Bulk rock compositions (Table 2.2)
were determined by whole rock XRF analysis from thin section offcuts. A nominal
amount of Fe2O3 (0.01 mol% Fe2O3) was added to the system to be consistent with the
garnet and biotite solution models of White et al. (2007), which incorporate Fe2O3. A
small amount of Fe2O3 is consistent with Ilmenite as the only Fe-bearing oxide,
suggesting these rocks are fairly reduced.
The effective bulk composition of a rock changes with P and T as material is
progressively fractionated within the cores of mineral grains with slow intracrystalline
diffusion rates (Stüwe, 1997). Evidence for such slow diffusivity, and a changing
effective bulk composition, is seen in the preservation of zoned minerals, in particular
garnet. Phase diagrams calculated from the bulk whole rock analysis are therefore only
strictly correct at the P-T conditions during the initial stage of garnet growth. Phase
diagrams and compositional isopleths calculated from the whole rock analysis were
therefore used to estimate the prograde P-T path during the early stages of garnet
growth. Isochemical phase diagrams more suitable for modelling peak and retrograde
metamorphic conditions were constructed from an effective bulk composition calculated
by subtracting the average composition of stage-1 garnet from the whole rock XRF
analysis. Whole rock analyses and calculated effective bulk compositions used in the
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construction of phase diagrams are listed in Tables 2.2 and 2.3, respectively. There is no
evidence to suggest that that the bulk composition was further modified by open system
behaviour. For instance, the absence of evidence for partial melt suggests the bulk
composition was not modified by melt loss. Furthermore, the mineralogical, chemical
and textural features suggest the rock was not affected by fluid alteration following
regional metamorphism.
Some discrepancy in P-T estimates can be expected to arise from the different
thermodynamic data utilized in the phase equilibria modeling and thermobarometric
calculations. Nonetheless, the winTWQ program was utilized because its calibration of
equilibrium (3), a useful barometer for the aluminosilicate- and muscovite-absent rocks,
is based on experimental data directly constraining eastonite properties (Berman et al.,
2007b).
Table 2.2.

Representative bulk-rock geochemical analyses (wt%).
Sample

1

2

3

SiO2

51.20

43.40

42.80

TiO2

0.90

1.30

1.06

Al2O3

21.40

30.50

23.00

FeO*

10.15

11.25

16.90

MgO

3.01

3.23

2.38

MnO

0.12

0.10

0.92

CaO

2.37

1.37

4.00

Na2O

5.72

2.44

2.20

K2O

1.54

1.92

2.89

LOI

0.40

1.97

0.40

Total

96.81

97.48

96.55
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Table 2.3.

Normalized effective bulk composition for the growth of stage-2
garnet (wt%).
Sample

1

2

3

SiO2

54.43

44.97

45.53

TiO2

1.00

1.38

1.21

Al2O3

22.34

31.72

24.31

FeO*

8.37

10.50

15.40

MgO

2.83

3.29

2.51

MnO

0.03

0.07

0.89

CaO

2.48

1.35

3.90

Na2O

6.36

2.59

2.51

K2O

1.71

2.04

3.29

LOI

0.44

2.09

0.46

Total

100.00

100.00

100.00

7

3.4

9

*Grt-1 mode

*Modal amount of Grt-1 subracted in the calculation of the effective bulk composition.
Note. Compositions in Table 2.3 represent the effective bulk composition during growth of stage-2 garnet
overgrowths (Grt-2) following the fractionation of components into the core of stage-1 garnet (Grt-1). The
effective bulk compositions were calculated by subtracting the average composition of stage-1 garnet (Grt1) from the whole rock XRF analysis, with the modal amount of Grt-1 estimated from image analysis of thin
sections.

2.5. Petrography and Mineral Chemistry
Four samples from Australia Mountain were selected for thermobarometric and
geochronologic analysis. Metamorphic mineral assemblages and coordinates of the
sample localities are provided in Table 2.4. The investigated samples are garnet-bearing
psammitic and pelitic schists characterized by garnet porphyroblasts that typically show
two distinct domains: a resorbed, inclusion-rich darker colored core (Grt-1) and a lighter,
inclusion-poor, euhedral overgrowth (Grt-2) (Fig. 2.3a,c-e). A penetrative foliation (ST) is
generally defined within psammitic schists by quartz ribbons, elongated plagioclase, and
micaceous-rich layers. In some pelitic schists, staurolite and kyanite porphyroblasts are
consistently aligned parallel to ST, and exhibit kinked, bent and sweeping extinction
indicative of syn-kinematic growth with respect to ST (Fig. 2.3b,f). However, in other
semipelitic schists staurolite and kyanite have a weak preferred orientation and may, or
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may not, contain intracrystalline evidence for deformation. Many other staurolite and
kyanite grains in this same rock are randomly oriented with homogenous extinction,
showing no evidence of strain. Staurolite and kyanite growth in the Australia Mountain
area is therefore interpreted as syn- to post-kinematic with respect to ST.
Grt-1 occasionally contain a sigmoidal inclusion-trail (Si) that in rare samples is
continuous with the external transposition foliation (ST) (Fig. 2.3a), suggestive of early
growth under conditions of non-coaxial shearing. By contrast, Grt-2 has fewer primary
inclusions, is typically subhedral to euhedral, and has well-developed crystal faces
modified by late-stage resorption (Fig. 2.3c,d). Partial breakdown of Grt-2 rims to
randomly oriented mats of biotite masks the relationship of the foliation to Grt-2. Where
Grt-2 has not been resorbed it is characterized by straight, euhedral crystal faces that
appear to truncate ST (Fig. 2.3c,d), indicative of post-kinematic growth.
The boundary between Grt-1 and -2 is consistently marked by a large chemical
discontinuity in all samples (Fig. 2.4). Grt-1 generally has low Fe/(Fe+Mg) and grossular
contents that both decrease rimward in some samples. The inner portion of Grt-2
generally has markedly higher grossular, and lower almandine and pyrope than Grt-1.
Fe/(Fe+Mg) and spessartine decrease toward the outer rim, characteristic of prograde
growth zoning (Tracy et al., 1976; Spear et al., 1990; Florence & Spear, 1993). A slight
kick-up in spessartine and Fe/(Fe+Mg) at the outer 100 µm of Grt-2 adjacent to both
plagioclase and biotite is attributed to retrograde garnet resorption (Kohn & Spear,
2000). Biotite grains immediately adjacent to garnet have the highest Fe/(Fe+Mg)
values. Otherwise, biotite grains > 300 µm from garnet are 0.05 to 0.07 lower in
Fe/(Fe+Mg) and have very little compositional variation (< 0.02). Matrix plagioclase has
a variable composition, with the lowest anorthite contents (XAn= 0.17-0.20) consistently
within the cores of matrix grains of all samples, and the highest anorthite content (XAn =
0.25-0.34) within the rims of matrix grains immediately adjacent to strongly resorbed
portions of garnet (XAn = 0.30).
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Table 2.4.

Summary of thermobarometric and geochronologic data.
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Figure 2.3.

Photomicrographs of samples 1, 2 and 4. (a) Garnet porphyroblast
of sample 1 consisting of: (i) a syn-kinematic garnet core (Grt-1),
which hosts a sigmoidal inclusion trail (Si) that is continuous with
the external transposition foliation (ST), and (ii) an inclusion-poor
overgrowth (Grt-2) on the top and bottom of the porphyroblast. (b)
Sample 4 hand sample with elongate syn-kinematic staurolite (St)
and kyanite (Ky) porphyroblasts consistently aligned parallel to the
transposition foliation (ST). (c) Garnet porphyroblast from sample 1
consisting of an inclusion-rich core (Grt-1) surrounded by an
annulus of euhedral staurolite and plagioclase, and an inclusionpoor garnet atoll (Grt-2). Both the garnet core and atoll from sample
1 are resorbed and replaced by staurolite and plagioclase. The
microprobe traverse displayed in figure 2.4a is shown in blue. (d)
Garnet core and atoll of sample 1 replaced by euhedral staurolite
and plagioclase. Skeletal matrix staurolite aligned parallel to the
transposition foliation (ST) is deflected around the garnet
porphyroblasts, and is interpreted as an earlier generation than that
which replaced garnet. (e) Garnet porphyroblast from sample 2,
which consists of an inclusion-rich garnet core (Grt-1), and, with the
exception of ilmenite (black inclusion), a relatively inclusion-poor
overgrowth (Grt-2). The blue line across garnet shows the location
of the microprobe traverse displayed in Figure 2.4b. (f) Synkinematic porphyroblasts of staurolite and kyanite aligned parallel
to ST in sample 4. Fibrolitic sillimanite (Sil) occurs as small radiating
fibers. Note: All mineral abbreviations used in figures are after Kretz
(1983).
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Figure 2.4.

2.5.1.

Compositional profiles across garnet porphyroblasts. (a) Sample 1.
Abbreviations for Grt-2: ir – inner rim; c – core; or – outer rim. Note
the sharp compositional gradient between vertical dashed lines. (b)
Sample 2. (c) Sample 3. Grey shading shows the boundaries of
garnet 1 and garnet 2.

Sample 1
Sample 1 is an Ilm-St-Grt-Bt-Pl-Qtz-bearing psammitic schist. It shares the

textural and chemical features described above, but shows additional complexities and a
unique textural relationship with monazite that warrant more detailed description.
Portions of Grt-1, the outer portion of Grt-2, as well as the interface between them have
been partially replaced by plagioclase, fine-grained euhedral staurolite and Y-rich
monazite (Fig. 2.3c,d), forming an island (Grt-1) and atoll (Grt-2) structure. Staurolite and
monazite do not occur as inclusions in either Grt-1 or Grt-2. In addition to the garnet
chemical zoning described above, it is noteworthy that garnet has the same composition
at its interface with the replacement products, St-Pl-Mnz, at the Grt-1 rim, Grt-2 inner
rim, and Grt-2 outer rim (Fig. 2.4). Skeletal staurolite also occurs within the matrix of
sample 1 where it is aligned parallel to the relict foliation and is deflected around garnet
(Fig. 2.3d). The pre- to syn-kinematic nature of this matrix staurolite, together with its
resorbed/skeletal texture, suggests it is an earlier generation than the euhedral,
retrograde staurolite that occurs within resorbed portions of garnet.

2.5.2.

Sample 2
Sample 2 is a weakly foliated Ilm-Ky-St-Crd-Grt-Bt-Qtz-Pl-bearing semipelitic

schist. Staurolite and kyanite have both a weak preferred orientation with undulatory
extinction and are also randomly oriented with homogenous extinction. Staurolite, and
less commonly kyanite, is rimmed by cordierite that contains numerous inclusions of
fine-grained biotite. Garnet porphyroblasts are less than 8.0 mm in diameter and
commonly have an atoll texture characterized by a subhedral garnet atoll (Grt-2)
surrounding an interior of quartz, biotite, and plagioclase. Other garnet porphyroblasts
are present which show no chemical indication of a multi-stage growth history. These
porphyroblasts are interpreted as stage-2 garnet from their similarity in texture,
composition and zoning pattern to stage-2 overgrowths.
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2.5.3.

Sample 3
Sample 3 is a garnet-rich Ilm-Ms-Bt-Grt-Pl-Qtz-bearing psammitic schist. A

penetrative schistose foliation is defined at outcrop and hand sample scale by elongate
feldspar grains, and aligned biotite and muscovite that are deflected around garnet
porphyroblasts. At thin-section scale, micas are randomly oriented, possibly due to a late
episode of static recrystallization that masks the foliation and its timing of development
relative to garnet growth. However, the presence of quartz and plagioclase pressure
shadows aligned parallel to the foliation on opposite sides of euhedral garnet
porphyroblasts indicates that the latter stages of garnet growth were synchronous with
deformation. Muscovite, which is present only in sample 3, has a slight phengitic content
(Si pfu = 3.1 – 3.2), generally non-detectable Ca, and Na/(Na + K + Ca) values of 0.08 –
0.10.

2.5.4.

Sample 4
Sample 4 is a Rt-Sil-Grt-Crd-St-Ky-Bt-Pl-Qtz-bearing metapelite. Garnet occurs

as rare, small (< 1 mm), heavily resorbed grains both in the matrix and as inclusions
within kyanite. Garnet that occurs both in the matrix and included in kyanite is partly
replaced by biotite and plagioclase. Staurolite and kyanite contain kinked and sweeping
extinction and are consistently aligned parallel to ST, indicative of syn-kinematic growth
with respect to ST (Fig. 2.3b,f). Trains of elongated rutile grains are aligned parallel to,
and help define, the ST foliation. Cordierite appears texturally late, forming replacement
rims around staurolite, and to a lesser extent around kyanite, and occurs throughout the
matrix with numerous inclusions of biotite. A small amount of fibrolitic sillimanite is
present in small patches of radiating fibers (Fig. 2.3f).

2.6. Paragenetic Interpretation of Textural and Chemical
Relations in Garnet
Sample 3 is the only sample which records pronounced chemical zoning of the
inclusion-rich garnet core, with rimward decreasing XSps, XGrs and Fe/(Fe+Mg), and
increasing XAlm and XPyp characteristic of prograde growth zoning produced along a
clockwise P-T path (Tracy et al., 1976; Spear et al., 1990; Florence & Spear, 1993).
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However, the sharp compositional gradient/discontinuity between Grt-1 and Grt-2 (Fig.
2.4), with the latter characterized by an increase in Fe/(Fe+Mg) and a decrease in XPyp,
does not conform to a P-T path of increasing temperature required for garnet growth
(Figs 2.5 & 2.6). Rather, the sharp compositional gradient between Grt-1 and -2 is
interpreted as a zone of incomplete diffusional re-equilibration that developed following
growth of the chemically distinct garnet overgrowth (Grt-2). The arrangement of XGrs
isopleths for sample 2 (Fig. 2.5) suggests growth of the grossular-rich Grt-2 initiated at
significantly higher pressure and/or lower temperature than Grt-1.
Within the core of Grt-2, the decreasing Fe/(Fe+Mg), XSps and XGrs values away
from the zone of diffusional re-equilibration toward the rim is interpreted as a growth
zoning pattern similar to Grt-1, but one that developed during a subsequent
metamorphic event. Enrichment of spessartine and Fe/(Fe+Mg) at the extreme Grt-2 rim,
and Fe-enriched biotite immediately adjacent to resorbed portions of garnet, are features
characteristic of retrograde diffusional re-equilibration during resorption of garnet (Kohn
& Spear, 2000). Within sample 1, the replacement of Grt-1 and the outer portion of Grt-2,
as well as the interface (annulus) between them, by the same assemblage (St-Plg-Mnz)
suggests garnet was resorbed both from the inside and outside following growth of both
Grt-1 and Grt-2. This is supported by the similarity in the composition of the complexly
zoned garnet at its interface with the replacement products in the core, annulus, and
outer atoll locations—a composition attributed above to garnet resorption during
retrogression. The slightly higher Fe/(Fe+Mg) and grossular contents within the core of
Grt-1 from sample 1 suggest incomplete diffusional re-equilibration across Grt-1 during
retrogression.
More calcic plagioclase occurs adjacent to resorbed portions of garnet in all
samples and at the rims of matrix grains, and thus, may likewise reflect the precipitation
of new plagioclase upon garnet resorption during decompression (e.g., Spear et al.,
1990). The alternative that this more calcic plagioclase is due to the progressive
consumption of a Ca-bearing phase such as epidote is considered less likely as this
mineral is not preserved as inclusions in garnet. The less calcic cores of matrix
plagioclase and those at a distance from garnet likely record equilibrium compositions
along the prograde path or an earlier metamorphic event. Thus, the most reliable P-T
conditions derive from the composition of minerals associated with the calcic
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plagioclase. Conventional barometric calculations will therefore yield a minimum
estimate of near-peak P-T conditions.

Figure 2.5.

Isochemical phase diagram and molar isopleth sections calculated
from the normalized effective bulk rock composition (Table 2.3) of
sample 1 in the chemical system MnNCKFMASHTO. H2O and quartz
calculated as in excess. Dashed lines display stage-2 garnet multiequilibria thermobarometric estimates, with the stage-2 peak
metamorphic estimate labeled M2, and each equilibria numbered as
referenced in text. Our preferred stage-2 P-T path interpretation is
shown by a dashed arrow (see text for discussion). The molar
abundances of the main phases, shown in Figure 2.7, are calculated
along the path from points A to B.
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Figure 2.6.

Isochemical phase diagram and molar isopleth sections calculated
from the normalized effective bulk rock composition (Table 2.3) of
sample 2 in the chemical system MnNCKFMASHTO. H2O calculated
as in excess. P-T conditions of the incipient stages of stage-1 garnet
growth (M1) are estimated from the intersection of XAlm (dashed),
XPyr (dotted), and XGrs (dotted/dashed) isopleths corresponding to
the Grt-1 core composition of sample 2. Dashed lines display stage2 garnet multi-equilibria thermobarometric estimates, with the stage2 peak metamorphic estimate labeled M2, and each equilibria
numbered as referenced in text. The interpreted stage-2 P-T path is
shown by a dashed arrow.
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2.7. P-T-d History
2.7.1.

Stage-1 P-T-d History
The earliest phase of deformation and metamorphism is recorded in the syn-

kinematic, inclusion-rich core (Grt-1) of a two-stage garnet. A sigmoidal inclusion trail
within the garnet core indicates non-coaxial shear, synchronous with the development of
the dominant penetrative foliation (ST). Due to the lack of suitable inclusions within the
Grt-1core, the preserved growth zoning within samples 2 and 3 is the only indicator of
the P-T evolution during the first stage of garnet growth. We used garnet isopleth
thermobarometry (e.g. Vance & Mahar, 1998) to estimate the P-T conditions of this
earliest garnet growth event. Isopleths of spessartine, almandine and pyrope
corresponding to the Grt-1 core composition in sample 2 intersect tightly at
approximately 600°C and 8 kbar (Fig. 2.6). Compositional isopleths corresponding to the
center of Grt-1 in sample 3 do not intersect at a point, but define a narrow field from 565
to 585 °C and from 7.8 to 8.5 kbar. The near vertical slope of XPyp isopleths implies Grt-1
of samples 2 and 3 grew along a P-T path of increasing T. The outward decreasing
grossular content within Grt-1 indicates these rocks followed a prograde P-T trajectory
along a more shallow slope than XGrs isopleths. Due to the absence of monazite
inclusions within the garnet core, there is presently no upper age constraint on the timing
of this metamorphic and deformational event. Grt-1 growth may be as old as Late
Permian, similar to the metamorphic domain to the west, but we cannot rule out that it
may be as young as Late Jurassic in age.

2.7.2.

Stage-2 P-T-d History
Growth of euhedral to subhedral inclusion-poor garnet (Grt-2) during a discrete,

later metamorphic event is supported by the following: (i) a large chemical gradient/
discontinuity at the boundary between the inclusion-rich core (Grt-1) and inclusion-poor
overgrowth (Grt-2), and (ii) an increase in Fe/(Fe+Mg) and XGrs, and a decrease in XAlm
and XPyp values from Grt-1 to Grt-2, which does not conform to a prograde path involving
garnet growth (Fig. 2.6).
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Multi-equilibria thermobarometric estimates are presented in Figs 2.5 & 2.6 and
Table 2.4. In order to minimize the effects of retrograde diffusion, near thermal peak
thermobarometric estimates of stage-2 garnet growth were calculated from minimum
Fe/(Fe+Mg) values just inboard of the Mn- and Fe-enriched outer rim, together with the
rims of plagioclase and the least Fe-enriched biotite. Thermobarometric estimates of
stage-2 garnet growth for samples 1-3 range between 650 – 680 °C and 8 – 10 kbar.
Garnet and plagioclase in samples 1 and 2 have low grossular and anorthite contents,
which reduces the reliability of the geobarometric estimates (Ashworth & Evirgen, 1985;
Todd, 1998). Part of the inaccuracy associated with low-anorthite contents may have
been addressed here by using the plagioclase model of Aranovich (1991), which
Aranovich found yields lower pressures for sodic plagioclase that are more consistent
with independent estimates. Despite a potential inaccuracy associated with low
grossular contents for Grt-2 of samples 1 and 2, the barometric estimates are consistent
with the more reliable results of the more calcic mineral compositions in sample 3.
Florence & Spear (1993) noted that diffusional modification of a sharp compositional
gradient within garnet due to an intermittent period of garnet dissolution during staurolite
growth along the prograde path will shift Fe/(Fe+Mg) at the garnet rim to a higher value,
yielding a calculated temperature lower than the true thermal peak. Therefore, the
slightly higher peak P-T estimates of 680°C and 9 – 10 kbar from sample 3, in which
staurolite is absent, may be a closer estimate to near-peak stage-2 P-T conditions.
Conventional multi-equilibria thermobarometric estimates of peak stage-2 garnet
growth are consistent with the presence of kyanite in sample 2. However, the P-T
estimates of sample 2 lie on the upper thermal stability limit of staurolite (Fig. 2.6), yet
well within overall uncertainties of thermobarometric and phase diagram calculations.
Nevertheless,

garnet-biotite

thermometric

estimates

may

overestimate

peak

temperatures if biotite was enriched in Fe during garnet resorption. Arguing against this
caveat is the abrupt decrease of Fe/(Fe+Mg) in biotite > 300 μm from garnet (see
above), with little Fe/(Fe+Mg) variation beyond this distance, suggesting that Feenrichment of biotite during garnet resorption was fairly restricted. Therefore,
temperatures calculated from biotite with the lowest Fe/(Fe+Mg) composition are
expected to yield a close approximation to peak temperatures. Alternatively, a small
apparent discrepancy between thermobarometric estimates and equilibrium assemblage
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modeling may reflect the metastable persistence of staurolite above its upper thermal
stability limit (e.g., Waters & Lovegrove, 2002; Pattison & Tinkham, 2009; Pattison et al.,
2011). The syn- to post-kinematic staurolite and kyanite in samples 2 and 4 is
interpreted to have grown and equilibrated with Grt-2. This is based on the agreement
between Grt-2 thermobarometry and the predicted stability fields of staurolite and
kyanite, as well as the partially post-kinematic nature of staurolite, kyanite and Grt-2.
By contrast, the origin of prograde, matrix staurolite in sample 1 differs from the
stage-2 paragenesis and its possible metastable existence in sample 2. Contrary to the
near ubiquitous static recrystallization textures associated with stage-2 metamorphism,
matrix staurolite of sample 1 has an anhedral and skeletal nature, and is aligned parallel
to the foliation and is deflected around garnet (Fig. 2.3d), indicative of syn-kinematic
growth. Though it remains unknown as to which garnet generation this staurolite is
deflected around, the syn-kinematic stage-1 garnet core within other samples seems to
be a more likely candidate. Based on these textures, it is interpreted that matrix
staurolite within sample 1 is from an earlier metamorphic event, likely related to stage-1
garnet.

2.7.3.

Stage-2 Retrograde P-T History
The P-T path is constrained for sample 1 by the production of staurolite from

garnet and from the Ca-rich composition (XGrs = 0.25) of the Grt-2 core. Although it is
possible to produce staurolite with isobaric heating up to the peak temperature (M2, Fig.
2.5), this path is interpreted as unlikely since garnet resorption is negligible even near
the metamorphic peak (Fig. 2.5). Preference is given to a clockwise, looping PT path in
which staurolite growth and garnet resorption accompany the onset of decompression
after peak P-T conditions. The retrograde segment of the path is constrained to be
consistent with the absence of retrograde sillimanite in samples 1 (appearing above
620°C and 5.4 kbar) and 2, yet consistent with the presence of cordierite rims around
staurolite in samples 2 and 4, and retrograde sillimanite in sample 4. These observations
require decompression below 5 kbar prior to cooling below 600 °C (Fig. 2.6).
To highlight the consistency between observed mineral modes and reaction
textures with that predicted for this steep to near isothermal decompression path within
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the model system, molar mineral abundances were calculated for sample 1 (Fig. 2.7)
and plotted based on the retrograde P-T path between points A and B in Figure 2.5. At 9
kbar and at near- peak conditions of metamorphism (point A in Fig. 2.5) muscovite and
garnet are stable along with biotite and plagioclase. Early in the retrograde history, at 8.8
kbar, staurolite growth is predicted, together with plagioclase and biotite, at the expense
of muscovite and garnet (Fig. 2.7). Upon decompressing through 8.6 kbar, muscovite is
entirely consumed, consistent with its absence in the observed mineral assemblage, and
below which staurolite remains stable. This modelling is consistent with the observed
assemblage of staurolite, plagioclase and Y-rich monazite within resorbed portions of
both stage-1 and -2 garnet of sample 1, and retrograde biotite recorded texturally as
randomly oriented matrix grains and within the cores of atoll garnet. The presence of
monazite within the resorbed garnet, and its otherwise complete absence as an included
phase within both stage-1 and -2 garnet suggests that this monazite was an accessory
product of these garnet and muscovite-consuming reactions. As discussed below, the
consistently younger ages and distinctly high Y-content of monazite intimately
associated with euhedral, inclusion-free staurolite within resorbed portions of both stage1 and -2 garnet of sample 1, corroborates the interpretation that these staurolite grains
grew at the expense of garnet following growth of the stage-2 garnet rims.

Figure 2.7.

Diagram showing the evolution of the molar abundance in sample 1
of the main phases as calculated along the P-T path from point A to
B in Figure 2.5.
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2.8. Monazite Geochronology
2.8.1.

Geochronologic Methods
Prior to U-Th-Pb analysis, the locations of all monazite grains in thin section were

identified using an automated scanning routine on a Zeiss EVO 50 series scanning
electron microscope (SEM) at the Geological Survey of Canada in Ottawa, operating at
20 kV accelerating voltage and 500 pA beam current. Back Scattered Electron (BSE)
images of the in situ monazite grains were also obtained to provide insight into their
petrological context and internal zoning, identify cracks and mineral inclusions, and to
guide analytical spot placement. In order to better characterize chemical zonation and
potential age domains within individual monazite grains, chemical X-ray maps of Y, U,
Th and Ca in strategically selected monazite grains were produced using a Cameca
SX50 electron microprobe at the University of Massachusetts operating at a high current
(240-260 nA), with small step sizes (0.25-0.62 µm), and rastering of the electron beam.
For each the Y maps, the approximate Y concentration in parts per million (ppm) for
each pixel was calculated using the AgeMap program (Williams et al., 1999; modified by
Goncalves et al., 2005) in order to estimate the approximate Y concentration for each
SHRIMP spot (Table 2.5).
In situ U-Th-Pb analyses using the SHRIMP II at the Geological Survey of
Canada in Ottawa were performed on monazite cored from polished thin sections and
mounted in epoxy together with pre-polished monazite standards according to the
methods of Rayner & Stern (2002). Targeted areas of monazite were analyzed using a
mass-filtered O2- primary beam focused with a Kohler aperture to a spot measuring 9 x
12 µm. The methods employed follow the SHRIMP analytical protocols described in
detail by Stern (1997), Stern & Sanborn (1998) and Stern & Berman (2000). TeraWasserburg and Concordia plots, data regression and weighted mean calculations were
made using the program ISOPLOT 3.7 (Ludwig, 2008). Errors assigned to SHRIMP U–
Th–Pb ages were determined using numerical propagation of all known sources of error
as outlined by Stern (1997), Stern & Sanborn (1998), and Stern & Berman (2000).
Uncertainties for individual analyses (ratios and ages) shown in Tables 2.5 and 2.6, and
error ellipses shown in Fig. 2.8, are presented at the 1σ level, whereas weighted mean
ages and 2σ uncertainties are provided in the text, Table 2.4 and Fig. 2.8.
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Table 2.5.

SHRIMP U-Th-Pb analytical data for monazite corrected using the
207
Pb-method.
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Table 2.6.

SHRIMP U-Th-Pb analytical data for monazite corrected using the
204
Pb-method.
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2.8.2.

Geochronologic Results
A plot of the monazite SHRIMP data for sample 4 on a conventional (Wetherill)

U-Pb concordia diagram reveals a reverse discordance exhibited by some monazite
analyses (Fig. 2.8d). Excess 206Pb due to incorporation of 230Th into monazite at the time
of crystallization will lead to an overestimation of
discordance paralleling the

206

Pb/238U ages and reverse

206

Pb/238U axis on conventional U-Pb concordia diagrams

(Schärer, 1984). Our data show a subtle trend of increasing reverse discordance with
increasing 208Pb/206Pb (the radiogenic proxy of Th/U), which indicates that to some minor
degree the reverse discordance may be the result of excess
disequilibrium. Unfortunately the

208

206

Pb due to

230

Th

Pb/232Th chronometer, which is ideal for monazite
206

Pb),

since it is not known to be affected by isotopic disequilibrium (i.e., unsupported

cannot be used in this study because one of the three monazite standards routinely
yielded a high Th-Pb age possibly due to an indeterminate matrix effect. This creates an
unquantifiable uncertainty in the Th-Pb ages for the monazite. However, this problem
seems to have affected only 1/3 of the standards, so it is likely some, or possibly all, of
the monazite unknowns were similarly unaffected. Consequently, given that the
206

Pb/238U ages are consistently younger than 208Pb/232Th ages (Table 2.6) would suggest

these grains do not contain significant excess
excess

206

Pb. Additionally, when applying the

206

Pb correction of Schärer (1984) it at most produces an excess in age of 1.2 –

1.9 Ma, which is no greater than analytical error, even for monazite that grew from a
metamorphic fluid with extremely low Th/U (0.3 - 0.7) and had a large amount of Th
fractionation. Thus, despite any minor excess of

206

Pb, we are confident the

206

Pb/238U

ages will provide reasonably accurate constraints within the resolution required for this
study to differentiate the metamorphic and deformation events.
We can infer a further reduction in the significance of the contribution of excess
206

Pb to reverse discordance based on analyses from sample 4. These analyses do not

plot in a vertical trend above concordia, as would be expected if the reverse discordance
was due to excess
the

206

Pb. Rather, the analyses trend to the left of concordia parallel to

207

Pb/235U axis (Fig. 2.8d). This trend is interpreted to be largely the result of an

overcorrected 207Pb/235U ratio using the

204

Pb method. The errors arising from low

204

Pb

counts, background interference and a 204 isobar, can overcorrect for common Pb,
which most adversely affects young samples with relatively low concentrations of 207Pb.
49

50

Figure 2.8.

U-Pb isotopic plots for samples 1, 2 and 4. (a-c) Tera–Wasserburg
plots for samples 1, 2 and 4 showing isotopic data uncorrected for
common Pb. Regression is fitted through a Late Cretaceous
common Pb isotopic composition (Stacey & Kramers, 1975). Dashed
ellipse excluded from the regression (see text for discussion). Error
ellipses represent 1σ level of uncertainty. Inset shows distribution of
(207Pb-corrected) 206Pb/238U ages, with error bars at 1σ. Bold
horizontal line is reference mean age. (d) Concordia plot for
monazite from sample 4. Note the horizontal trend parallel to the
207Pb/235U axis in the discordant data.

For the sake of thoroughness, the analyses were corrected for common Pb
based on the

207

Pb (Table 2.5) and

204

Pb (Table 2.6) methods following the procedure of

Stern & Berman (2000) and Ireland & Gibson (1998). The two correction methods yield
ages indistinguishable within error. However, all things considered, the

206

Pb/238U

chronometer corrected using the 207Pb method is thought to provide the most meaningful
ages for this study; accordingly, all ages quoted and displayed on Tera-Wasserburg
concordia diagrams (Fig. 2.8a-c) are based on the 206Pb/238U chronometer.

Sample 1
Analyses of monazite within sample 1 were obtained on a single matrix grain, as
well as two monazite crystals that occur together with plagioclase and euhedral
staurolite within replacement textures inside garnet (Fig. 2.9a,b). Elongated matrix
monazite are consistently aligned parallel to ST. The matrix grain, monazite 131 (Fig.
2.9c), is acicular, measuring < 35 µm in shortest dimension and up to 165 µm in the
longest dimension, and is approximately parallel to the foliation (ST). Monazite 131 has a
broad, uniform low Y (<700 ppm) core surrounded by a thin (<5 µm) Y-depleted zone,
and a thin (<5 µm) Y-rich rim. A single spot analysis of the low-Y core of this matrix
monazite yields an age of 120.4 ± 1.4 Ma. Grain 102 (Fig. 2.9a) is a subhedral, 20 x 45
µm grain that occurs with plagioclase and euhedral staurolite within a resorption ring
between Grt-1 and -2. Grain 102 has a uniform, moderate-Y (700-1500 ppm) core and
high-Y (2000-3400 ppm) rim, with a sharp boundary between the two zones. Spot
analyses of the moderate-Y core and high-Y rim yield ages of 115.0 ± 1.8 Ma and 109.9
± 1.4 Ma, respectively. Grain 9 (Fig. 2.9b) is a subhedral, 30 x 50 µm grain that occurs
together with plagioclase and euhedral staurolite within a resorbed hole inside Grt-1.
Monazite 9 has a fairly uniform moderate-Y concentration (1000-2000 ppm), and a very
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thin (<5 µm) high-Y (3500-4000 ppm) rim. A single analysis from the center of grain 9
yields a 206Pb/238U age of 113.1 ± 1.4 Ma.

Sample 2
Analyses of monazite within sample 2 were obtained on three inclusions within
two different staurolite porphyroblasts (Fig. 2.9d,e), and a single matrix grain. Two of the
monazite inclusions within staurolite are anhedral to subhedral grains that are ~30 x 100
µm.

The third inclusion within staurolite is very elongated, ~160 µm in the longest

dimension oriented roughly parallel to a weakly defined and statically overprinted
external foliation (ST). Only one of the three inclusions within staurolite is intersected by
a very fine micro-crack (Fig. 2.9e). X-ray mapping revealed three distinct compositional
domains within monazite included in staurolite and in the matrix: (i) moderate-Y, high-Th
core; (ii) an intermediate low-Y, low-Th zone; and (iii) high-Y, moderate-Th rim. Despite
the different textural positions and discrete chemical domains, both the core and outer
high-Y rim yield a restricted range of ages between 119.7 ± 1.3 Ma and 114.7 ± 1.4 Ma
(see Table 2.5) that are interpreted to form a single population with a weighted mean
age of 117.8 ± 1.7 (MSWD = 1.8) (Fig. 2.8b).

Sample 4
Analyses of monazite from sample 4 were obtained on one inclusion in kyanite,
two inclusions in cordierite and two matrix grains. Monazite inclusions within cordierite
and syn-kinematic kyanite are elongate, euhedral to subhedral grains, > 30 µm in the
shortest dimension and up to 200 µm in the longest dimension. Elongate monazite
inclusions within kyanite and cordierite, as well as matrix grains, are aligned parallel to
ST, which is defined by the rutile trains and aligned kyanite and staurolite (Fig. 2.9f). All
monazite grains, regardless of textural location, show similar concentrations and
compositional zoning patterns characterized by a Y-rich (12000-18000 ppm) core
surrounded by a uniform zone relatively depleted in Y (6000-10000 ppm) (Fig. 2.9g-j).
This Y zoning is mimicked by Th. In spite of the observed textural and chemical
differences described here, all eleven analyses of these five monazite grains form a
single population with a weighted mean

206

Pb/238U age of 117.1 ± 1.2 Ma (MSWD = 1.4)

(Fig. 2.8c).
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Figure 2.9.

SEM backscattered images of monazite and the surrounding area in
samples 1, 2 and 4. Ellipses on inset Yttrium (Y) X-ray maps of
monazite show the location of SHRIMP analysis spots. Lighter
shades of grey on Y maps indicate relatively higher concentration.
(a) M102 and (b) M9, both associated with staurolite and plagioclase
within heavily resorbed garnet porphyroblasts in sample 1. (c)
Elongate matrix monazite M131 aligned near parallel to the
transposition foliation (ST). (d) M156 and M157, and (e) M55, within
staurolite from sample 2. (f) Elongate monazite, M246, aligned
parallel to the relict transposition foliation (ST) in sample 4, which is
defined by rutile trains within the matrix, and as inclusion trains
within porphyroblasts of kyanite, staurolite and cordierite. (g-j) Y
maps of monazite grains from sample 4.

Contrary to samples 1 and 2, there is no high-Y rim observed on monazites from
sample 4. This is interpreted to be due to the relatively small amount of garnet observed
in sample 4. In this garnet poor sample there would not be a significant amount of Y tied
up in garnet, nor excess Y released upon garnet breakdown.

2.8.3.

Interpretation of Geochronologic Data – Constraining a
Cretaceous P-T path
It is unlikely that the monazite ages have been reset by diffusive Pb loss. Based

on experimentally determined diffusion parameters, Cherniak et al. (2004) and Gardés et
al. (2006) have determined that monazite would have to be exposed to temperatures
greater than 800 °C for a geologically unrealistic length of time for there to be any
appreciable Pb loss, and predict closure temperatures comparable to zircon (i.e. 900
°C). These conclusions are consistent with numerous observations of sharp boundaries
between domains of contrasting Pb concentrations, and the preservation of significantly
older ages through younger granulite facies metamorphic events (e.g. DeWolf et al.,
1993; Spear & Parrish, 1996; Braun et al., 1998; Cocherie et al., 1998; Crowley & Ghent,
1999; Zhu & O’Nions, 1999). Given the peak temperature estimates for these samples (~
650-680 °C), we interpret that these grains have not been reset due to Pb loss by
thermally-activated volume diffusion.
More plausibly, several studies (Seydoux-Guillaume et al., 2002; Harlov &
Hetherington, 2010; Hetherington et al., 2010; Harlov et al., 2011; Williams et al., 2011)
have shown that monazite ages may be reset by fluid-assisted coupled dissolution54

reprecipitation, which may operate at temperatures well below the closure temperature
of monazite. Unlike the matrix grains, monazite inclusions in staurolite are shielded from
an intergranular fluid, and should therefore retain their primary metamorphic age.
However, if monazite inclusions in staurolite are intersected by a microcrack within the
third dimension, this could provide a pathway for fluid assisted dissolution,
reprecipitation and Pb loss. Williams et al. (2011) examined the resetting of monazite
ages during fluid-related coupled dissolution-reprecipitation, and observed that altered
rims yield a scattering of reset ages, whereas the age of unaltered monazite cores were
largely unaffected. Contrary to the results of Williams et al. (2011), the ages obtained
from distinct core-rim compositional domains of monazite inclusions in staurolite from
this study (Fig. 2.9e) agree within error (Table 2.5), leaving no indication that these
grains have been affected by fluid-assisted coupled dissolution-reprecipitation. Ages
from these grains are therefore interpreted as primary metamorphic ages. Furthermore,
because monazite both in the matrix and included in staurolite yield a single age
population, we interpret matrix monazite to also preserve their primary metamorphic age.

Timing of Stage-2 Metamorphism and Deformation
Nineteen

206

Pb/238U analyses from all 11 monazite grains (excluding the Y-rich

monazite within resorbed Grt-2 of sample 1) yield a single age population at 117.5 ± 0.9
Ma (MSWD = 1.7). The incorporation of c. 118 Ma monazite within syn- to postkinematic, stage-2 porphyroblasts of staurolite and kyanite indicates this population of
monazite grew prior to, or synchronous with, these near-peak stage-2 porphyroblasts.
As discussed below, slightly younger ages (c. 112 Ma) from distinct, Y-rich monazite
within resorbed portions of both stage-1 and -2 garnet of sample 1, are interpreted to
have formed as garnet broke down during the onset of decompression following the
peak of stage-2 metamorphism. The absence of monazite included in stage-1 garnet,
and the limited time between prograde metamorphism (c. 118 Ma) and stage-2
decompression (c. 112 Ma) suggest it is unlikely the c. 118 Ma monazite population
grew during stage-1 metamorphism. Instead the c. 118 Ma monazite population is
interpreted to date stage-2 prograde metamorphism. Furthermore, the common
alignment of monazite parallel to ST in the matrix (Fig. 2.9c,f), and its inclusion in syn- to
post-ST porphyroblasts of staurolite and kyanite, suggests monazite grew during the
waning phase of protracted development of ST during prograde stage-2 metamorphism.
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The partially syn-kinematic nature of both Grt-1 and stage-2 staurolite and kyanite
porphyroblasts with respect to ST, suggests ST is a composite D1/D2 transposition
foliation in the sense of Williams (1983) and Tobisch & Paterson (1988). The presence
of intrafolial isoclinal folds suggests this composite transposition foliation developed by
isoclinal folding and rigid body rotation of the older D1 foliation into parallelism with the
new D2 foliation, such that the elements defining the new foliation (ST) are inherited from
the old foliation (cf. Williams, 1983).
Approximately 1.2 km to the east of sample 2, slightly older Early Cretaceous
dates were obtained by Berman et al. (2007a), who calculated an average

206

Pb/238U

age of 146 ± 3 Ma from 3 different monazite grains (sample 4 of Berman et al., 2007a).
Berman et al. interpreted these grains as primary inclusions within post-kinematic
staurolite porphyroblasts that grew during a high-P (~ 9 kbar) metamorphic event. The c.
117.5 ± 0.9 Ma age determined in this study records the time at which these samples
passed through the monazite growth reaction, which is a function of pressure,
temperature and the bulk composition. Given the considerable chemical variability
between sample 4 of Berman et al. (2007a) (Ca/Na = 0.14) and that of samples 2
(Ca/Na = 0.56) and 4 (Ca/Na = 0.99) of this study, there is no reason to expect that the
monazite-producing reactions were the same between the two studies. Nor should we
expect that the reactions were operating under the same pressure temperature
conditions, and hence time. For example, Fitzsimons et al. (2005) demonstrate that
variations in the evolving metamorphic mineral assemblages, between samples of
contrasting composition in AFM space, resulted in the growth and preservation of
monazite from different metamorphic reactions and under considerably different P-T
conditions (e.g. greenschist vs. amphibolite facies). Janots et al. (2008) also found that
monazite stability is sensitive to bulk composition. In their study of the stability and
phase relations between allanite and monazite, Janots et al. (2008) offered the following
generalized prograde reaction:
Allanite + apatite + Al-Fe-Mg phases1 = monazite + anorthite + Al-Fe-Mg phases2
Janots et al. (2008) suggested that metapelites with a high Ca/Na ratio, and
subsequently high anorthite activity in plagioclase, would shift the above equilibrium to
the right, stabilizing allanite to higher temperature. Given the considerably higher Ca/Na
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and XAn contents from samples of the present study versus that of sample 4 of Berman
et al. (2007a), it follows from Janots et al. (2008) that the monazite-after-allanite
equilibrium would occur at higher temperatures in rocks of this study. Consequently,
monazite in our study should yield younger ages for rocks following a clockwise P-T
path, precisely as observed. We therefore interpret that prograde metamorphism may
have occurred between 146 and 118 Ma in this region. Such protracted metamorphism,
~28 m.y., does not seem unreasonable considering recent work which document a 25
m.y. duration of eclogite facies conditions (Mattison et al., 2006), and prograde garnet
growth sustained over a 25 to 40 m.y. interval (Skora et al., 2009; Cheng et al., 2011).

Timing of Stage-2 Retrogression and Exhumation
Monazite grains M9 and M102 in sample 1 occur within resorbed portions of
garnet associated with post-kinematic staurolite, and yield a weighted mean age of
112.3 ± 6.2 Ma (MSWD = 2.9) (Fig. 2.8a). This age is nominally younger than the 120.4
± 1.4 Ma matrix monazite, but the difference is considered significant given their
distinctly higher yttrium content (~ 1000-10000 ppm Y) compared to the older matrix
monazite (<500 ppm). Bea & Montero (1999) and Pyle & Spear (1999) have determined
that garnet and xenotime are the only significant reservoirs of yttrium in metapelitic
rocks, and that the growth of garnet is accompanied by the consumption of xenotime.
Given the large volume of garnet in these rocks, it follows that the majority of yttrium
resides within garnet. Therefore, we interpret that the high-Y, younger monazite formed
during the release of yttrium accompanying breakdown of garnet (e.g. Pyle & Spear,
1999; Foster et al., 2002), which is interpreted to have occurred during decompression
from the stage-2 metamorphic peak (~ 650-680 °C and 9 kbar) into the staurolite stability
field. This conclusion is supported by the occurrence of 114.3 ± 1.3 Ma monazite within
cordierite, which is constrained by phase relationships to have crystallized below ~ 5
kbar (Fig. 2.6) after c. 114 Ma. It is also consistent with results from 7-12 km northwest
of sample 1, where 115-107 Ma relatively Y-rich monazite in two rocks formed during
garnet resorption and re-equilibration at pressures less than 6 kbar (Berman et al.,
2007a). Finally, we note that these younger ages directly linked to decompression from
peak stage-2 metamorphism further support our interpretation that the older ages (c. 118
Ma) for monazite inclusions within staurolite and kyanite date the prograde history of the
~ 9 kbar stage-2 metamorphic event.
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2.9. Tectonic Implications
Previous work in the Yukon-Tanana terrane of easternmost Alaska and westcentral Yukon suggest the terrane was strongly transposed and metamorphosed to
amphibolite facies in the Permo-Triassic (Dusel-Bacon et al., 1995, 2002; Berman et al.,
2007a; Beranek & Mortensen, 2011), followed by a metamorphic overprint in the Early
Jurassic before being exhumed to upper crustal levels in the Early to Middle Jurassic
(Dusel-Bacon et al., 1995, 2002; Hansen & Dusel-Bacon, 1998; Berman et al., 2007a).
However, the results of this study, together with the work of Berman et al. (2007a),
indicate a more protracted and heterogeneous tectono-thermal history for the YukonTanana terrane. In particular, rocks in this part of west-central Yukon appear to be
stratigraphically correlative with, and share a similar structural style, deformation
sequence, and metamorphic grade as the surrounding Permian to Early Jurassic
metamorphic domain. However, the Australia Mountain domain records a transposition
event associated with burial and metamorphism to 8 –10 kbar and 650 – 680 °C in the
Early to mid-Cretaceous (c. 146-118 Ma), which is not recorded in the surrounding
Permian to Early Jurassic metamorphic domain. These observations require that the
Australia Mountain domain occupied a deeper crustal level in the Early to midCretaceous than the surrounding Permian to Early Jurassic metamorphic domain, and
therefore provides a window into the Early to mid-Cretaceous infrastructure of the
orogen in west-central Yukon. We apply the term ‘infrastructure’ in a similar sense to that
suggested by De Sitter & Zwart (1960) and Culshaw et al. (2006) when describing midto lower-crustal levels in an orogen characterized by high-grade, shallowly dipping,
ductiley deformed and transposed rocks. Conversely, the overlying ‘superstructure’
would be characterized by upright, brittle structures and low-metamorphic grade. For us,
this rheological contrast between upper and lower crustal levels is time specific, in our
case, the Early to mid-Cretaceous. We make this distinction because, as explained
above, rocks formerly situated in the lower crust, the infrastructure, were progressively
exhumed in the Jurassic and were incorporated into the superstructure above the Early
to mid-Cretaceous infrastructure.
Our study indicates a pattern of structurally downward younging deformation and
metamorphism in the Yukon-Tanana terrane, similar to what has been described in the
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southeastern Cordillera (Carr, 1991; Parrish, 1995, Crowley et al., 2000; Gibson et al.,
2005). There, rocks buried, heated and exhumed in the Jurassic (Archibald et al., 1983;
Brown et al., 1992; Colpron et al., 1996; Gibson et al., 2005), are now juxtaposed
against structurally deeper rocks that were progressively buried and heated from
Cretaceous to earliest Eocene (Brown & Carr, 1990; Carr, 1991; Parrish, 1995; Gibson
et al., 1999, 2005; Crowley & Parrish, 1999; Crowley et al., 2000). Parrish (1995), Brown
(2004), and Gibson et al. (2008) have all attributed this downward younging tectonism in
the southeastern Canadian Cordillera to the progressive incorporation and burial of
material as the burgeoning orogen propagated northeastward toward the foreland.
Monazite from this study dated at c. 112 Ma record the terminus of
metamorphism and onset of near isothermal decompression and exhumation of deep
seated metamorphic rocks of the Australia Mountain domain. Exhumation of this domain
in the mid-Cretaceous is substantiated by the presence of metamorphic detritus (quartz
with undulatory extinction, and lesser amounts of muscovite, feldspar, and foliated lithic
fragments) in the mid-Cretaceous (Albian) Indian River Formation (Lowey & Hills, 1988),
approximately 35 km to the west. An isothermal decompression path alone may not be
sufficient to distinguish between normal faulting and erosion as the dominant mechanism
of exhumation (Ring et al., 1999). However, the abrupt juxtaposition of the Cretaceous
metamorphic domain at Australia Mountain against rocks with Early to Middle Jurassic
cooling ages (Hunt & Roddick, 1992) strongly suggests the Australia Mountain domain is
bound on its west side by a mid-Cretaceous normal fault, herein named the Australia
Creek fault (Figs 2.2 & 2.10). Likewise, the juxtaposition of the Australia Mountain
domain to the southeast against largely undeformed and unmetamorphosed rocks of the
Mississippian Reid Lakes complex is interpreted to have been accommodated along a
normal fault, herein named the Stewart River fault (Figs 2.2 & 2.10). Both of these faults
are interpreted to have accommodated a significant amount of extensional exhumation
in the mid-Cretaceous. Unfortunately, poor exposure in the area of the proposed faults
has prevented the identification of corroborating deformation fabrics. Rather, the position
of the fault is constrained by the jump in thermochronometric ages, the presence of a
distinct discontinuity in aeromagnetic data for this region (Hayward et al., 2012), and
differences in lithologies (Permian Klondike schist present on west side of fault,
abundant pre-late Devonian marble unit east of the fault).
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Figure 2.10. Schematic block diagram depicting the Cretaceous metamorphic
domain (core complex?) at Australia Mountain, juxtaposed against
the Mississipian Reid Lake plutonic complex and the Permian and
Early Jurassic metamorphic domain by the Stewart River and
Australia Creek faults. View is to the south. Location of crosssection lines indicated on Figure 2.2. Fill patterns are in legend of
Figure 2.2.
Some 100 km to the west of Australia Mountain, rocks in east-central Alaska also
record a shift to extensional tectonics in the mid-Cretaceous. The majority of
metamorphic rocks in east-central Alaska are parautochthonous North American
continental margin rocks with top-down-to-the-southeast shear fabrics and midCretaceous cooling ages (Pavlis et al., 1993; Hansen & Dusel-Bacon, 1998; DuselBacon et al., 2002). These amphibolite facies rocks with mid-Cretaceous 40Ar/39Ar and KAr cooling ages are juxtaposed across mylonitic shear zones against greenschist to
amphibolite facies allochthonous rocks of Yukon-Tanana terrane with Early Jurassic
cooling ages. Hansen & Dusel-Bacon (1998) and Dusel-Bacon et al. (2002) interpret the
top-down-to-the-southeast mylonitic shear zones to have formed during exhumation of
the parautochthonous rocks from beneath the structurally overlying allochthonous
Yukon-Tanana terrane.
The Cretaceous metamorphic domain in the Australia Mountain area likewise
represents a window through a Cretaceous superstructure, with a Palaeozoic to Jurassic
metamorphic and deformational history, revealing a much younger amphibolite facies
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Cretaceous infrastructure. Late Devonian (c. 363 Ma, Mortensen, 1990) and Early
Mississippian (c. 348 Ma, Ruks et al., 2006) U-Pb ages from the Mount Burnham
orthogneiss within the Australia Mountain domain are consistent with igneous activity
known in both parautochthonous North American margin rocks and allochthonous
Yukon-Tanana terrane in east-central Alaska as described by Dusel-Bacon et al. (2006).
However, if the Australia Mountain domain is of parautochthonous North American
continental margin affinity, then the Australia Creek fault represents a major terrane
bounding extensional fault analogous to coeval mid-Cretaceous extensional faults
described by Hansen & Dusel-Bacon (1998) and Dusel-Bacon et al. (2002) in eastcentral Alaska. Exhumation of structurally deep parautochthonous continental rocks from
beneath the structurally overlying Yukon-Tanana terrane is highly conceivable
considering that 25-30 km of crustal section (equivalent to the 9 kbar stage-2 peak
metamorphic estimate) was removed in the middle Cretaceous following an earlier
episode of exhumation of the Yukon-Tanana terrane in the Early Jurassic.
The Cretaceous domains at Australia Mountain and in east-central Alaska may
be akin to the extensional core complexes identified throughout the North American
Cordillera (Coney, 1980; Armstrong, 1982; Coney & Harms, 1984; Parrish, 1988; Struik,
1993), both in style and geological process. However, Cretaceous extensional
exhumation in the northern Cordillera is distinctly older than the Eocene extension
recorded in core complexes in the southern Canadian Cordillera and northwestern U.S.
(Parrish, 1988), and the Oligocene-Miocene extension in southwestern U.S. (Coney,
1980).

2.10. Conclusions
Garnet growth zoning patterns within compositionally distinct inclusion-rich core
and inclusion-poor rim domains, separated by an abrupt chemical discontinuity, are
interpreted with the aid of modelled compositional and molar isopleths to record a twostage garnet growth history, each reflective of a distinct metamorphic event. The early
stages of growth of the inclusion-rich, stage-1 core (Grt-1) is interpreted to have initiated
at conditions of approximately 600 °C, 8 kbar along a clockwise P-T path synchronous
with the development of the external composite transposition foliation (ST). Due to an
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absence of monazite inclusions within stage-1 garnet cores, this event remains undated.
Growth of the relatively grossular-rich, pyrope-poor stage-2 overgrowth (Grt-2) is
interpreted to have initiated at higher P, and/or lower T, than Grt-1, culminating at nearthermal peak P-T conditions of approximately 650-680 °C and 9 kbar. These peak
thermobarometric estimates calculated from the composition of the rim of post-kinematic
stage-2 garnet overgrowths (Grt-2) are consistent with the presence of syn- to postkinematic kyanite, and require only minimal reaction overstepping (< 20 °C) to explain
the presence of syn- to post-kinematic staurolite. In situ U-Th-Pb SHRIMP dating of
elongate monazite aligned with ST in the matrix, and monazite included in syn- to postkinematic, stage-2 porphyroblasts of staurolite and kyanite yield a single age population
c. 117.5 ± 0.9 Ma. This age is interpreted to date the waning development of a reworked
composite transposition foliation during stage-2 prograde metamorphism. These data,
together with the data from Berman et al. (2007a), record a c. 146-118 Ma, 9 kbar
amphibolite facies metamorphic and deformational event in the Australia Mountain area
of west-central Yukon. However, contrary to the interpretation of Berman et al. (2007a),
the younger mid-Cretaceous monazite ages (c. 112 Ma, this study; 114-107 Ma, Berman
et al., 2007a) are not interpreted to date a distinct low-P contact metamorphic event.
Rather, the presence of consistently young, Y-rich monazite, intimately associated with
retrograde staurolite and plagioclase within resorbed portions of garnet, is interpreted to
date the timing of garnet breakdown during decompression from the peak of
metamorphism following the stage-2 garnet growth event. The results presented above
indicate that in contrast to the majority of the Yukon-Tanana terrane, which was
deformed and metamorphosed in the Permo-Triassic and exhumed to upper crustal
levels in the Jurassic, the Australia Mountain domain occupied a deep crustal level (~
25–30 km) in the Early to mid-Cretaceous. This area therefore represents a tectonic
window into Early to -mid Cretaceous infrastructure of the Yukon-Tanana terrane,
potentially comparable to parautochthonous North American continental margin rocks
beneath the Yukon-Tanana terrane in east-central Alaska, and may be akin to, but older
than, extensional core complexes identified throughout the North American Cordillera.
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Chapter 3.
Middle Jurassic to earliest Cretaceous mid-crustal
tectono-metamorphism in the northern Canadian
Cordillera: Recording foreland-directed migration
of an orogenic front
3.1. Abstract
In situ SHRIMP monazite geochronology and garnet isopleth thermobarometry
reveal a previously unrecognized Middle Jurassic to earliest Cretaceous mid-crustal
tectono-metamorphic event in the eastern portion of the Yukon-Tanana terrane
(Finlayson Lake district, southeast Yukon) in the northern Canadian Cordillera.
Intersection of garnet end-member compositional isopleths applied to single-stage,
growth-zoned garnet record progressive garnet growth from 550 °C and 6.1-6.6 kbar to
600 °C and 7.5 kbar. Monazite textures, chemical zoning and in situ U-Pb ages record a
single protracted episode of monazite growth from c. 169 to 142 Ma coeval with the
development of transposition fabrics and the late stages of garnet growth. This event
post-dates widespread Early Jurassic exhumation of Yukon-Tanana terrane rocks west
of the Tintina fault in west-central Yukon, which were previously ductiley deformed and
metamorphosed in the Permo-Triassic. The lack of evidence for Permo-Triassic ductile
deformation and high-grade metamorphism within the Finlayson Lake district, and its
position east of the Permian arc-center and west of Permian blueschists and eclogites
suggests this eastern portion of the terrane occupied the cool forearc at this time. These
data indicate younger, more protracted mid-crustal orogenesis in the northern Cordillera
than was previously recognized, with deformation and metamorphism migrating toward
the foreland and downwards in the Middle Jurassic to Early Cretaceous, in part
contemporaneous with and analogous to that in the southeastern Canadian Cordillera.
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3.2. Introduction
The Yukon-Tanana terrane is characterized by intense deformation and
metamorphism that has been interpreted to be a consequence of the accretion of the
allochthonous peri-Laurentian terranes (Fig. 3.1; Yukon-Tanana, Quesnel and Stikine
terranes) to the western margin of ancestral North America (Monger et al., 1982;
Colpron et al., 2007; Colpron and Nelson, 2009; Beranek and Mortensen, 2011).
Previous work suggests that deformation and metamorphism associated with terrane
accretion and subsequent crustal thickening was diachronous from north to south within
the Canadian Cordillera (e.g., Parrish, 1995; Gibson et al., 2008; Berman et al., 2007).
Geochronologic investigations in the north-central portion of Yukon-Tanana terrane in
Yukon indicate that the main episode of ductile deformation and amphibolite facies
metamorphism occurred in the Permo-Triassic (Berman et al., 2007; Beranek and
Mortensen, 2011). K/Ar and

40

Ar/39Ar data from a large portion of greenschist- and

amphibolite facies rocks of the Yukon-Tanana terrane in the Yukon and Alaskan
Cordillera (referred to herein as ‘northern Cordillera’) yield Early to Middle Jurassic
cooling ages (Hansen et al., 1991; Hunt and Roddick, 1992; Stevens et al., 1993;
Johnston et al., 1996; Gordey et al., 1998; Dusel-Bacon et al., 2002; Knight et al., 2013)
that are interpreted to record widespread regional uplift and exhumation (Johnston et al.,
1996; Berman et al., 2007; Beranek and Mortensen, 2011). The timing of such events
contrasts with those documented in the southeastern Canadian Cordillera where
deformation and metamorphism related to accretion of the peri-Laurentian terranes
(Quesnel and Stikine terranes) and westward underthrusting of the North American plate
apparently occurred in the Early Jurassic through early Paleogene (Evenchick et al.,
2007, and references therein).
Furthermore, geochronologic data from the metamorphic hinterland of the orogen
in the southern Canadian Cordillera has revealed that despite similarities in metamorphic
grade and deformation patterns, deformation and metamorphism was diachronous with
depth and across strike. Rocks presently in the upper structural levels were buried,
heated and exhumed in the Jurassic (Murphy et al., 1995; Parrish, 1995; Colpron et al.,
1996; Crowley et al., 2000; Gibson et al., 2005, 2008), while structurally deeper rocks
continued to be buried and heated from Cretaceous to earliest Eocene (Carr, 1991;
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Parrish, 1995; Gibson et al., 1999, 2005, 2008; Crowley and Parrish, 1999; Crowley et
al., 2000). Additionally, numerous authors have suggested that the deformation migrated
from the metamorphic and plutonic hinterland to the foreland thrust and fold belt to the
northeast in the Mesozoic and Tertiary, and that there was a dynamic link between these
two structural domains (e.g., Price, 1981; Brown et al., 1992; Johnson and Brown, 1996;
Simony and Carr, 2011).
Herein, we present results of an integrated metamorphic and microstructural
study coupled with in situ Sensitive High Resolution Ion Microprobe (SHRIMP) analysis
of monazite within amphibolite facies rocks from the Finlayson Lake district (southeast
Yukon) in the eastern portion of Yukon-Tanana terrane in the northern Cordillera. This
study

provides

an

example

of

a

successful

application

of

garnet

isopleth

thermobarometry that incorporates the effects of a changing bulk composition caused by
the fractionation of components during garnet growth, to determine P-T conditions at
successive increments along the prograde P-T path. The combined data reveal that
deformation and metamorphism were diachronous within the Yukon-Tanana terrane,
with younger events recorded at progressively deeper structural levels in a manner
analogous to, and partly coincident with, the southeastern Canadian Cordillera.
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Figure 3.1.

Tectonic assemblage map of the Yukon-Tanana terrane and adjacent
terranes of the northern Cordillera in east-central Alaska, central
Yukon, and northern British Columbia. The locations of Figures 3.2
and 3.3 areas outlined by thick black squares. Dashed outlines
labelled S and Y show the original position of the eastern offset
block of the Slide Mountain and Yukon-Tanana terranes (Finlayson
Lake district), respectively, relative to the main body of the terrane
(but not the North American continental margin), prior to offset
along the Tintina fault (Gabrielse et al., 2006). Figure modified from
Colpron et al. (2006).

3.3. Geologic Setting
The Yukon-Tanana and Slide Mountain terranes occupy the innermost position of
the accreted terranes in the northern Cordillera. The Yukon-Tanana terrane consists of a
pre-Late Devonian metasedimentary basement (Snowcap assemblage) with lithological,
geochemical and isotopic compositions that suggest it represents a rifted portion of the
western Laurentian continental margin (Piercey and Colpron, 2009; Colpron and Nelson,
2009). The Snowcap assemblage is overlain by three unconformity-bound Upper
Devonian to Permian volcanic arc sequences (Finlayson, Klinkit, Klondike assemblages)
that are coeval with oceanic chert, argillite and mafic volcanic rocks of the Slide
Mountain terrane (Colpron et al., 2006). The Yukon-Tanana and Slide Mountain terranes
are thought to have originated as an arc and back-arc pair, respectively, during the Late
Devonian to Permian opening of the Slide Mountain ocean (Nelson et al., 2006). Closure
of the Slide Mountain ocean and the initial accretion of Yukon-Tanana to the western
Laurentian margin is interpreted by Beranek and Mortensen (2011) to have occurred in
the Late Permian.
In southeast Yukon, portions of the Yukon-Tanana and Slide Mountain terranes
have been offset 490 kilometers to the southeast, relative to the main body to the west,
through a combined 430 kilometres of dextral strike-slip displacement along the Tintina
fault in the Paleogene, and 60 kilometres of extension in the Cretaceous (Gabrielse et
al., 2006). Figure 3.1 shows the restored position of this offset block of the YukonTanana terrane (Finlayson Lake district) relative to its counterpart to the west. In the
Finlayson Lake district, the Yukon-Tanana and Slide Mountain terranes are separated
from marginal rocks of ancestral North America to the northeast by the Inconnu thrust, a
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major Jurassic-Cretaceous contractional fault that carried the Slide Mountain and YukonTanana terranes on top of the North American continental margin sequence (Murphy et
al., 2006).
In their pre-Paleogene configuration, rocks of the Finlayson Lake district lie
immediately northeast of a tectonic window that exposes an Early to mid-Cretaceous
high-grade metamorphic infrastructural domain of the Yukon-Tanana terrane southwest
of the Tintina fault (Staples et al., 2013; Fig. 3.2). West of the Cretaceous domain,
across the Australia Creek fault (Staples et al., 2013), Yukon-Tanana terrane rocks were
transposed and metamorphosed in the Late Permian to Early Triassic and in the Early
Jurassic (Berman et al., 2007; Beranek and Mortensen, 2011; Fig. 3.2) before they were
exhumed to upper crustal levels in the Early to Middle Jurassic (Johnston et al., 1996;
Dusel-Bacon et al., 2002; Berman et al., 2007). Southeast of the Cretaceous domain,
across the Stewart River normal fault are sub-greenschist facies, weakly to undeformed
Devonian and Mississippian volcanic and plutonic rocks that record Paleozoic and
Mesozoic
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Ar/39Ar cooling ages (Knight et al., 2013). Both the Permo-Jurassic

metamorphic domain to the west and the Devono-Mississippian rocks to the southeast
were presumably the suprastructural ‘lid’ from beneath which the Cretaceous
metamorphic domain (essentially a core complex) was exhumed along the Australia
Creek and Stewart River faults, respectively, in the mid-Cretaceous (Staples et al.,
2013).
Similar high-grade, ductiley deformed rocks in east-central Alaska are
interpreted as parautochthonous North American continental margin rocks (Lake George
assemblage in Fig. 3.1) exhumed from beneath the Yukon-Tanana terrane along
mylonitic extensional faults in the mid-Cretaceous (Hansen, 1990; Hansen and DuselBacon, 1998; Dusel-Bacon et al., 1995; 2002; 2006). A parautochthonous North
American origin for these rocks in east-central Alaska is based on Archean and
Proterozoic U-Pb zircon inheritance and detrital ages, stratigraphic similarity with rocks
in the Selwyn Basin, their structural position, and a lack of late Paleozoic arc
assemblages characteristic of the Yukon-Tanana terrane (Dusel-Bacon et al., 2006;
Nelson et al., 2006; Dusel-Bacon and Williams, 2009). Similar characteristics, including
the exhumation of moderate to high-pressure amphibolite facies rocks from beneath the
Yukon-Tanana terrane along mid-Cretaceous extensional shear zones, suggests the
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Australia Mountain domain in west-central Yukon may also be parautochthonous North
American margin (Staples et al., 2013).
Permo-Triassic metamorphism in the central portion of the Yukon-Tanana
terrane was spatially and temporally associated with a belt of Permian arc magmatism
(Klondike assemblage) (Mortensen, 1990; Gordey and Ryan, 2005; Berman et al.,
2007). Permian magmatic rocks and a discontinuous belt of coeval blueschist and
eclogite to the northeast crop out along the eastern side of the Yukon-Tanana terrane
(Fig. 3.1; Creaser et al., 1997; Erdmer et al., 1998) and are interpreted to record a
Permian

northeast-facing

magmatic

arc

and

accretionary

wedge,

respectively

(Mortensen, 1992; Nelson et al., 2006). By the Early to Middle Triassic (251 – 235 Ma),
siliciclastic strata that contain detrital zircon inferred to have been sourced in the
Paleozoic arc assemblages of Yukon-Tanana terrane were deposited on the western
Laurentian continental margin (Beranek and Mortensen, 2011). This depositional
relationship implies that the Slide Mountain ocean had closed by the Early Triassic and
the Yukon-Tanana terrane had been uplifted and accreted to the western Laurentian
margin, forming a downward slope onto Laurentian strata. Beranek and Mortensen
(2011) suggest that the Late Permian tectono-metamorphism within Yukon-Tanana
terrane is therefore the result of the accretion of the Yukon-Tanana terrane onto the
western Laurentian margin.
The study area lies in the structurally lowest of three thrust sheets which
imbricate Yukon-Tanana terrane in the Finlayson Lake district. This lowest sheet, the Big
Campbell thrust sheet, is bound below by the Big Campbell thrust and above by the
Money Creek thrust (Fig. 3.2; Murphy et al., 2006). The Big Campbell thrust is a postmetamorphic thrust juxtaposing amphibolite grade rocks of Yukon-Tanana terrane over
Upper Triassic shale and spatially associated ultramafic rocks correlated with Slide
Mountain terrane (Fig. 3.2). The Big Campbell thrust has been inferred to be related to
the post-Late Triassic, pre-mid-Cretaceous Inconnu thrust in a duplex structure (Murphy
et al., 2006). The Big Campbell thrust sheet is exposed in the footwall of the North River
fault, a regional-scale mid-Cretaceous normal fault that cuts across the thrust sheets of
Yukon-Tanana terrane in the Finlayson Lake district in a northeast-southwest trend
(Figs. 3.3 and 3.4; Murphy, 2004). The Money Creek thrust sheet, and the structurally
higher Cleaver Lake thrust sheet, are preserved to the southeast in the hanging-wall of
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the North River fault. Rocks in the footwall of the North River fault yield mid-Cretaceous
K-Ar cooling ages (Hunt and Roddick, 1992; Murphy et al., 2001), are intruded by midCretaceous granite plutons (Murphy et al., 2001), and have been ductiley deformed at
amphibolite facies, prior to the emplacement of the granites. The mid-Cretaceous
granites are massive and discordant with respect to deformation in their wall rocks,
except in their roof areas near the North River fault where a weak foliation is locally
developed. Low grade rocks in the hanging-wall to the southeast comprise the upper
thrust sheets of Yukon-Tanana terrane; these lack Cretaceous granites and record
Mississippian K-Ar cooling ages (Hunt and Roddick, 1987; Murphy, 2004). The North
River fault is inferred to have been the northern extension of the mid-Cretaceous Stewart
River fault (Staples et al., 2013) in western McQuesten and eastern Stewart River map
areas prior to Paleogene offset on the Tintina fault (Fig. 3.2).
The metapelitic samples examined in this study lie in the footwall of the North
River fault (Fig. 3), in the oldest exposed rock unit in the Finlayson Lake district, the preUpper Devonian North River formation. This formation consists of quartzose psammite,
non-carbonaceous metapelite, marble, calcareous schist and felsic metavolcanic
members at or near its top (Murphy et al., 2006). The samples were collected from a
horizon dominated by calcareous and pelitic schist immediately northeast of the Tintina
fault (Fig. 3.3). The North River formation is considered part of the Snowcap assemblage
(Colpron et al., 2006). In the Finlayson Lake district, this unit has been intruded and
overlain by Late Devonian to Early Mississippian arc and back-arc facies igneous rocks
(Murphy et al., 2006). Metamorphic grade and stratigraphic and structural depth broadly
increases within the footwall of the North River fault from chlorite-bearing assemblages
in the northeast to garnet-staurolite bearing assemblages in the southwest, reflecting
increased normal throw along the fault to the southwest. Samples were collected within
the lowest exposed structural levels within the footwall, which have been ductiley
deformed during, or after, amphibolite facies metamorphism, as evidenced by wrapping
of the penetrative foliation around garnet and staurolite porphyroblasts. Parallelism of
compositional layering and lithologic contacts with a pervasive shallowly-dipping foliation
that contains rare intrafolial isoclinal folds suggests these rocks experienced at least one
generation of high-strain transposition.
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Figure 3.2.

Simplified tectonic assemblage map of the northern Yukon-Tanana
terrane, with the main body of Yukon-Tanana terrane on the
southwest side of the Tintina fault restored to its pre-Paleogene
position adjacent to the segment of Yukon-Tanana terrane in the
Finlayson Lake district. This map shows the inferred distribution of
the Permo-Triassic/Early Jurassic, Middle Jurassic – Early
Cretaceous, and Early Cretaceous tectono-metamorphic domains
prior to Paleogene offset along the Tintina fault. ACF = Australia
Creek fault; SRF = Stewart River fault; NRF = North River fault; WLF
= Willow Lake fault; MCT = Money Creek thrust. Names of the 1:250
000 quadrangles are labeled in one of the corners of each map
sheet.
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Figure 3.3.

Geological map of a portion of the Finlayson Lake district showing
the position of the sample locations within the footwall of the midCretaceous North River fault, and immediately east of the Tintina
fault. Labels A and A’ locate the end points of line of section for the
cross-section in Fig. 3.4. Map modified from Murphy et al. (2006).
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Figure 3.4.

Cross-section from points A to A’ on Figure 3, roughly perpendicular
to the strike of the North River fault. This section shows that rocks
of this study area are located in the footwall of the North River fault.
This fault exposes ductiley deformed, amphibolite facies rocks with
mid-Cretaceous K/Ar cooling ages within the footwall, against lowgrade rocks with Mississippian K/Ar cooling ages in the hangingwall to the southeast. Fault abbreviations: NRF, North River fault;
CLT, Cleaver Lake thrust.

Resolving the paleogeographic setting of the Yukon-Tanana terrane in the Late
Jurassic – Early Cretaceous when metamorphism and deformation documented in this
study occurred, particularly with respect to what lay outboard (to the west) of the
Intermontane terranes, is critical to understanding the overall dynamic of the northern
Cordilleran orogen at that time. In British Columbia and southeast Alaska, the Insular
terranes (Peninsular–Alexander–Wrangellia) lie west of the Yukon-Tanana terrane, with
the Alexander terrane lying structurally beneath rocks correlated with the Yukon-Tanana
and Stikine terranes (Gehrels, 2001, 2002; Saleeby, 2000). Evidence for the initial
accretion of the Alexander terrane to western Yukon-Tanana terrane in British Columbia
and southeastern Alaska in the Middle to Late Jurassic include: (i) the presence of
detrital zircons derived from both the Alexander and Yukon-Tanana terranes in Upper
Jurassic – Lower Cretaceous strata of the Gravina belt (Kapp and Gehrels, 1998), (ii)
depositional overlap of Middle Jurassic (c. 175 Ma) volcanic rocks and Upper Jurassic –
Lower Cretaceous strata of the Gravina belt on both the Alexander and Yukon-Tanana
terranes (Gehrels, 2001), (iii) the presence of Late Jurassic (c. 162-140 Ma) dikes that
cross cut a low-angle ductile tectonic boundary between Yukon-Tanana terrane and the
structurally underlying Alexander terrane in southeastern Alaska (Saleeby, 2000), and
(iv) an Early to Middle Jurassic shear zone within and along the eastern margin of the
Alexander terrane further north in southeastern Alaska (McClelland and Gehrels, 1990).
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In contrast, to the north, in mainland Alaska, earliest estimates of Insular terranes
accretion are Late Jurassic, based on the cessation of magmatism, uplift and
exhumation of the Talkeetna arc (Peninsular terrane) and deposition of conglomerates in
the Late Jurassic (Clift et al., 2005; Trop and Ridgway, 2007). However, Hults et al.
(2013) interpret the presence of two Jura-Cretaceous flysh belts separated by a Late
Cretaceous deformation zone, each basin receiving detritus solely from Wrangellia (to
the south) or the previously accreted Yukon-Tanana and Farewell terranes (to the north),
to indicate that Wrangellia did not accrete to Yukon-Tanana terrane until the Late
Cretaceous. These studies from different parts of the Insular-Intermontane terrane
boundary imply that accretion of the Insular terranes outboard of Yukon-Tanana terrane
was diachronous, with oblique collision initiating in the south and younging to the
northwest.
After restoring approximately 430 kilometres of dextral offset along the Tintina
fault in the Paleogene, and 60 kilometres of extension in the Cretaceous (Gabrielse et
al., 2006), as well as approximately 300-400 km of dextral displacement along the Denali
fault (Eisbacher, 1976; Lowey, 1998, and references therein), the Finlayson Lake district
of Yukon-Tanana restores east of Wrangellia in mainland Alaska. However, Nelson et al.
(2013) suggest that in mid-Cretaceous (c. 120–90 Ma) a crustal block comprising the
Intermontane terranes (including the Yukon-Tanana terrane) was bound by a set of
roughly coeval sinistral and dextral strike-slip faults systems and was extruded to the
northwest. Total motion on the dextral system is estimated at about 250 km (Nelson et
al., 2013), with as much as 400-800 km of sinistral displacement estimated along the
western fault system (Monger et al., 1994; Nelson et al., 2013). Further restoration along
these fault systems places the Finlayson Lake district to the east of the Insular terranes
of coastal British Columbia and southeast Alaska, where their accretion to the YukonTanana terrane occurred in Middle to Late Jurassic (McClelland et al., 1992; van der
Hayden, 1992, Saleeby, 2000; Gehrels, 2001; Trop and Ridgway, 2007).
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3.4. Petrological Analytical Methods
3.4.1.

Microprobe and Conventional Garnet-Biotite Thermometry
Mineral compositions were quantitatively analyzed using a fully automated

CAMECA SX-50 instrument, operating in wavelength-dispersion mode with the following
operating conditions: excitation voltage, 15 kV; beam current, 20 nA (10 nA for micas);
peak count time, 20 s (40 s for F, Cl); background count-time, 10 s (20 s for F, Cl); spot
diameter, 5 m. Quantitative data were obtained for garnet and biotite (Table 3.1).
Garnet end-member compositions were calculated using a Fe3+ content estimated from
charge balance and stoichiometry (e.g., Droop, 1987). Temperatures were calculated
using the winTWQ program (version 2.32; Berman, 2007), which uses internally
consistent thermodynamic data for end-members and mixing properties to calculate an
independent set of equilibria. The following garnet-biotite thermometer was used:
(mineral abbreviations after Kretz, 1983).
Alm + Phl = Pyr + Ann

(1)

The winTWQ software incorporates solid solution models for garnet and biotite
(Berman, 2007). Absolute errors of thermometric data are considered to be
approximately ± 50 °C (Berman, 1991), with appreciably smaller errors associated with
relative differences between samples. Pressures based on garnet-plagiolcase equilibria
were not calculated because of the low anorthite content (XAn, = < 10%), which reduces
the reliability of the geobarometric estimates (Ashworth and Evirgen, 1985; Todd, 1998).
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Table 3.1.

Microprobe analyses used in P-T calculations.
Mineral composition
Sample 11RS033
Sample 11RS043
Grt
Grt
Grt
Grt
Grt
Grt
nearnearBt
rim
rim
core
core
rim
rim
Oxides
(wt%)
SiO2
TiO2
Al2O3
FeOa
MgO
MnO
CaO
Na2O
K2O
Total

36.23
0.13
21.17
31.80
0.97
3.98
4.80
0.12
N.D.b
99.20

36.91
0.08
21.38
36.22
2.02
0.13
3.54
0.02
N.D.
100.32

36.93
0.02
21.23
36.62
2.78
0.16
2.17
0.03
N.D.
99.95

Cations
Oxygen
Si
Ti
Al
cFe3+
Fe2+
Mn
Mg
Ca
Na
K

12
2.96
0.01
2.04
0.02
2.16
0.28
0.12
0.42
N.D.
N.D.

12
2.97
0.01
2.03
0.02
2.42
0.01
0.24
0.31
N.D.
N.D.

0.95
0.726
0.040
0.140
0.093

Fe/(Fe +
Mg)
XAlmd
XPyr
XGrs
XSps

Bt

36.33
2.25
19.16
20.16
8.95
0.00
0.01
0.32
8.52
96.38

36.60
0.05
20.99
32.25
0.92
4.26
4.32
0.12
N.D.
99.52

36.37
0.07
21.37
36.72
2.43
0.10
2.64
0.04
N.D.
99.74

36.84
0.05
21.24
36.59
3.08
0.10
1.99
0.04
N.D.
99.92

35.23
1.90
19.21
20.75
9.15
0.06
0.09
0.26
7.04
94.26

12
2.98
0.00
2.02
0.02
2.45
0.01
0.33
0.19
N.D.
N.D.

2.74
0.13
1.70
0.00
1.27
0.00
1.01
0.00
0.05
0.82

12
2.99
0.00
2.02
0.00
2.20
0.30
0.11
0.38
N.D.
N.D.

12
2.94
0.00
2.04
0.07
2.42
0.01
0.29
0.23
N.D.
N.D.

12
2.97
0.00
2.02
0.04
2.42
0.01
0.37
0.17
N.D.
N.D.

2.71
0.11
1.74
0.00
1.33
0.00
1.05
0.01
0.04
0.69

0.91

0.88

0.56

0.95

0.89

0.87

0.56

0.813
0.082
0.101
0.003

0.821
0.112
0.062
0.004

N.A.e
N.A.
N.A.
N.A.

0.737
0.038
0.126
0.099

0.821
0.100
0.075
0.002

0.815
0.125
0.057
0.002

N.A.
N.A.
N.A.
N.A.

All Fe assumed to be Fe2+.
b N.D. = Not Determined.
c Fe3+ calculated by stoichiometric constraints.
dX
2+
2+
Alm = Fe /(Fe + Mg + Ca + Mn).
e N.A. = Not Applicable.
a
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3.4.2.

Isochemical Phase Diagram Calculations
Isochemical phase diagrams (Equilibrium assemblage diagrams) and mineral-

composition isopleths were calculated in the system MnNCKFMASTO (MnO-Na2O–
CaO–K2O–FeO–MgO–Al2O3–SiO2–H2O–TiO2-Fe2O3)

using

the

Gibbs

free-energy

minimization software Theriak-Domino (de Capitani and Brown, 1987; de Capitani and
Petrakakis, 2010). This program utilizes the internally consistent thermodynamic dataset
of Holland and Powell (1998); data set tcds55, created November 22, 2003, with the
following solution models: muscovite, excluding the margarite component (Coggon and
Holland, 2002), feldspar (Holland and Powell, 2003), garnet and biotite (White et al.,
2007), ilmenite-hematite and magnetite-ulvospinel (White et al., 2000), chlorite,
cordierite, chloritoid, staurolite and epidote (Holland and Powell, 1998). Garnet, biotite,
staurolite, chloritoid, chlorite and cordierite were extended to the Mn-bearing system as
outlined in Tinkham et al. (2001). All other phases were treated as pure. A pure H2O fluid
was considered in excess in all calculations. Bulk rock compositions (Table 3.2) were
determined by whole rock XRF analysis from thin section offcuts. Ilmenite is the only Febearing oxide, suggesting these rocks are fairly reduced. Therefore, a nominal amount
of Fe2O3 (0.01 mol% Fe2O3) was added to the model system to be consistent with the
garnet and biotite solution models of White et al. (2007), which incorporate Fe2O3.

88

Table 3.2.

Normalized effective bulk compositions corresponding to different
stages of garnet growth.
Sample 11RS033
Grt
Grt
Core
Near-rim
Grt rim
(point1)
(point 2) (point 3)

Sample 11RS043
Grt
Grt
Core
Near-rim
Grt rim
(point1) (point 2) (point 3)

Oxides
(wt%)
SiO2
TiO2
Al2O3
FeO
MgO
MnO
CaO
Na2O
K2O
H2O
Total

61.80
0.99
19.52
6.90
2.19
0.07
0.58
1.18
3.53
3.23
100.00

62.60
1.02
19.47
6.02
2.23
0.02
0.45
1.22
3.65
3.34
100.00

62.87
1.03
19.45
5.69
2.23
0.01
0.42
1.23
3.69
3.37
100.00

57.19
1.30
21.58
8.70
2.40
0.10
0.59
1.34
3.23
3.56
100.00

58.87
1.41
21.61
6.52
2.49
0.01
0.29
1.45
3.49
3.85
100.00

59.01
1.42
21.62
6.33
2.49
0.01
0.27
1.46
3.51
3.87
100.00

Cations
(mol%)
Si
Ti
Al
* Fe3+
Fe2+
Mn
Mg
Ca
Na
K
H
Total

49.99
0.60
18.61
0.02
4.67
0.05
2.64
0.50
1.85
3.64
17.43
100.00

50.28
0.62
18.43
0.02
4.04
0.01
2.67
0.39
1.90
3.74
17.90
100.00

50.42
0.62
18.38
0.02
3.82
0.01
2.67
0.36
1.91
3.77
18.03
100.00

45.51
0.78
20.24
0.02
5.79
0.07
2.85
0.50
2.07
3.28
18.90
100.00

46.05
0.83
19.92
0.02
4.27
0.01
2.90
0.24
2.20
3.48
20.09
100.00

46.10
0.83
19.91
0.02
4.14
0.01
2.90
0.23
2.21
3.50
20.17
100.00

* A nominal amount of Fe3+ was added to the system to be consistent with the use of solution models which
incorporate Fe3+.
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3.5. Petrography and Mineral Chemistry
Four monazite-bearing samples (Fig. 3.3 inset map) that are lithologically and
texturally similar were selected for in situ U-Pb monazite SHRIMP geochronology. Two
of these samples (33 and 43) were selected for quantitative metamorphic (P-T) analysis.
All investigated samples are quartz- and muscovite-rich, garnet-bearing schist that are
intercalated with calcareous metapelite and meta-psammite of the ‘calcareous unit’ of
the North River formation described by Murphy (1998) and Murphy et al. (2006). The
samples contain an assemblage of Grt + St + Bt + Ms + Pl + Qtz + Ilm (after Rt).
Muscovite and quartz comprise the bulk of the mineral mode (70%). Garnet constitutes
approximately 15% of the mode. Biotite (5 - 10%) is much less abundant than
muscovite, and staurolite and plagioclase constitute a very minor component (< 5%
individually). Fine-grained tourmaline, monazite and zircon are common accessory
phases.
A penetrative transposition foliation (ST) is defined by the preferred alignment of
muscovite, biotite and ribbons of quartz. This foliation wraps tightly around garnet and
staurolite porphyroblasts indicating deformation outlasted growth of these porphyroblasts
(Fig. 3.5A–D). Garnet ranges from 2 to 4 mm in diameter and is typically rounded and
subhedral to euhedral. Garnet is symmetrically chemically zoned from core to rim (Fig.
3.6), characterized by a decrease in spessartine and Fe/(Fe + Mg), and an increase in
almandine and pyrope components from core to rim, typical of prograde growth zoning
(Hollister, 1966; Spear et al., 1990). All components in sample 43, as well as the
spessartine component in sample 33, have a flat profile across the garnet core,
suggesting rapid early growth over a short P-T interval. Zoning of the grossular
component shows slightly more variation in the two samples, either decreasing from
core to rim, or characterized by a slight rise outward from the core before decreasing
toward the rim. The absence of discontinuities or sharp inflections in the chemical zoning
profiles is most consistent with growth during a single metamorphic event. In some
analyzed garnet, there is a slight rise in the Mn content at the garnet rim adjacent to
quartz, suggestive of a small amount of garnet resorption during retrogression (Kohn
and Spear, 2000). Despite the absence of increasing Fe/(Fe+Mg) values at the garnet
rim that is characteristic of retrograde diffusional re-equilibration (Spear, 1991), the
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possibility remains that the garnet rim Fe/(Fe+Mg) content may have increased by some
unknown amount during cooling. A higher than peak Fe/(Fe+Mg) composition at the
garnet rim may be further compounded if garnet experienced an intermittent period of
garnet dissolution at the staurolite isograd, yielding an even larger underestimate of the
thermal peak temperature (e.g., Florence and Spear, 1993). Chlorite occurs adjacent to
garnet rims, and is interpreted to be retrograde. In a manner similar to the production of
staurolite, the resorption of the garnet rim to form retrograde chlorite may remove the
chemical composition reflective of peak metamorphism, resulting in an underestimate of
peak metamorphism.
In samples 33 and 43, biotite within 0.4 mm of garnet has retrogressed to
chlorite. Matrix biotite further than 0.4 mm from garnet has an unsystematic, slight
compositional variation (Fe/(Fe+Mg) = 0.56 – 0.57). Because biotite comprises a small
volume of the rock in comparison to garnet, even a small mass flux out of the rim of this
Fe-rich garnet during resorption may increase the Fe/(Fe + Mg) content of biotite.
Therefore, near thermal peak temperatures were calculated using garnet-biotite Fe-Mg
exchange thermometry (Figs. 3.7 and 3.8) with the composition of the least Fe-enriched
biotite.
Staurolite occurs as rare 0.5 mm subhedral porphyroblasts with their long axis
aligned roughly parallel to ST. Inclusions trails (Si) within staurolite porphyroblasts appear
to curve into ST (Fig. 3.5D) suggesting staurolite growth was syn-kinematic with respect
to ST. The transposition foliation is deflected around staurolite porphyroblasts (Fig. 3.5C
and 3.5D) indicating this deformation outlasted staurolite growth. Subhedral to euhedral
ilmenite and ilmenite-after-rutile laths occur both as randomly oriented inclusions in
garnet and as matrix phases consistently oriented parallel to the foliation.
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Figure 3.5.

Photomicrographs showing the deflection and tight wrapping of the
transposition foliation around pre- to syn-kinematic porphyroblasts
of garnet and staurolite in sample 33. Inclusions trails within
staurolite porphyroblasts appear to curve into ST, suggesting
staurolite growth was syn-kinematic with respect to ST. Note: All
mineral abbreviations used in figures are after Kretz (1983).
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Figure 3.6.

Compositional profiles across garnet porphyroblasts of samples 33
(A), and 43 (B), with photomicrographs showing the location of the
microprobe traverse across garnet. P-T estimates for points (1), (2)
and (3) in garnet shown for samples 33 and 43, are given in Figures
3.6 and 3.7, respectively.
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3.6. P-T Phase Diagram Sections and Derived P-T paths
3.6.1.

Garnet Isopleth Thermobarometry
P-T conditions at successive increments along the prograde P-T path were

determined from the intersection of garnet end-member compositional isopleths for core,
near-rim, and rim compositions. This thermobarometric method requires that the
evolving surface of the growing garnet is continuously in equilibrium with all matrix
phases at a scale large enough to be representative of the bulk composition of the rock.
However, due to chemical inhomogeneities and sluggish intergranular element
diffusivities, the length scale for equilibration may potentially be too short to satisfy the
assumption of equilibrium at this scale (Chernoff and Carlson, 1997; Spear and Daniel,
2001; Hirsch et al., 2003). Most work that has found evidence for disequilibrium has
done so by the identification of complex, patchy chemical zoning patterns that exhibit
variations in the concentration of a single component that is anomalous, or discordant,
with respect to the other end-member components (e.g., Chernoff and Carlson, 1997;
Spear and Daniel, 2001; Hirsch et al., 2003). However, Mn profiles within garnet
samples used in this study approach a bell shape profile (Figs. 3.6A and 3.6B), and all
end-member components vary sympathetically or antithetically in a symmetric manner
with respect to one another and the garnet crystal faces. This pattern suggests these
elements were controlled by similar factors in the matrix, suggestive of a state of
equilibrium.
Application of this technique to reconstruct a prograde P-T path from successive
garnet growth increments is dependent on the evolving effective bulk composition within
the equilibrium volume that is available to the reacting phases. The presence of zoned
garnet porphyroblasts, which reflects the slow intragranular diffusion rates at the
temperatures experienced by these rocks, indicates that chemical components within the
core of garnet have been progressively isolated, or fractionated, and no longer constitute
part of the effective bulk composition that is available for reaction with the matrix (Stüwe,
1997; Vance and Mahar, 1998). Several methods have been proposed to calculate
effective bulk compositions affected by the fractionation of components during garnet
growth (Marmo et al., 2002; Evans, 2004; Tinkham and Ghent, 2005; Zeh, 2006). For
this study, we used the method described by Evans (2004) and applied by Gaidies et al.
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(2006), which uses a Rayleigh fractionation model (Hollister, 1966) to quantitatively link
the modal proportion of garnet with its Mn content to generate composition – modal
proportion curves for garnet. The effective bulk composition at any increment of garnet
growth may then be obtained by integrating these curves between the most primitive
core analysis and the increment of garnet growth that is of interest, and then subtracting
these values from the bulk composition of the rock. The effective bulk composition
calculated for different garnet compositions along a core-rim traverse were then utilized
to estimate successive P-T points along the prograde P-T path using the intersection of
garnet compositional isopleths. This technique, which relies solely on the garnet
composition and the correlative effective bulk composition, provides a novel solution for
determining P-T conditions in rocks such as these for which plagioclase is either absent,
or low in anorthite content, thus significantly limiting the availability of conventional
barometers. Garnet compositions and the corresponding effective bulk rock composition
used for each isopleth thermobarometric estimate are provided in Tables 3.1 and 3.2,
respectively.
For garnet core compositions, the XSps isopleths plot at the point of intersection
with the other end-members (Figs. 3.7A and 3.8A); however, the XSps isopleths
increasingly diverge from this point of intersection for successive rimward compositions
(not shown on Figs. 3.7B, 3.7C, 3.8B, and 3.8C). This increasing discrepancy of the XSps
isopleth toward higher temperature and pressure with increasing distance from the
garnet core is interpreted to reflect an error in the estimated extent of fractionation within
garnet due to analyses of garnet that were not sectioned through the true center of the
garnet. Because the spessartine component has the lowest concentration and is
partitioned within garnet more strongly than the other end-members, an error in the
extent of garnet fractionation will have the largest impact on the calculated Mn content.
For this reason, the isopleths of XAlm, XPyr, and XGrs were used for intersections outside
the garnet core.

3.6.2.

Derived P-T Path for Sample 33
The isochemical P-T phase diagram section calculated for the unfractionated

bulk composition of sample 33 (Fig. 3.7A; Table 3.2) was used to determine the
pressure-temperature conditions during the incipient stages of garnet growth. Due to a
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lack of suitable inclusions within the garnet cores of this sample, the intersection of the
compositional isopleths for the garnet core is the only indicator of the P-T conditions
during the earliest stage of growth. Because Mn is strongly fractionated within garnet
during growth (Hollister, 1966), the earliest stage of garnet growth in the samples of this
study is assumed to be the point within the core of the garnet porphyroblast
characterized by the highest XSps content (point 1, Fig. 3.6A). The XPyr, XGrs, and XSps
isopleths (dashed lines) from this point intersect in the Grt + Chl + Bt + Ms + Pl + Ilm +
Qtz + H2O stability field at approximately 550 °C and 6.6 kbars (Figs. 3.7A and 3.7C).
Isopleth calculations for two additional points (points 2 and 3, Fig. 3.6A) take into
account the effects of chemical fractionation during garnet growth. At point 2, the
isopleths intersect at approximately 580 °C and 7.4 kbars (Fig. 3.7C). The equilibrium
assemblage is predicted to have remained unchanged during growth from point 1 to 2
(phase diagram calculated from the bulk composition of point 2 is not shown). The
topology and equilibrium mineral assemblages at the P-T conditions predicted along the
prograde path (Fig. 3.7B) are similar to Figure 7A, with the most notable exception being
the significantly decreased stability field for garnet. Previous work has shown that Mn
stabilizes garnet to substantially lower temperatures and pressures (Symmes and Ferry,
1992; Mahar et al., 1997; Tinkham et al., 2001). Therefore, the removal of Mn from the
effective bulk composition as a result of being strongly fractionated into crystallizing
garnet has the effect of progressively raising the lower garnet stability limit to higher
temperatures and pressures. The staurolite stability field is slightly narrower at low
pressures for this fractionated composition, but is expanded upward by approximately
0.2 – 0.3 kbar. For the composition at the garnet rim (point 3, Fig. 3.6A), the isopleths
intersect within the Grt + Chl + Bt + St + Ms + Pl + Ilm (+Qtz + H2O) stability field at
approximately 595 °C and 7.3 kbars (Figs. 3.7B and 3.7C). This intersection is in good
agreement with garnet-biotite thermometry (dotted line, Fig. 3.7B), and is consistent with
the peak assemblage of Grt + Bt + St + Ms + Pl + Qtz + Ilm.
Rutile, which is present in sample 33 within the cores of ilmenite grains, is
predicted to be stable at pressures above 8 kbar (Fig. 3.7B) at temperatures over 550
°C, and low pressures at temperatures below 500 °C (neither stability field shown in Fig.
3.7A). The presence of rutile with rims of ilmenite included in garnet and the estimate of
peak P-T conditions below 8 kbar indicates a low temperature, low-pressure origin for
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rutile. The compositions at points 1, 2 and 3 within garnet (Fig. 3.6A) therefore record
progressive garnet growth along a clockwise P-T path initiated at 550 °C and 6.6 kbars
and culminating at peak conditions at approximately 595 °C and 7.3 kbars (Fig. 3.7C).
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Figure 3.7.

Isochemical phase diagram sections and compositional isopleths
calculated for different stages of garnet growth in sample 33. (A)
Calculated from the unfractionated bulk rock composition that
corresponds to the incipient stage of garnet growth (garnet core,
point 1). (B) Calculated for the fractionated effective bulk rock
composition that corresponds to the late stage of garnet growth
(garnet rim, point 3). (C) Garnet compositional isopleths
corresponding to the garnet core (point 1), near-rim (point 2) and rim
(point 3) compositions, calculated from the corresponding
appropriate effective bulk compositions. The equilibrium mineral
assemblages listed numerically from 1 to 25 correspond to the
analogous number within stability fields too small to be directly
labeled in (A) and (B).
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3.6.3.

Derived P-T Path for Sample 43
The isochemical phase diagram section and isopleth thermobarometry

representative of the incipient stages of garnet growth (point 1, Fig. 3.6B) in sample 43
were calculated from the unfractionated bulk-rock composition of this sample (Table
3.2). Garnet compositional isopleths intersect in the Grt + Chl + Bt + Ms + Pl + Ilm (+Qtz
+ H2O) stability field at approximately 545 °C and 6.1 kbars (Fig. 3.8A), in good
agreement with the P-T estimate for the earliest increment of garnet growth in sample
33. However, for both samples 33 and 43, the isopleth intersection for the earliest
increment of garnet growth lies approximately 15-20 °C above the garnet-in line
calculated for the accompanying phase diagram. This discrepancy may simply reflect the
uncertainty of the thermobarometric calculations. There are several other possible
explanations for this observation. During the earliest stages of garnet growth, when
garnet was very small, the length scale of diffusion may have been short enough to reequilibrate the initial core composition to the continually changing equilibrium
composition imposed on the rim. For a rock following a clockwise P-T path, this
modification would move the garnet core isopleth intersection toward higher
temperatures than experienced during initial garnet growth. Measurement of the garnet
composition from an un-centered garnet section would have a similar effect. Additionally,
the placement of the garnet core isopleth intersection above the low-temperature
stability limit of garnet may be due to some amount of reaction overstepping caused by a
kinetic impediment to garnet nucleation such as limited volume diffusion of Mn.
Assuming a larger amount of Fe2O3 in the model chemical system acted to shift the
garnet-in line to higher temperature. However, the core isopleth intersection likewise
shifted to higher temperatures, ruling out the uncertain Fe2O3 content as the source of
discreprency between the garnet-in line and the intersection of the core isopleths.
The compositions at points 2 and 3 (Fig. 3.6B) are representative of intermediate
and final stages of garnet growth, respectively; therefore, the isopleth calculations of
these points take into account the effects of chemical fractionation during garnet growth.
The isopleths for point 2 intersect at approximately 590 °C and 7.5 kbars (Fig. 3.8C)
where biotite is added to the assemblage (phase diagram calculated from the bulk
composition of point 2 is not shown). Near peak conditions of approximately 600 °C and
7.5 kbar result from the calculated isopleths corresponding to the composition of point
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(3), although almandine and pyrope isopleths very narrowly (~ 2 degrees) miss
intersecting. These conditions lie the upper thermal stability limit of chlorite within the
assemblage Grt + Chl + Bt + St + Ms + Pl + Ilm (+Qtz + H2O), approximately 15 °C lower
than the garnet-biotite thermometer results. Similar to sample 33, the presence of rutile
inclusions within garnet supports a low P-T origin for rutile prior to the incipient stages of
garnet growth at 550 °C and 6.7 kbars.
The Rayleigh fractionation model used here to estimate the effective bulk
composition at successive increments of garnet growth assumes a constant garnetmatrix coefficient (Kd) for Mn following the incipient stages of garnet growth. Because the
equilibrium assemblage does not change until the latest increments of garnet growth, it
follows that Kd is not affected by changes in phase relations. By contrast, the equilibrium
constant between garnet and chlorite (the other most significant Mn-bearing phase)
would be expected to vary, and thus change Kd, to some unknown extent with increasing
temperature during garnet growth. However, the tight isopleth intersections from core to
rim, and agreement in P-T estimates between samples 33 and 43, suggest that any
potential variation in Kd had a negligible effect, and the technique appears to yield a
reasonable estimate of the physical conditions during progressive stages of garnet
growth.
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Figure 3.8.

Isochemical phase diagram sections and compositional isopleths
calculated for different stages of garnet growth in sample 43. (A)
Calculated from the unfractionated bulk rock composition that
corresponds to the incipient stage of garnet growth (garnet core,
point 1). (B) Calculated for the fractionated effective bulk rock
composition that corresponds to the late stage of garnet growth
(garnet rim, point 3). (C) Garnet compositional isopleths
corresponding to the garnet core (point 1), near-rim (point 2) and rim
(point 3) compositions, calculated from the corresponding
appropriate effective bulk compositions. The equilibrium mineral
assemblages listed numerically from 1 to 25 correspond to the
analogous number within stability fields too small to be directly
labeled in (A) and (B).
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3.7. Monazite Geochronology
3.7.1.

Methods
Prior to U-Th-Pb analysis, petrographic and back scattered electron (BSE)

images of the in situ monazite grains were obtained to provide insight into their
petrological context and internal zoning, identify cracks and mineral inclusions, and
guide analytical spot placement (Figs 3.9 and 3.10). In order to better characterize
chemical zonation and potential age domains within individual monazite grains, chemical
X-ray maps of Y, U, Th and Ca in strategically selected monazite grains were produced
using a Cameca SX50 electron microprobe at the University of Massachusetts operating
at a high current (240-260 nA), with small step sizes (0.25-0.62 µm) and rastering of the
electron beam.
In situ U-Th-Pb analyses using the SHRIMP II at the Geological Survey of
Canada in Ottawa were performed on monazite cored from polished thin sections and
mounted in epoxy together with pre-polished monazite standards according to the
methods of Rayner and Stern (2002). Targeted areas of monazite were analyzed using a
mass-filtered O2- primary beam focused with a Kohler aperture to a spot measuring 9 x
12 µm. The methods employed follow the SHRIMP analytical protocols described in
detail by Stern (1997), Stern and Sanborn (1998) and Stern and Berman (2000). TeraWasserburg and concordia plots, data regression and weighted mean calculations were
made using the program ISOPLOT (Ludwig, 2008). Errors assigned to SHRIMP U–Th–
Pb ages were determined using numerical propagation of all known sources of error as
outlined by Stern (1997), Stern and Sanborn (1998), and Stern and Berman (2000).
Uncertainties for individual analyses (ratios, ages and error ellipses) shown in Figures
3.10, 3.11 and 3.12, Tables 3.3 and 3.4, and in the text are presented at the 1σ level.
The analyses were corrected for common Pb based on the

204

Pb (Table 3.4) and

207

Pb (Table 3.3) methods following the procedures of Stern and Berman (2000) and

Ireland and Gibson (1998), respectively. The two correction methods yield ages
indistinguishable within error. However, considering the potential for overcorrection using
the

204

Pb method due to errors arising from low

204

Pb counts, background interference

and a 204 isobar (different ionic species having the same nominal mass), the
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206

Pb/238U

chronometer corrected using the 207Pb method is thought to provide the most meaningful
ages for this study. Accordingly, all ages quoted and displayed on the Tera-Wasserburg
concordia diagram (Fig. 3.12) are based on the

206

Pb/238U chronometer corrected using

the 207Pb method.
Although the

208

Pb/232Th chronometer is considered ideal for monazite since it is

not known to be affected by isotopic disequilibrium, namely unsupported 206Pb (due to an
excess intermediate isotope (

230

Th) in the

238

U-206Pb chain; Schärer, 1984), we chose

not to use it because one of the three monazite standards routinely yielded a high Th-Pb
age. The problem may arise from an indeterminate matrix effect, which creates an
unquantifiable uncertainty in the Th-Pb ages for the monazite.
206

Pb/

238

U ages do not appear to be affected by significant excess

are consistently younger than

208

Pb/

Fortunately, the

206

Pb because they

232

Th. Additionally, the majority of the analyses are

concordant within error. If the monazite were affected by excess
disequilibrium, they would plot reversely discordant parallel to the

206

Pb due to

230

Th

206

Pb/238U axis. The

few analyses that are reversely discordant do not plot in a vertical trend above
concordia, and show no trend of increasing reverse discordance with increasing
208

Pb/206Pb (the radiogenic proxy of Th/U), as would be expected if the reverse

discordance was due to 230Th disequilibrium. Furthermore, the excess 206Pb correction of
Schärer (1984) reveals that even monazite that grew from a metamorphic fluid with
extremely low Th/U (0.2 - 0.8), and hence a large amount of Th fractionation (ƒ = 16-30),
should produce an excess in age no greater than 1.6 – 3.0 Ma, which is less than
analytical error. Thus, despite any minor excess of 206Pb, we are confident the 206Pb/238U
ages provide reasonably accurate constraints within the resolution required for this study
to differentiate the metamorphic and deformation events.

3.7.2.

Results and Interpretation
Monazite in the four analyzed samples are all typically elongate matrix grains

with an average aspect ratio of 2.5:1, and measuring between 70 and 350 µm in their
longest dimension. With the exception of monazite M27 and M35, the other nine
analyzed monazite grains occur within, and are aligned parallel to, the dominant
penetrative transposition foliation (ST) (Fig. 3.9; Table 3.3), which is characteristic of
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nearly all observed monazite grains. Only one grain is partly enclosed within the rim of a
garnet porphyroblast in sample 043.

Figure 3.9.

Representative photomicrographs of samples 33 and 43 showing
the alignment of monazite parallel to the transposition foliation (ST),
deflection of ST around monazite, and the presence of strain-caps
and -shadows around monazite. These textures suggest that
monazite grew prior to and/or during the development of ST. Note,
monazite 043-M30 was not analyzed for U-Th-Pb geochronology.

Most monazite grains consistently display a radially symmetric zoning pattern
that parallels the crystal faces, and is characterized by a Th-rich core that decreases
continuously toward a low-Th rim (Fig. 3.10). This Th zoning is interpreted to reflect
Rayleigh fractionation during a single episode of monazite growth (e.g., Kohn and
Malloy, 2004; Pyle et al., 2005; Spear et al., 2008). Ca also decreases toward the rim,
mimicking very closely the Th zoning pattern (Fig. 3.10). This similarity between Ca and
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Th zoning likely reflects a brabantite substitution in which Ca2+ charge balances Th4+ in
the substitution for 2REE3+.

Figure 3.10. Yttrium (Y), thorium (Th), and calcium (Ca) X-ray maps of monazite
representative of grains in all samples. The low, homogenous Y
zoning and monotonic outward decrease in Th is interpreted to
record a single episode of monazite growth while garnet was a
stable phase. Ellipses on Th maps of monazite show the location
and ages of SHRIMP analysis spots.
Analyses of both core and rim of all monazite grains from all four samples yield
ages that range between c. 169 and 142 Ma (Fig. 3.11, Table 3.3), with individual
samples also yielding a large spread in ages (up to 20 Myr). Ages from the high-Th core
either agree within error, or are consistently older than the low-Th rim within any
individual grain (Table 3.3). However, the high-Th core of one grain is sometimes
younger than the low-Th rim of another grain, within any individual sample. This pattern
is interpreted to be due to slow intergranular transport of Th, creating a localized
equilibration volume that is smaller than the distance between monazite grains within a
single thin-section.
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Figure 3.11. Distribution of (207Pb-corrected) 206Pb/238U ages between c. 142 and
169 Ma, with error bars at 2σ. Samples 32, 33, 43, and 90 are shown
by different dotted, dashed and solid lines. Note samples with
numerous analyses yield a wide range, overlapping with the range
provided by all samples.
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Figure 3.12. Tera-Wasserburg plot of samples 32 (red), 33 (blue), 43 (green) and
90 (yellow) showing isotopic data uncorrected for common Pb. Error
ellipses represent 1σ level of uncertainty, with the ellipses of each
sample shown in a different color.
The Y content is low and homogenous throughout every monazite grain imaged
in this study (Fig. 3.10). Garnet and xenotime are significant reservoirs of Y in
metapelitic rocks, and the prograde growth of garnet is accompanied by the
consumption of xenotime (Bea and Montero, 1999; Pyle and Spear, 1999). Given the
abundance of garnet porphyroblasts in these rocks, it follows that monazite grown after
significant garnet crystallization should be depleted in Y, precisely as observed. The
near absence of monazite inclusions in garnet further suggests that monazite grew
during the late stages of garnet growth, and hence near the thermal peak of
metamorphism.
The consistent alignment of monazite parallel to ST and the deflection of ST with
strain-caps and -shadows around monazite (Fig. 3.9) suggest that monazite grew pre- to
syn-development of ST. The Th-rich core, thought to reflect Rayleigh-type fractionation of
Th during early stages of monazite growth, further constrains the timing as the zoning
consistently parallels the crystallographic long axis. These observations suggest that the
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early stages of monazite growth occurred within the flattening plane of ST deformation,
and were therefore syn-kinematic. Syn-kinematic growth of monazite coeval with the late
stages of garnet growth is consistent with the observation that ST wraps tightly around
garnet (Figs. 3.5A and 3.5B), indicating deformation was also ongoing during the latest
stage of garnet growth.
The nearly continuous array of monazite ages in this study (Fig. 3.11), as well as
the homogenous Y zoning and outwardly decreasing Th zoning characteristic of
Rayleigh fractionation suggests a single, protracted episode of monazite growth in at
least this part of the Finlayson Lake district. This interpretation is consistent with
thermodynamic modeling of monazite growth in a low-Ca metapelite by Spear and Pyle
(2010). They suggest that monazite can grow continuously in the subsolidus region for
most reasonable metamorphic P-T paths, representing a significant portion of the
metamorphic episode. In our study, the low-Y monazite and their near absence as
inclusions within garnet suggest that monazite growth occurred between an initial period
of garnet growth at ~ 550 °C and 6 kbar and the peak of metamorphism at ~ 600 °C and
7.5 kbar. The weighted mean of all analyses is 157 ± 2.8 Ma, and nearly half (45%) of
the U-Pb monazite analyses yield ages that cluster between c. 155 and 152 Ma. This
cluster may reflect a period of rapidly changing P-T conditions. Alternatively, this
concentration of ages may simply be due to a small sample size, and may disappear
with a larger number of analyses. The K/Ar cooling ages on Hbl, Bt and Ms from rocks at
this same structural level indicate cooling through ~ 300-500 °C did not occur until the
Early to middle Cretaceous (c. 140-103 Ma; Hunt and Roddick, 1992).
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Table 3.3.

SHRIMP U-Th-Pb analytical data for monazite corrected using the
207
Pb-method.
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Table 3.4.

SHRIMP U-Th-Pb analytical data for monazite corrected using the
204
Pb-method.
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3.8. Discussion
3.8.1.

Absence of Older Permo-Triassic and Early Jurassic
Metamorphism
The samples from the Finlayson Lake district record no evidence of the Permo-

Triassic tectono-metamorphism that is so prominent in Yukon within the Yukon-Tanana
terrane southwest of the Tintina fault (Berman et al., 2007; Beranek and Mortensen,
2011). It is possible that Permian monazite was present, but was later consumed during
retrogression or via a dissolution-reprecipitation process to form new monazite in the
Middle to Late Jurassic. Alternatively, monazite growth would depend upon the location
within the thermal structure of the orogen. For instance, the Permian amphibolite facies
metamorphism in west-central Yukon was coeval with, and is cospatial with, the arc that
produced the middle to late Permian (263 – 253 Ma) Klondike assemblage (Berman et
al., 2007; Nelson et al., 2006; Mortensen, 1992). Figure 3.2 shows the distribution of
plutonic and volcanic rocks of the Permian Klondike assemblage and the inferred
distribution of Permo-Triassic (c. 260-240 Ma; Berman et al., 2007) amphibolite facies
metamorphism. As stated above, prior to offset along the Tintina fault in the Paleogene,
and Cretaceous extension (Gabrielse et al., 2006), a belt of mid-Permian blueschist and
eclogite facies rocks lay northeast of the Permian Klondike arc along the eastern margin
of the Yukon-Tanana terrane (Erdmer et al., 1998; Creaser et al., 1997). Together, the
coeval Klondike assemblage and belt of high P/T rocks reflects a middle to late Permian
northeast-facing convergent margin (Nelson et al., 2006; Mortensen, 1992).

The

absence of a Permian metamorphic signature and the position of the Finlayson Lake
district east of the Klondike arc-center and west of high P/T subduction complex
eclogites suggest they occupied a position in the cool, brittle forearc region (Fig. 3.13A).

3.8.2.

Revealing a younger, more protracted metamorphism
The identification of Middle Jurassic to Early Cretaceous (c. 169-142 Ma) ductile

deformation and high-P, moderate-T (~7.5 kbar, 600°C) metamorphism within the
Finlayson Lake district reveals a protracted and diachronous deformation and
metamorphic history within the hinterland of the northern Cordilleran orogen. In the Early
to Middle Triassic, detrital zircons with provenance ties to the Paleozoic arc
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assemblages of the Yukon-Tanana terrane were deposited unconformably on the
ancestral North American continental margin (Beranek and Mortensen, 2011),
suggesting that the Yukon-Tanana terrane was on the North American continental
margin and its detritus was deposited on it across the intervening Permo-Triassic suture
zone. A 9 kbar and 600 °C metamorphic event is recorded within the Yukon-Tanana
terrane west of the Finlayson Lake district between c. 260 and 239 Ma (Berman et al.,
2007). This metamorphic event, and c. 260 and 253 Ma U-Pb crystallization ages of synand post-kinematic Permian intrusive rocks, respectively, is interpreted by Beranek and
Mortensen (2011) to record the accretion of the Yukon-Tanana terrane onto the western
ancestral margin of North America. In this same domain west of the Finlayson Lake
district, Berman et al. (2007) documented an Early Jurassic (c. 195 Ma) metamorphic
overprint characterized by a path of increasing pressure from 5.4 to 7.6 kbar (≈ 25 km
depth). This Early Jurassic burial and metamorphism followed, or was partly
contemporaneous with, the emplacement of Early Jurassic (c. 205 – 197 Ma; Tafti, 2005;
Hood, 2012; Knight et al., 2013) granitic intrusions at moderate depths (14-23 km;
McCausland et al., 2002; Tafti, 2005). Widespread Early Jurassic K/Ar and

40

Ar/39Ar

ages in this same domain west of the Finlayson Lake district are interpreted to record
either cooling and exhumation associated with this contraction (Dusel-Bacon et al.,
2002), or exhumation accommodated by a shift to extensional tectonics (Berman et al.,
2007; Knight et al., 2013).
Prior to this study, there has been little evidence (Berman et al., 2007; Staples et
al., 2013) for continued deep-seated tectono-metamorphism within the hinterland of the
northern Cordilleran orogen following this Early Jurassic cooling event. Further south, in
southwest Yukon and northern British Columbia, Middle Jurassic K/Ar and 40Ar/39Ar mica
ages have been attributed to cooling and exhumation following the southwestward
obduction of the Cache Creek terrane onto the Stikine terrane (Johnston et al., 1996;
Mihalynuk et al., 2004). However, it is uncertain to what extent these events affected
rocks in the Finlayson Lake district 350 to 500 kilometres along strike, and to the north,
of the most northerly exposure of the Cache Creek terrane prior to movement along the
Tintina fault (Nelson and Colpron, 2007).
Data from the Finlayson Lake district reveal renewed tectonic burial, ductile
deformation and high-grade metamorphism in the northern Cordillera from Middle
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Jurassic to Early Cretaceous. Therefore, while Yukon-Tanana rocks metamorphosed in
the Permo-Triassic and again in the Early Jurassic occupied a high structural level from
Early Jurassic onward, rocks to the northeast in the Finlayson Lake district occupied a
lower structural level, being buried, heated and ductiley deformed at mid-crustal levels
(~25 km depth) from the Middle Jurassic to earliest Cretaceous (c. 169 – 142 Ma).
Metamorphism continued at an even deeper crustal level (~ 30 km depth, as recorded in
the Australia Mountain domain), propagating downward into the parautochthonous North
American crust in the Early to mid-Cretaceous (c. 146 – 118 Ma; Berman et al., 2007;
Staples et al., 2013). This Early to mid-Cretaceous domain is exposed in a tectonic
window juxtaposed against the Permo-Triassic/Early Jurassic metamorphic domain to
the southwest across the Australia Creek normal fault and bounded on its northeast by
the Tintina fault (Fig. 3.2; Staples et al., 2013). This domain is comparable to
parautochthonous North American continental margin rocks (Lake George assemblage
in Fig. 3.1) in east-central Alaska, which were exhumed from beneath the Yukon-Tanana
terrane along mylonitic extensional faults in the mid-Cretaceous (Hansen, 1990; Hansen
and Dusel-Bacon, 1998; Dusel-Bacon et al., 1995, 2002, 2006). Together, these data
reveal a spatial and temporal pattern of structurally downward younging deformation and
metamorphism.
Additionally, the apparent absence of Permo-Triassic and Early Jurassic
metamorphism in the younger and deeper structural domains (Finlayson Lake district
and Australia Mountain), suggests that deformation and metamorphism migrated
progressively into cooler rocks. This suggests that the downward propagation of
deformation and metamorphism corresponded with the foreland-directed growth of the
orogenic wedge. As the orogenic wedge propagated toward the foreland, cooler rocks in
front of the wedge were progressively buried and heated as they were underthrust
beneath the warmer overriding wedge to the west.
Despite

this

apparent

foreland-directed

younging

of

deformation

and

metamorphism, the c. 146-118 Ma Australia Mountain metamorphic domain lies
southwest (outboard) of the older (c. 169-142 Ma) Finlayson Lake metamorphic domain
(Fig. 3.2). However, prior to accretion, the Australia Mountain domain is interpreted to
have originally lain east of the Finlayson Lake domain (Yukon-Tanana terrane) based on
the interpretation that it represents parautochthonous North American margin rocks. The
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present exposure of the Australia Mountain domain west of the Finlayson Lake district is
attributed to underthrusting down to the west beneath the Finlayson Lake district in Early
Cretaceous, following burial and metamorphism of the Finlayson Lake district. K/Ar
cooling ages (Hunt and Roddick, 1992) and retrograde monazite ages (Staples et al.,
2013) reveal that both the Australia Mountain and Finlayson Lake metamorphic domains
did not cool appreciably until they were exhumed along the mid-Cretaceous Australia
Creek, Stewart River and North River faults (Fig. 3.2; Murphy, 2004; Staples et al.,
2013). Focused exhumation along the Australia Creek and Stewart River faults relative
to the North River fault can explain the exposure of the youngest and deepest crustal
level found in the Australia Mountain domain (9 kbar metamorphism) west (outboard) of
the Finlayson Lake district (7.5 kbar metamorphism). Comparable exhumation of
parautochthonous rocks of the Lake George assemblage occurred <200 km to the east
in east-central Alaska (Dusel-Bacon et al., 1995, 2002; Hansen and Dusel-Bacon, 1998).
The Middle Jurassic to Early Cretaceous metamorphic event recorded in the
Finlayson Lake district in the northern Cordillera was contemporaneous with amphibolite
facies metamorphic events recorded in the southern Cariboo and northern Monashee
Mountains in the southeastern Canadian Cordillera (c. 135 Ma, Currie, 1988; c. 140 Ma,
Digel et al., 1998; c. 163 Ma, Crowley et al., 2000; c. 148 Ma, Reid, 2003; c. 153 Ma,
Gervais and Hynes, 2012). Furthermore, this pattern of structurally downward younging
deformation and metamorphism described above is strikingly similar to, and in part
contemporaneous with, that of the southeastern Canadian Cordillera. In the
southeastern Canadian Cordillera, deformation and metamorphism progressed from
Early Jurassic to Eocene (Evenchick et al., 2007, and references therein), with younger
events recorded at progressively deeper crustal levels (Parrish, 1995; Simony and Carr,
2011). There, rocks presently in the upper structural levels were buried, heated and
exhumed in the Jurassic (Murphy et al., 1995; Colpron et al., 1996; Crowley et al., 2000;
Gibson et al., 2005, 2008), while structurally deeper levels continued to be buried and
heated from Cretaceous to earliest Eocene (Carr, 1991; Parrish, 1995; Gibson et al.,
1999, 2005, 2008; Crowley and Parrish, 1999; Crowley et al., 2000; Simony and Carr,
2011). This pattern has been attributed to progressive structural burial and underplating
of cooler rocks to the east as deformation migrates toward the craton (Parrish, 1995;
Brown, 2004; Simony and Carr, 2011).

114

We propose that a similar process was active from Middle Jurassic to midCretaceous time in the northern Cordillera. The foreland-directed and downward
migration of deformation and metamorphism is interpreted to have been driven by
continued migration and underthrusting of the North American continent from the east,
together with the accretion and underthrusting of the Insular terranes (PeninsularAlexander-Wrangellia) beneath the western side of Yukon-Tanana terrane in the Middle
to Late Jurassic (Fig. 3.13B; McClelland et al., 1992; van der Heyden, 1992, Saleeby,
2000; Gehrels, 2001; Trop and Ridgway, 2007). These results suggest that analogous
orogenic processes may have been operating contemporaneously over 1000 kilometers
along strike during the development of the Canadian Cordillera, and is a model that may
have implications for unravelling the history of other orogenic belts around the world.
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Figure 3.13. Schematic crustal sections (not drawn to scale) of the northern
Cordilleran margin showing the interpreted crustal position of the
Finlayson Lake and other metamorphic domains before and during
Mesozoic deformation and metamorphism of Yukon-Tanana terrane.
(A) In Late Permian, the Finlayson Lake domain lied in the forearc
region with respect to the Klondike domain. The Australia Mountain
domain is inferred to have originated in distal extension of the
ancestral North American margin prior to underthrusting beneath
Yukon-Tanana terrane. This time frame post-dates extreme thinning
of the Yukon-Tanana terrane in the latest Middle Permian (Johnston
et al., 2007). (B) Middle Jurassic – Early Cretaceous (c. 169–142 Ma),
prior to Paleogene offset along the Tintina fault and mid-Cretaceous
extension within Yukon-Tanana terrane, and after the westward
underthrusting of Yukon-Tanana terrane that produced the
deformation and metamorphism recorded in the Finlayson Lake
district, and initial shortening in the Selwyn fold belt. At that time,
the Australia Mountain domain is inferred to have begun westward
underthrusting beneath Yukon-Tanana terrane en-route to peak
metamorphism of 9 kbar at c. 146-118 Ma (Staples et al., 2013).
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3.9. Conclusions
In situ SHRIMP monazite geochronology and mineral equilibria modelling reveal
a previously unrecognized Middle Jurassic to earliest Cretaceous tectono-metamorphic
event recorded in the Finlayson Lake district of eastern Yukon-Tanana terrane. The
results of garnet isopleth thermobarometry applied to successive increments of singlestage, growth-zoned garnet record progressive growth from 550 °C and 6.1-6.6 kbar to
600 °C and 7.5 kbar. Monazite textures, chemical zoning and in situ U-Pb ages record a
protracted episode of monazite growth from c. 169 to 142 Ma coeval with the
development of transposition fabrics and the late stages of garnet growth. The absence
of evidence for Permo-Triassic ductile deformation and metamorphism that is
characteristic of Yukon-Tanana terrane in Yukon further to the west, and its position
between the Permian arc axis to the west and the belt of Permian blueschists and
eclogites to the east, suggests the Finlayson Lake district occupied the cold, brittle
forearc region in the Permian. This eastern portion of the Yukon-Tanana terrane was not
buried and heated sufficiently to grow metamorphic monazite until the Middle Jurassic to
earliest Cretaceous, revealing a younger, more protracted and diachronous mid-crustal
tectono-metamorphic history within the hinterland of the northern Cordillera than was
previously recognized. These data, together with the identification of an Early
Cretaceous tectono-metamorphic domain in adjacent and structurally deep (9 kbar)
parautochthonous North American rocks to the west (Australia Mountain domain,
Staples et al., 2013), reveal that deformation and metamorphism migrated toward the
foreland and structurally downwards in the Middle Jurassic to Early Cretaceous. This
pattern and timing is similar to and coeval with events documented in the southeastern
Canadian Cordillera, which have been attributed to the progressive burial of cooler rocks
to the east as deformation migrates toward the craton (Parrish, 1995; Brown, 2004;
Gibson et al., 2008; Simony and Carr, 2011). Deformation and metamorphism is likewise
considered to have migrated toward the craton and downwards in the Middle Jurassic to
Early Cretaceous in the northern Cordillera as the orogen propagated toward the
foreland above the westward underthrusting North American continent.
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Chapter 4.
A model for diachronous ductile deformation,
metamorphism and exhumation in the
metamorphic hinterland of the northern Canadian
Cordillera
4.1. Abstract
Structural

transposition

fabrics

and

the

associated

amphibolite

facies

metamorphism that is nearly ubiquitous in the hinterland of the northern Canadian
Cordillera did not develop during a single tectono-metamorphic event. Rather, ductile
deformation and amphibolite facies metamorphism developed diachronously, with
events recorded in the Late Permian-Early Triassic, Early Jurassic, Middle to Late
Jurassic and Early to mid-Cetaceous. Rocks deformed and metamorphosed in the
Permo-Triassic and Early Jurassic were exhumed in the Early Jurassic, while rocks
within the hinterland immediately to the northeast (toward the foreland) of this tectonometamorphic domain were progressively buried and heated from Middle Jurassic to midCretaceous. We suggest that from Early Jurassic to mid-Cretaceous, the allochthonous
Yukon-Tanana terrane had been further obducted onto the North American continental
margin, and together with the underlying parautochthonous continental margin formed
an orogenic wedge that episodically propagated toward the foreland. Cooler rocks in
front of the wedge were progressively buried and metamorphosed to amphibolite facies
conditions from the Jurassic to Early-Cretaceous as they were underthrust into a
distributed, amphibolite facies shear zone near the base of the overriding orogenic
wedge. Rocks that were previously incorporated into this zone were displaced within the
wedge and ultimately exhumed through the combined effects of renewed underplating at
depth and compensating extensional denudation above in order to maintain a critically
tapered wedge. By mid-Cretaceous, the dynamics of the orogen had changed resulting
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in southeastward-directed, orogen-parallel extension and collapse of the orogen. Rocks
that occupied the mid-crustal shear zone in the Middle Jurassic to Early Cretaceous
were exhumed in the mid-Cretaceous along southeast-directed extensional faults, from
beneath a supracrustal ‘lid’ that had previously been metamorphosed and ductiley
deformed at amphibolite facies in the Permo-Triassic and Early Jurassic.

4.2. Introduction
Deformation and metamorphism is commonly diachronous across orogens, with
multiple overprinting events. Williams (1985) illustrated the difficulty of correlating such
events throughout an orogen only on the basis of structural overprinting, style, pattern of
orientation and relationship of fabrics to metamorphic minerals and assemblages.
However, understanding how deformation and metamorphism vary temporally
throughout the orogen is critical to our understanding of the tectonic processes operating
in orogenic belts.
Recent advances in phase equilibria modelling and in situ geochronological
techniques present an opportunity to link the timing of accessory mineral growth (e.g.
monazite) not only to specific porphyroblasts and associated P-T conditions (e.g. Foster
et al., 2002, 2004; Gibson et al., 2004), but also specific deformation fabrics (e.g.
Williams and Jercinovic, 2002; Berman et al., 2005, 2012). The application of these
techniques makes it possible to definitively correlate or differentiate metamorphic and
deformational fabrics within an area or across an orogen. For example, application of
these techniques has facilitated identification of multiple metamorphic events in terrains
that have been intensely reworked (e.g. Cutts et al., 2010; Berman et al., 2010, 2012).
Furthermore, this approach has revealed domains with contrasting P-T-t-D histories that
were previously considered a single tectono-metamorphic unit (Crowley et al., 2000;
Berman et al., 2007; Horvath et al., 2010).
This

chapter

describes

the

diachronous

pattern

of

deformation

and

metamorphism within the metamorphic hinterland of the northern Cordilleran orogen by
reviewing previously published structural, thermobarometric, in situ U-Pb SHRIMP, K-Ar
and

40

Ar/39Ar data. From this analysis, it is concluded that the transposition fabrics and
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the associated amphibolite facies metamorphism that is nearly ubiquitous throughout the
hinterland did not develop during a single tectono-metamorphic event. Rather, ductile
deformation and amphibolite facies metamorphism developed diachronously, younging
both structurally downwards and northeastward toward the foreland. The transitory
nature of deformation and metamorphism imply that these processes operate in different
places at different times. Therefore, even though we describe a similar transposition
foliation, denoted ST, accompanied by amphibolite facies metamorphism with similar
calculated P-T conditions throughout the hinterland, the diachronous nature of these
processes strongly suggests they may not be correlative across the orogen.
It is suggested that this diachronous pattern may be explained by the forelanddirected growth of a critically tapered orogenic wedge. In this model, rocks in front of the
wedge are episodically underthrust downward into a distributed, amphibolite facies,
transposition-forming shear zone at 25 to 30 kilometres depth near the base of the
overriding wedge. Rocks previously underthrust, buried and metamorphosed are
progressively exhumed to higher structural levels within the wedge, as the upper crust
enters a state of extension in order to maintain a critically tapered wedge. This model is
akin to a similar model originally proposed by Platt (1986) and later adapted by Brown
(2004) to explain a similar diachronous pattern of structurally downward younging ductile
deformation in the southeastern Canadian Cordillera.
The documentation of structurally downward and northeastward (toward the
foreland) younging of deformation and metamorphism is argued to be the result of
continued orogen-perpendicular compression. However, data presented here suggest
that by mid-Cretaceous the dynamics of the orogen had changed, resulting in
southeastward-directed, orogen-parallel extension and orogenic collapse.

4.3. The Northern Cordilleran Orogen
The North American Cordilleran orogen formed as a result of the successive
accretion of allochthonous terranes to the western Laurentian margin (Coney et al.,
1980). The core of the northern Cordilleran orogen in British Columbia, Yukon and
eastern Alaska consists of an interrelated set of magmatic arcs (Quesnel and Stikine
131

terranes), arcs built on continental fragments (Yukon-Tanana terrane), and an ocean
basin (Slide Mountain terrane), collectively referred to as the peri-Laurentian terranes
that accreted to the western Laurentian margin in Permo-Triassic time (Fig. 4.1)
(Colpron et al., 2007). These rocks enclose the Cache Creek terrane – an accretionary
complex consisting in part of carbonate bodies that cap seamounts or oceanic plateaus
and which contain fauna that suggest portions of the Cache Creek terrane lay far to the
west of the North American continent during the Permian to Middle Triassic (Orchard et
al., 2001; Nelson et al., 2013).
Crustal fragments and magmatic arcs of the Insular terranes (Peninsular,
Alexander and Wrangellia terranes) subsequently accreted to the outboard margin of the
Yukon-Tanana and Stikine terranes starting in the Middle Jurassic (McClelland et al.,
1992; van der Hayden, 1992, Saleeby, 2000; Gehrels, 2001). In the southern Canadian
Cordillera, the accretion of these two composite terranes and associated crustal
thickening resulted in two major metamorphic belts separated by a zone of low-grade,
weakly deformed rocks of the Quesnel, Cache Creek and Stikine terranes (Monger et
al., 1982). By contrast, in the northern Cordillera in west-central Yukon and east-central
Alaska, amphibolite facies metamorphism is laterally continuous across the YukonTanana terrane west of North American margin sedimentary rocks all the way to the
Denali fault. The subsequent collision of the Insular terranes against Yukon-Tanana
terrane, may have resulted in complex overprinting and reworking of earlier deformation
and metamorphism within the growing northern Cordilleran hinterland.
Herein, we focus on the tectono-metamorphic history of the north-central and
northeastern portions of Yukon-Tanana terrane and the structurally underlying
parautochthonous continental margin rocks (outlined in Fig. 4.2), which record both the
early accretionary history of the peri-Laurentian terranes with western Laurentia, as well
as events coeval with the subsequent accretion of the Insular terranes. The northeast
portion of the Yukon-Tanana terrane (Finlayson Lake district) is interpreted to have been
offset approximately 490 kilometres to the southeast through a combined 430 kilometres
of dextral strike-slip displacement along the Tintina fault in the Paleogene, and
approximately 60 kilometres of extension in the Cretaceous (Roddick, 1967; Dover,
1994; Gabrielse et al., 2006). Figures 4.2, 4.3 and 4.4 show the restored position of this
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offset block of the Yukon-Tanana terrane (Finlayson Lake district) relative to its
counterpart to the west.

Figure 4.1.

Simplified terrane map of the northern Canadian Cordillera (modified
from Colpron et al., 2006) showing location of Figure 4.2. Note, much
of Yukon-Tanana terrane southwest of the Tintina fault is at
amphibolite facies (cf., Read et al., 1991). D, Dawson; Wh,
Whitehorse. Lithotectonic terrane abbreviations: AX, Alexander; CA,
Cassiar; CC, Cache Creek; KS, Kluane Schist; NAb, North American
basinal strata; NAm, North American platformal strata; pNAm,
parautochthonous North American continental margin; SM, Slide
Mountain; ST, Stikinia; YT, Yukon-Tanana; W, Windy; WR,
Wrangellia.

133

134

Figure 4.2.

Tectonic assemblage map of Yukon-Tanana and adjacent terranes of
the northern Cordillera in east-central Alaska, central Yukon and
northern British Columbia. The location of Figures 4.3 and 4.4 is
outlined by a thick black square. Dashed outlines labelled SM and
YT show the original position of the Slide Mountain and YukonTanana terranes now located within the Finlayson Lake district, prior
to offset along the Tintina fault (Gabrielse et al., 2006). Figure
modified from Colpron et al. (2006).

4.4. Regional Geology
4.4.1.

Terrane Nomenclature
The Yukon-Tanana terrane consists of a pre-Late Devonian metasedimentary

basement

(Snowcap

assemblage)

with

lithological,

geochemical

and

isotopic

compositions that suggest it represents a rifted portion of the western Laurentian
continental margin (Piercey and Colpron, 2009; Colpron and Nelson, 2009). The
Snowcap assemblage is overlain by three unconformity bounded Upper Devonian to
Permian volcanic arc sequences (Finlayson, Klinkit, Klondike assemblages) that are
coeval with oceanic chert, argillite and mafic volcanic rocks of the Slide Mountain terrane
(Colpron et al., 2006). The Slide Mountain terrane represents the preserved remnants of
a Late Devonian to Permian back-arc ocean basin that opened between the continental
margin and the Devonian-Permian arcs within the Yukon-Tanana terrane (Nelson et al.,
2006).
Ductiley deformed, amphibolite facies rocks in east-central Alaska, previously
mapped as allochthonous rocks of the Yukon-Tanana terrane, have recently been reinterpreted as parautochthonous North American continental margin rocks (Lake George
and Tatatlanika assemblages in Fig. 4.2) exhumed from beneath the Yukon-Tanana
terrane along mylonitic extensional faults in the mid-Cretaceous (Hansen and DuselBacon, 1998; Dusel-Bacon et al., 2002, 2006). A parautochthonous North American
origin for these rocks in east-central Alaska is based on Archean and Proterozoic U-Pb
zircon inheritance and detrital ages, stratigraphic similarity with rocks in the Selwyn
Basin, their structural position, and a lack of late Paleozoic arc assemblages
characteristic of the Yukon-Tanana terrane (Dusel-Bacon et al., 2006; Nelson et al.,
2006; Dusel-Bacon and Williams, 2009). Similar characteristics, including the
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exhumation of moderate to high-pressure amphibolite facies rocks from beneath the
Yukon-Tanana terrane along mid-Cretaceous extensional shear zones, leads us to
interpret a small domain (Australia Mountain domain, Figs. 4.3 and 4.4; Staples et al.,
2013) in west-central Yukon to also represent parautochthonous North American rocks.
Collectively, these allochthonous and parautochthonous rocks of the Yukon-Tanana
terrane and North American continental margin, respectively, record a protracted and
diachronous history of ductile deformation and amphibolite facies metamorphism
associated with terrane accretion and subsequent crustal thickening (Dusel-Bacon et al.,
1995; Berman et al., 2007; Beranek and Mortensen, 2011; Staples et al., 2013; this
study, Chapter 3).
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Figure 4.3.

Tectonic assemblage map of the northern Yukon-Tanana terrane
and underlying parauthochthonous North American rocks prior to
post-Late Cretaceous offset along the Tintina fault. U-Pb ages are
from Berman et al. (2007); Staples et al. (2013); Ryan and Villeneuve
(unpublished data); Chapter 3. See Fig. 4.2 for reference location in
west-central Yukon. Labels A’ and A” locate the end points of line of
section for the cross-section in Figure 4.5.

4.5. Spatial and Temporal Record of Diachronous
Amphibolite Facies Metamorphism and Ductile
Deformation
Highly deformed and transposed amphibolite facies rocks of the pericratonic
Yukon-Tanana terrane and the structurally underlying parautochthonous North American
continental margin are exposed across a wide area (at least 100,000 km2) within the
metamorphic core of the northern Cordilleran orogen in west-central Yukon and eastcentral Alaska. These amphibolite facies rocks share a similar style and pattern of
deformation characterized by the transposition of lithologic contacts and primary
compositional layering into a regional ductile foliation (ST) with at least one generation of
intrafolial isoclinal folds (Foster et al., 1985, 1994; Colpron, 1999, 2005; de Keijzer et al.,
1999; Gallagher, 1999; Gordey and Ryan, 2005; Berman et al., 2007; Staples et al.,
2013; Chapter 3). Petrology and phase equilibria modeling (Dusel-Bacon et al., 1995;
Berman et al., 2007; Staples et al., 2013; Chapter 3) indicate these rocks were ductiley
deformed and metamorphosed under nearly identical conditions at 7.5 – 9 kbar and 600
– 680 °C. However, monazite growth associated with this deformation and
metamorphism was strongly diachronous across the orogen, with events recorded in the
Late Permian – Early Triassic, Early Jurassic, Middle to Late Jurassic and Early to midCetaceous (Berman et al., 2007; Staples et al., 2013; Chapter 3). Each of these tectonometamorphic events is recorded in distinct domains, and typically lack evidence of the
older or younger events recorded in the other domains (Fig. 4.4). Both the PermoTriassic and Early Jurassic metamorphic events are recorded in Yukon-Tanana terrane
rocks within the Stewart River map area southwest of the Tintina fault. Rocks deformed
and metamorphosed in the Permo-Triassic and Early Jurassic were exhumed in the
Early Jurassic (Dusel-Bacon et al., 2002; Berman et al., 2007). By contrast, rocks farther
to the east were progressively buried and heated from Middle Jurassic to Early
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Cretaceous in the Finlayson Lake district (Chapter 3), here on referred to as the
Finlayson domain, and the Early Cretaceous in the Australia Mountain domain (Staples
et al., 2013) (Fig. 4.4). Figure 4.5 shows a cross-sectional view that cuts through each of
these three tectono-metamorphic domains. A fourth domain of weakly deformed and
essentially unmetamorphosed rocks with Mississippian cooling ages are juxtaposed to
the southeast in the hanging wall of mid-Cretaceous normal faults (Fig. 4.4).
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Figure 4.4.

Simplified tectonic assemblage map of the northern Yukon-Tanana
terrane, with the offset portion of Yukon-Tanana on the northeast
side of the Tintina fault (Finlayson Lake district) restored to its prePaleogene position. This map shows the inferred distribution of the
Permo-Triassic/Early Jurassic, Middle Jurassic – Early Cretaceous,
and Early Cretaceous tectonometamorphic domains prior to postLate Cretaceous offset along the Tintina fault. Superimposed are
40
Ar/39Ar and K-Ar metamorphic cooling ages. K-Ar ages are from
Wanless et al. (1967; 1978); Stevens et al. (1982); Debicki (1985);
Hunt and Roddick (1987; 1991; 1992; 1993); Breitsprecher and
Mortensen (2004). 40Ar/39Ar ages are from Breitsprecher and
Mortensen (2004); Knight et al. (2013); Murphy and Villeneuve
(unpublished data); this study, Appendix C; Ryan and Villeneuve
(unpublished data).
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Figure 4.5.

4.5.1.

Cross-section from points A’ to A” on Figure 4.3. Crosss-section
through all three of the temporally distinct tectono-metamorphic
domains: Permo-Triassic/Early Jurassic domain (Berman et al.,
2007); Early Cretaceous domain (Australia Mountain domain;
Staples et al., 2013); Middle Jurassic – Early Cretaceous domain
(Finlayson domain; Chapter 3). This cross-section also illustrates
the downward migration of the Early Cretaceous shear zone (in red)
relative to the Jurassic shear zone (in blue). The dashed normal fault
coinciding with the proto-Tintina fault, is inferred as one possible
explanation for the 5 kilometres of structural relief between the
Australia Mountain (9 kbar metamorphism) and Finlayson (7.5 kbar
metamorphism) domains. No vertical exaggeration.

Permo-Triassic and Early Jurassic Tectono-Metamorphic
Domain – North-Cental Yukon-Tanana Terrane, West-Central
Yukon

Permo-Triassic
Timing estimates for the development of a regional transposition foliation (ST)
and associated amphibolite facies metamorphism in the north-central portion of YukonTanana terrane in west-central Yukon range from Late Permian (c. 260 – 253 Ma;
Beranek and Mortensen, 2011; Berman et al., 2007) to Middle Triassic (c. 239 Ma;
Berman et al., 2007). In the Klondike district, Beranek and Mortensen (2011) obtained a
c. 259 Ma age from a “strongly foliated” quartz monzonite sill. They interpret that this sill
was affected by the same ductile deformation that produced the regional foliation (ST) at
lower amphibolite facies within the host Devono-Mississippian Finlayson assemblage of
Yukon-Tanana terrane. If this interpretation is correct, then the c. 259 Ma age from the
deformed sill provides a maximum age for the development of the regional ductile
deformation. However, if the regional foliation in the country rock (Finlayson
assemblage) is not the same as that in the sill c. 259 Ma sill, it may be possible that the
regional foliation is older (e.g. Devono-Mississippian).

In the same area, the little-

deformed Jim Creek pluton (Fig. 4.3) and associated dikes cut transposed Nasina
assemblage rocks and yield an age of c. 253 Ma (Beranek and Mortensen, 2011),
suggesting that distributed, penetrative deformation had ceased by this time. However,
only approximately 10 kilometres to the south (Fig. 4.3), Berman et al. (2007) dated c.
239 Ma monazite included in garnet rims grown in pressure shadows that parallel the
transposition foliation. These monazite are linked to an ~9 kbar and 600 °C metamorphic
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event responsible for the garnet overgrowths (Berman et al., 2007), indicating that
ductile deformation at amphibolite facies conditions continued until the Middle Triassic,
somewhat younger than the presently known duration of plutonism between c. 260 and
253 Ma.
Permo-Triassic metamorphism (c. 260 - 240 Ma; Berman et al., 2007) in the
north-central portion of the Yukon-Tanana terrane is spatially and temporally associated
with a belt of Permian (c. 265-253 Ma) arc magmatism (Klondike assemblage;
Mortensen, 1990; Gordey and Ryan, 2005; Ruks et al., 2006). Figure 4.4 shows the
distribution of plutonic and volcanic rocks of the Permian Klondike arc and the inferred
distribution of Permo-Triassic (c. 260-240 Ma; Berman et al., 2007) amphibolite facies
metamorphism. The middle to late Permian Klondike assemblage and a discontinuous
belt of early to middle Permian (c. 273-260 Ma) blueschist and eclogite to the northeast
locally occurring along the eastern side of the Yukon-Tanana terrane (Figs. 4.2 and 4.3;
Creaser et al., 1997; Erdmer et al., 1998) are interpreted to record a Permian northeastfacing magmatic arc and accretionary wedge, respectively (Mortensen, 1992; Nelson et
al., 2006).
By Middle Triassic, siliciclastic strata that contain detrital zircon sourced from the
Paleozoic arc assemblages of Yukon-Tanana terrane were deposited on the ancestral
North American continental margin (Beranek et al., 2010; Beranek and Mortensen,
2011). This depositional relationship implies that the Slide Mountain ocean had closed
by the Early Triassic and the Yukon-Tanana terrane had been accreted and uplifted,
forming a highland that shed detritus into the depocentre of the western Laurentian
margin at this time (Fig. 4.6). Beranek and Mortensen (2011) suggest that the Late
Permian tectono-metamorphism is therefore the result of the accretion of the YukonTanana terrane onto the western Laurentian margin. The presence of c. 239 Ma
monazite linked to 600 °C and ~9 kbar metamorphism and ductile deformation (Berman
et al., 2007) suggests this event continued into the Middle Triassic.
Map relationships in the northern Carmacks suggest that Late Triassic volcanic
rocks (Stikine terrane, Fig. 4.3) unconformably overlie basement rocks of the YukonTanana terrane (Ryan et al., 2010), thus indicating that this portion of the Yukon-Tanana

144

terrane was exhumed by Late Triassic. However, possibility of a structural contact
cannot be ruled out because of poor exposure.

Figure 4.6.

Schematic crustal section showing the onset of accretion of YukonTanana terrane to the thinned western edge of western Laurentia
(260-252 Ma; Beranek and Mortensen, 2011) coeval with the late
stages of arc magmatism within Yukon-Tanana terrane (263-253 Ma;
Mortensen, 1990). Postulated Late Permian positions of the Australia
Mountain and Finlayson domains are also shown.

Early Jurassic
Late Triassic-Early Jurassic granitic plutons intrude into the Yukon-Tanana,
Quesnel and Stikine terranes. Similar to the present day geometry of Yukon-Tanana
terrane, these intrusions are exposed in a hairpin shape outlining the northern limit of the
Quesnel and Stikine terranes (Fig. 4.2). Al-in-hornblende geobarometric estimates (4-7
kbar; McCausland et al., 2002; Tafti, 2005) and U-Pb zircon ages (Tafti, 2005; Hood,
2012; Knight et al., 2013) indicate emplacement at moderate depths (13-23 km
assuming 1 kbar ≈ 3.3 km) between 205 and 197 Ma. This may have been prior to, and
possibly synchronous with, c. 195 Ma regional metamorphism, which culminated at 600
°C and ~7.6 kbar (Berman et al., 2007), equivalent to a depth of approximately 25
kilometres. Early to Middle Jurassic (c. 197-171 Ma) K-Ar and

40

Ar/39Ar mica cooling

ages throughout this region of Yukon-Tanana terrane (Fig. 4.4; Hunt and Roddick, 1991,
1992; Breitsprecher and Mortensen, 2004; Knight et al., 2013; Ryan and Villeneuve,
unpub. data) overlap with U-Pb metamorphic monazite ages and pluton crystallization
ages, suggesting that exhumation was synchronous with, or occurred very rapidly after,
plutonism and metamorphism. An Y-rich monazite interpreted to have grown during
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retrogression, which yielded a crystallization age of c. 187 Ma (Berman et al., 2007), as
well as c.185 Ma plutons that contain miarolitic cavities indicative of emplacement at
shallow crustal levels (Johnston et al., 1996), are consistent with rapid exhumation, and
indicate that plutonism was synchronous with exhumation. The preservation of Early
Jurassic K/Ar and
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Ar/39Ar

mica cooling ages within the Permo-Triassic and Early

Jurassic metamorphic domain reveals that this domain was unaffected by younger
Middle Jurassic and Early Cretaceous metamorphic events recorded in structurally lower
levels now presently exposed to the northeast (Fig. 4.4; Finlayson and Australia
Mountain domains, respectively).
Based on the presence of randomly oriented Early Jurassic kyanite crystals and
Early Jurassic intrusions that cross cut the regional penetrative transposition foliation,
Berman et al. (2007) suggest that the Jurassic metamorphic event was not accompanied
by distributed, penetrative fabric formation. However, Early Jurassic intrusions are in
places variably deformed and locally strongly foliated (Hood, 2012), which is indicative of
partitioning of Early Jurassic deformation. This is most evident within syn-kinematic Early
Jurassic intrusions observed in drill core and the open pit wall at the Minto mine (location
shown in Fig. 4.3; Hood, 2012). There, Hood (2012) has observed shallowly-dipping,
ductile shear zones ranging in scale from millimetres to metres that grade outwards into
undeformed, massive granitoids.
The partitioning of Early Jurassic deformation into localized shear zones may
explain the less deformed nature of the Late Triassic volcanic rocks in northern
Carmacks map sheet (Stikine terrane in Fig. 4.3), relative to rocks metamorphosed and
deformed in the Permo-Triassic. Late Triassic volcanic rocks in the northern Carmacks
map sheet are metamorphosed to greenschist facies and have a weakly to moderately
developed cleavage (Colpron and Ryan, 2010; Ryan et al., 2010). These Late Triassic
volcanic rocks are intruded and bound to the southwest by Early Jurassic granitoids with
magmatic epidote, and interpreted to be the northwest extension of the Minto pluton
(Colpron and Ryan, 2010; Ryan et al. 2010), which was emplaced at moderate depths of
13-23 km (Tafti, 2005). Furthermore, <40 kilometres to the northwest are kyanite-bearing
basement rocks of Yukon-Tanana, which were metamorphosed at a depth of
approximately 25 kilometres in the Early Jurassic (Berman et al., 2007). These
relationships suggest the Triassic volcanic rocks were likewise buried to significant
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depths in the Early Jurassic; however they lack the penetrative foliation observed in
rocks metamorphosed in the Permo-Triassic. Deformation of the Triassic volcanic rocks
is restricted to rafts within the margin of the Early Jurassic pluton suggesting that Early
Jurassic strain was partitioned around the volcanic rocks into the ‘wet’ Jurassic intrusion.
The partitioning of strain around these volcanic rocks may have inhibited metamorphic
recrystallization, which may explain the apparent lower metamorphic grade (greenschist
vs amphibolite) in the surrounding Yukon-Tanana terrane rocks.

4.5.2.

Middle Jurassic to Early Cretaceous Tectono-Metamorphic
Domain – Northeastern Yukon-Tanana Terrane, Finlayson
Domain
After restoration of the Tintina fault, the offset portion of the Yukon-Tanana

terrane in the Finlayson Lake district restores to the northeast of the Permo-Triassic and
Early Jurassic domain in western Yukon (Figs. 4.2, 4.3 and 4.4). The Finlayson Lake
district is bisected by the North River fault, a regional-scale mid-Cretaceous normal fault
that cuts across Yukon-Tanana terrane in a roughly northeast-southwest trend (Figs. 4.3
and 4.4; Murphy, 2004). Rocks in the footwall record mid-Cretaceous
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Ar/39Ar and K-Ar

cooling ages (Fig. 4.4; Wanless et al., 1967; Hunt and Roddick, 1992; Murphy et al.,
2001), are intruded by mid-Cretaceous granite plutons (Murphy et al., 2001), and have
been ductiley deformed at amphibolite facies prior to the emplacement of the granites
(Murphy, 2004; Chapter 3). Staples et al. (this study, Chapter 3) showed that rocks in the
footwall of the North River fault experienced a protracted episode of monazite growth
from c. 169 to 142 Ma coeval with the development of ductile transposition fabrics and
garnet growth from ~ 550 °C and 6.5 kbar to 600 °C and 7.5 kbar. Sub-greenschist to
greenschist facies rocks in the hanging wall to the southeast comprise the upper thrust
sheets of imbricated Yukon-Tanana terrane that lack Cretaceous granites and contain
Mississippian and Pennsylvanian K-Ar cooling ages (Fig. 4.4; Stevens et al., 1982; Hunt
and Roddick, 1987).
There is no record of Permo-Triassic tectono-metamorphism in the Finlayson
domain. It is possible that evidence of this event, for example recorded by the growth of
a metamorphic thermochronometer such as monazite, may have been destroyed by the
low-temperature dissolution of such minerals (e.g. Williams et al., 2011). Alternatively, it
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is more likely that monazite growth was a function of location within the thermal structure
of the terrane in the Permo-Triassic. The Permo-Triassic amphibolite facies
metamorphism in west-central Yukon was temporally conicident with, and spatially
associated with, the middle to late Permian (265 – 253 Ma) Klondike arc (Fig. 4.4;
Berman et al., 2007; Nelson et al., 2006; Mortensen, 1992). The absence of a Permian
metamorphic signature and the position of Yukon-Tanana terrane assemblages in the
Finlayson domain northeast of the Klondike arc-center and west of high P/T subduction
complex eclogites suggest it occupied a position in the cooler, stronger forearc region of
a middle to late Permian northeast-facing convergent margin (Fig. 4.6; Ch. 3).

4.5.3.

Early Cretaceous Tectono-Metamorphic Domain – Australia
Mountain Domain
Building on the work of Berman et al. (2007), Staples et al. (2013) identified an

Early Cretaceous (c. 146 - 118 Ma) syn- to post-ST amphibolite facies (9 kbar and 650
°C) metamorphic domain at Australia Mountain, immediately east of the Permo-Triassic
tectono-metamorphic domain (Fig. 4.4). Slightly younger (c. 112 Ma) texturally and
chemically distinct monazite within resorbed portions of garnet from Australia Mountain
record the onset of near isothermal decompression in the mid-Cretaceous following the
peak of metamorphism. There is no record of Permo-Triassic or Early Jurassic
metamorphism and deformation in the Australia Mountain domain. However, synkinematic garnet cores from Australia Mountain, with the incipient stages of garnet
growth recorded at ~ 600 °C and 8 kbar, remain undated. Potential metamorphic events
responsible for this garnet growth include the Permo-Triassic, Early Jurassic, Middle to
Late Jurassic, and Early Cretaceous events, all of which are recorded regionally. If the
Australia Mountain domain is in fact parautochthonous (Chapter 2 and 3), it would have
lain east of the Permian subduction zone on the impinging western Laurentian margin. In
this case, the absence of a Permian metamorphic signature in the Australia Mountain
domain suggests it had lain well inboard (cratonward) of the orogenic front in the
Permian.
The abrupt juxtaposition of this domain against rocks with Early to Late Jurassic
cooling to the west and south (Fig. 4.4; Hunt and Roddick, 1992; Knight et al., 2013),
and Paleozoic and Early and Middle Jurassic cooling ages to the southeast (Fig. 4.4;
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Knight et al., 2013), suggests the Australia Mountain domain is bound by two crustalscale mid-Cretaceous normal faults (Figs. 4.3 and 4.4); the Australia Creek and Stewart
River faults, respectively (Staples et al., 2013). The position of these two faults are
constrained by an abrupt change in mica cooling ages, the presence of distinct
discontinuities in aeromagnetic data, and differences in lithologies. Poor exposure in the
area has prevented the direct observation of faults bounding this Early Cretaceous
tectono-metamorphic domain.
After restoration of the Tintina fault, the trace of the North River fault restores
along trend of the mid-Cretaceous Stewart River fault west of the Tintina fault (Figs. 4.3
and 4.4). Both the North River and Stewart River faults juxtaposes rocks ductiley
deformed and metamorphosed in the Early Cretaceous against rocks to the southeast
that are generally undeformed and weakly metamorphosed rocks with Mississippian
cooling ages (Figs. 4.3 and 4.4; Murphy et al., 2001; Murphy, 2004; Staples et al., 2013;
Colpron and Ryan, 2010; Knight et al., 2013). Therefore, prior to Paleogene offset along
the Tintina fault, the Stewart River and North River faults likely formed a continuous
normal fault. Both the Permo-Triassic and Early Jurassic metamorphic domain to the
west and the Devono-Mississippian rocks to the south were presumably the
suprastructural ‘lid’ from beneath which the Jura-Cretaceous metamorphic domains were
exhumed along the mid-Cretaceous Australia Creek and Stewart River-North River
faults, respectively.

4.6. Explanation of Diachronous Deformational and
Thermochronologic Data in Terms of Critically Tapered
Wedge Theory
Despite the diachronous timing, each of the Permo-Triassic, Early Jurassic,
Middle to Late Jurassic and Early to mid-Cretaceous events occurred under
approximately the same set of physical conditions (600 – 680 °C and 7.5 – 9 kbar, or 25
- 30 km depth; Berman et al., 2007; Staples et al., 2013; Chapter 3). Any tectonic model
which attempts to address this pattern must also take into account K-Ar and
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Ar/39Ar

metamorphic cooling ages within the Permo-Triassic metamorphic domain, which
indicate this domain was rapidly exhumed to upper crustal levels in the Early Jurassic
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(Hunt and Roddick, 1991, 1992; Breitsprecher and Mortensen, 2004; Knight et al., 2013;
Ryan and Villeneuve, unpub. data) prior to the development of transposition fabrics and
metamorphism to the northeast in both the Finlayson domain and the structurally deeper
Australia Mountain domain. This requires that rocks which previously occupied the
middle crust were exhumed by erosion and/or tectonic denudation prior to, or coeval
with, the progressive ductile underthrusting and burial of rocks to the northeast, nearer to
the foreland. We propose these data and observations can be reconciled by the episodic
westward ductile underthrusting of new, cool material beneath an orogenic wedge at
critical taper propagating toward the foreland.

4.6.1.

Description of Model
The original concept of critical wedge theory was developed to model the

mechanics of accretionary complexes of fold-and-thrust belts in a manner analogous to
a wedge of sand in front of a moving bulldozer (Davis et al., 1983; Dahlen, 1984). Critical
wedge theory was later extended to account for ductile deformation at deeper levels
(Williams et al., 1994; Willet, 1999) and has since been recognized to approximate the
form of orogenic belts at a larger scale (Platt, 1986; Jamieson and Beaumont, 1988;
Willet et al., 1993). Critical wedge theory proposes that an orogenic wedge will deform
internally until it reaches a ‘critical’ taper, after which if no material is added or removed
from the wedge, the wedge then slides stably without any internal deformation. If
material is accreted to the toe or underplated beneath the advancing wedge, it will again
deform internally in order maintain its critical taper (Davis et al., 1983; Platt, 1986). The
addition of material at the base of a wedge during underthrusting will cause the wedge to
thicken and its taper to become supercritical. The predicted result is that even during
continued convergence and burial, the upper crust may enter a state of extension,
coeval with contraction at depth, in order to regain a stable taper (Platt, 1986). Platt
(1986) recognized that such coeval underthrusting of material beneath the wedge and
compensating extension above provides a mechanism for exhuming high-pressure
metamorphic rocks to upper crustal levels in the rear of the wedge. In this model, rocks
continuously, or episodically, pass through a cycle of burial, heating and subsequent
exhumation as they are underthrust into the basal shear zone and then displaced
upwards and ultimately exhumed, through the combined effects of underplating from
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below and compensating extensional denudation at the surface to maintain a critical
taper (cf. Platt, 1986).
Brown (2004) adopted the model of Platt (1986) to explain how mid-crustal levels
in the hinterland of the southern Canadian Cordillera could also be exhumed by a similar
process, however one that involved ductile underthrusting as opposed to discrete, brittle
thrust faulting. A pattern of downward younging ductile deformation and metamorphism
in the hinterland of the southern Canadian Cordillera was interpreted by Parrish (1995)
to be consistent with a thrust belt setting, in which rocks are progressively overridden as
the wedge migrates toward the foreland. Brown (2004) and Williams and Jiang (2005)
refined this model, noting that deformation at the mid- to deep-crustal level is
characterized primarily by penetrative flow, not by stacking of discrete thrust sheets and
partitioned strain. Brown (2004) suggested that the localized shear zone that underlies
the base of the wedge in foreland thrust-and-fold belt becomes a distributed ductile
shear zone toward the rear of the wedge (Fig. 4.7).
Williams and Jiang (2005) suggest that penetratively deformed, high-grade
metamorphic rocks characterized by a shallowly dipping transposition fabric (or
enveloping surface) with abundant intrafolial folds, and a non-coaxial deformation history
represent crustal-scale (kilometres thick) shear zones. In contrast to localized zones of
deformation – detachment surfaces with no coupling – thick shear zones are zones of
displacement gradients and therefore allow some kinematic and mechanical coupling
with the overlying crust (Tikoff et al., 2002). This is supported by the observation in some
orogens where the axial surfaces of upright folds in the upper crust are overturned and
become part of the transposition foliation at lower crustal levels (e.g. Murphy, 1987).
This style of penetrative flow within a kilometres-thick section of transposed rock can
therefore transport weak mid-crustal levels toward the foreland above a strong
underlying crust (e.g. basement rocks), while also passively carrying the upper crustal
levels (c.f. Williams et al., 2006).
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Figure 4.7.

4.6.2.

Schematic diagram illustrating: 1) how the localized shear zone that
underlies the base of the wedge in foreland thrust-and-fold belt
becomes a distributed (km’s thick) ductile shear zone toward the
rear of the wedge; and 2) how the underplating of new rocks into the
shear zone causes rocks that were previously ductiley deformed
(transposed) and metamorphosed in this high-grade shear zone
(infrastructure) to be uplifted and exhumed into the overlying
suprastructure where they are overprinted at low metamorphic
grade by upright, brittle structures. (See text for further explanation;
diagram modified after Brown, 2004).

Description of a Distributed, Kilometre-Thick, Ductile Shear
Zone in the Northern Cordillera
Deformational fabrics, and the metamorphic grade at which they formed, are

strikingly similar across Yukon-Tanana terrane and the structurally underlying
parautochthonous rocks. They are characterized by a shallowly-dipping, penetrative,
composite transposition foliation (ST) that is coplanar with the limbs of tight to isoclinal
folds (Foster et al., 1985, 1994; Colpron, 1999, 2005; de Keijzer et al., 1999; Gallagher,
1999; Gordey and Ryan, 2005; Berman et al., 2007; Staples et al., 2013; Chapter 3).
Relict primary compositional layering, contacts (veins and dykes), a pre-existing foliation,
and rare rootless isoclinal folds can be traced around these fold closures indicating the
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folds are at least F2 structures. However, it is possible that the pre-existing isoclinal folds
and the associated axial-planar foliation may have been refolded in a self-similar style
during a single, progressive deformation event. There has been very limited detailed
structural and kinematic analysis within the hinterland of the northern Cordillera;
however, a few studies have observed that the mineral lineation, where present, is
parallel to the fold axes of the youngest tight to isoclinal syn-transposition folds (FT;
Colpron, 1999; de Keijzer et al., 1999; Dusel-Bacon et al., 2002; Gordey and Ryan,
2005; Berman et al., 2007). Parallelism of the mineral lineation with syn-transposition
fold axes suggests intense progressive non-coaxial deformation wherein the fold axes
have progressively rotated into approximate parallelism with the extension direction
(shear direction; Escher and Watterson, 1974; Williams and Zwart, 1977).
The amphibolite facies metamorphism, shallowly-dipping transposition foliation,
and non-coaxial deformation history described here for much of the lowest exposed
structural and stratigraphic levels of Yukon-Tanana terrane and the structurally
underlying parautochthonous rocks is consistent with a crustal-scale (kilometres thick)
shear zone as described by Williams and Jiang (2005). Rocks are envisaged as being
underthrust and underplated along a discrete brittle thrust fault toward the toe of the
wedge, transitioning into a diffuse, kilometres-thick, ductile shear zone at greater depths
toward the back of the wedge (Figs. 4.7 and 4.8). However, monazite geochronology on
these rocks (Berman et al., 2007; Staples et al., 2013, Chapter 3) demonstrates that the
development of this distributed, ductile shear zone was not synchronous throughout the
terrane. Rather the deformation and associated amphibolite facies metamorphism
youngs both downwards and toward the foreland, similar to that described by Brown
(2004) in the southeastern Canadian Cordillera.
The development of transposition fabrics at amphibolite facies occurred
diachronously within the Yukon-Tanana terrane in the Permo-Triassic, Early Jurassic,
Middle to Late Jurassic and Early to mid-Cretaceous (Berman et al., 2007; Beranek and
Mortensen, 2011; Staples et al., 2013, this study). However, each event occurred at
approximately the same crustal level (7.5 – 9 kbar, or 25 - 30 km depth: Berman et al.,
2007; Staples et al., 2013, this study), and resulted in a widespread tectonic pile of
schist and gneiss with similar appearance. This requires that rocks which previously
occupied the distributed ductile shear zone in the middle crust were subsequently
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exhumed by erosion and/or tectonic denudation prior to, or coeval with, the progressive
ductile underthrusting and burial of subsequent rocks to mid-crustal levels (Fig. 4.7).
The repeated cycling of rocks down into the distributed shear zone and then
upwards into the overlying crust implies that rocks that occupy the upper crust at any
time, may contain older, relict structures that are identical to the deformational and
metamorphic fabrics forming at the same time in the mid-crustal, distributed shear zone.
However, there is a panel of weakly deformed and essentially unmetamorphosed rocks
with Carboniferous cooling ages in this part of the orogen (Figs. 4.3 and 4.4), indicating
that this panel has occupied a high crustal level since the Carboniferous, and thus not all
upper-crustal rocks were buried into the mid-crustal shear zone.
In addition to the shallowly dipping, high-grade, penetrative fabrics that develop
within the ductile shear zone at depth, upright, brittle structures overprint the earlier
ductile fabrics at lower metamorphic grade as they are progressively exhumed to upper
crustal levels. We apply the term ‘infrastructure’ in a similar sense to that suggested by
De Sitter and Zwart (1960) and Culshaw et al. (2006) when describing mid- to lowercrustal levels in an orogen characterized by high-grade, shallowly dipping, ductiley
deformed and transposed rocks. Conversely, the overlying ‘suprastructure’ would be
characterized by upright, brittle structures and low-metamorphic grade (Fig. 4.7). In the
northern Cordillera, this rheological contrast between upper and lower crustal levels is
time specific. We make this distinction because, as explained above, rocks formerly
situated in the lower crust, the infrastructure, were progressively exhumed in the
Jurassic and incorporated into the suprastructure above the Middle Jurassic to Early
Cretaceous infrastructure (Fig. 4.7).

4.6.3.

Early Jurassic Wedge
Abundant evidence of Early Jurassic contraction, imbrication and metamorphism

within Yukon-Tanana and Slide Mountain terranes (Hansen and Dusel-Bacon, 1998;
Dusel-Bacon et al., 2002; Berman et al., 2007; Murphy et al., 2006), suggests that by
this time these terranes had been obducted and thrust onto the continental margin
forming an orogenic wedge above the westward migrating and underthrusting North
American continent (Figs. 4.8A and 4.9A; Nelson et al., 2006). As the orogenic wedge
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propagated at critical taper toward the craton, cooler rocks were progressively buried
and heated as they were underthrust beneath the burgeoning wedge. The underplating
of new material at the base of the wedge resulted in thickening the wedge beyond its
critical taper, causing the rear of the wedge to extend internally, coeval with contraction
at depth, in order to maintain critical taper (e.g. Platt, 1986). Therefore, the
underthrusting of new material into the basal shear zone in the Early Jurassic caused
rocks that were previously ductiley deformed and metamorphosed at depth within the
infrastructure to be displaced upward into the overlying suprastructure of the wedge and
ultimately exhumed. This is recorded from the abundance of Early Jurassic K-Ar and
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Ar/39Ar cooling ages within Yukon-Tanana terrane rocks (Hunt and Roddick, 1991,

1992; Breitsprecher and Mortensen, 2004; Knight et al., 2013; Ryan and Villeneuve,
unpub. data) that experienced ductile transposition and metamorphism in PermoTriassic and Early Jurassic (Berman et al., 2007). Early Jurassic extensional exhumation
was accommodated in part by the Willow Lake normal fault (Fig. 4.4), which bounds a
portion of the Permo-Triassic metamorphic domain (Colpron and Ryan, 2010; Knight et
al., 2013).
Uplift and exhumation in the upper levels of the wedge, contemporaneous with
contraction and burial at depth is also indirectly recorded by sedimentation in the
Whitehorse trough (Early to Middle Jurassic Laberge Group; Fig. 4.2). Clast types and
provenance studies of the Laberge Group show a temporal transition from volcanic
clasts to sedimentary clasts to granitic clasts, which record the erosion of the Lewes
River arc (Stikine terrane), progressing to shelf uplift, and then uplift and erosion of the
arc’s plutonic roots, respectively, during the Early Jurassic (Dickie and Hein, 1995; Hart
et al., 1995; Hart, 1997). Further evidence for syn-contractional exhumation is provided
by geological relationships that suggest Early Jurassic exhumation was accommodated
along both contractional (Dusel-Bacon et al., 2002) and extensional structures (Knight et
al., 2013).
The underthrusting of cooler rocks that gradually made their way toward the back
of the wedge in the Early Jurassic would have provided a new source of fertile material
from which fluids may be derived via dehydration reactions upon heating of these newly
buried rocks. Migration of this fluid upwards into overlying rocks, which were previously
metamorphosed and dehydrated in the Permian, but were subsequently displaced
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upwards and exhumed in the Early Jurassic, may have provided the catalyst for renewed
metamorphic reactions and Early Jurassic monazite growth in that overlying, partially
exhumed panel (Permo-Triassic infrastructure in Fig. 4.8A). The introduction of reaction
catalyzing fluids contemporaneous with exhumation would explain the overlap of Early
Jurassic U-Pb metamorphic monazite and regional 40Ar/39Ar cooling ages (Berman et al.,
2007). Additionally, strain may have been localized within zones of enhanced fluid flow,
which may explain the absence of a ubiquitous penetrative ductile fabric, but rather the
more discrete, localized deformation associated with metamorphism in the Early
Jurassic. Alternatively, deformation may have been localized where fluids evolved from
the Early Jurassic intrusions.
Alternatively, given the large range of K/Ar
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Ar/39Ar mica cooling ages (c. 197-

177 Ma; Hunt and Roddick, 1991, 1992; Breitsprecher and Mortensen, 2004; Knight et
al., 2013; Ryan and Villeneuve, unpub. Data), within what is presently considered a
coherent structural panel, exhumation may have therefore post-dated Early Jurassic (c.
195 Ma; Berman et al., 2007) metamorphism by 10-20 Myr. In fact, Berman et al. (2007)
obtained the c. 195 Ma metamorphic age from monazite included within garnet and
kyanite, linking it to ~7.6 kbar (≈ 25 km depth), and thus mid-crustal levels. However,
even if there was a delay between underthrusting at depth and compensating
extensional denudation above, the underthrusting of fertile, hydrous material may have
still provided the reaction catalyzing fluid for Early Jurassic metamorphic reactions within
these mid-crustal levels that had previously been dehydrated in the Permo-Triassic.

4.6.4.

Middle Jurassic to Early Cretaceous Wedge
Widespread Early Jurassic cooling ages across the northern Yukon-Tanana

terrane reveal that Yukon-Tanana terrane rocks metamorphosed in the Permo-Triassic
and again in the Early Jurassic remained at a high structural level from Early Jurassic
onward. By contrast, the highly transposed nature, as well as P-T data and U-Pb
monazite geochronology (Staples et al., 2013, Chapter 3), indicate that rocks in the
Finlayson and Australia Mountain domains to the northeast were being buried, heated
and incorporated into a distributed, ductile shear zone at 25-30 km depth in the Middle
Jurassic to Early Cretaceous (Fig. 4.8B). Accretion and underthrusting of the Insular
terranes beneath the western side of the Yukon-Tanana terrane in the Middle Jurassic
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(McClelland et al., 1992; van der Hayden, 1992; Saleeby, 2000; Gehrels, 2001) may
have provided the necessary rigid backstop to drive the orogenic wedge toward the
foreland during the continued westerly migration and underthrusting of the North
American continent (Fig. 3.13). However, the dynamics outboard (to the west) of this
portion of the Yukon-Tanana terrane in the Middle Jurassic to Early Cretaceous is
unclear. Estimates for the timing of accretion of the Insular terranes varies from Middle
Jurassic (e.g. Gehrels, 2001) to Late Cretaceous (Hults et al., 2013) along the length of
the orogen. The along-strike paleogeographic setting of the Yukon-Tanana terrane
relative to the Insular terranes is uncertain due to post-Early Cretaceous dextral
displacement along the Tintina and Denali faults (Gabrielse et al., 2006; Dodds, 1995),
as well as Late Jurassic to Early Cretaceous sinistral motion of the Insular terranes
(Monger et al., 1994). Furthermore, sedimentation in the Late Jurassic–Early Cretaceous
Gravina basin between the Alexander and Yukon-Tanana terranes has been interpreted
to record back-arc extension and pulling away of the arc in the Insular terranes (Monger
et al., 1994; Gehrels et al., 2009). This would appear to be inconsistent with
simultaneous contraction and the foreland-directed (northeastward) migration of the
orogen further inboard within Yukon-Tanana terrane.
The post-Early Jurassic record of metamorphism is restricted to rocks exposed to
the northeast (toward the foreland) of the Permo-Triassic/Early Jurassic metamorphic
domain (Fig. 4.4). The apparent absence of Permo-Triassic and Early Jurassic
metamorphism in these younger domains to the northeast suggests that deformation
and metamorphism migrated into cooler rocks toward the foreland. Furthermore, data
from the Finlayson and Australia Mountain domains, which reveal a pattern of
structurally downward younging deformation and metamorphism (169-142 Ma at ~25 km
depth; 145-118 Ma at ~30 km depth; Staples et al., 2013; Chapter 3), is interpreted to
correspond with the progressive underthrusting of new material as the orogenic wedge
propagates toward the foreland.
Despite

an

apparent

foreland-directed

younging

of

deformation

and

metamorphism, as recorded from the absence of older Permo-Triassic and Early
Jurassic metamorphism in the younger domains to the northeast toward the foreland, the
c. 146-118 Ma Australia Mountain domain lies southwest (outboard) of the older (c. 169142 Ma) Finlayson domain (Fig. 4.4). However, prior to accretion, the Australia Mountain
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domain is interpreted to have originated east of the Finlayson domain (Yukon-Tanana
terrane) based on the interpretation that it represents parautochthonous North American
margin (Fig. 4.6). The present exposure of the Australia Mountain domain west of the
Finlayson domain is attributed to underthrusting down to the west beneath the Finlayson
domain in the Early Cretaceous (Fig. 4.8B), following burial and metamorphism of the
Finlayson domain.
If the Australia Mountain domain is parautochthonous North American margin
that originally lain east of the Slide Mountain Ocean prior to the accretion of the YukonTanana terrane (Fig. 4.6), then this ductile underthrusting and underplating of the
Australia Moutnain domain beneath Yukon-Tanana terrane (Fig. 4.8A and B), likely also
incorporated and transposed lenses of intervening Slide Mountain rocks into the
overlying wedge together with the Australia Mountain domain. This model would suggest
that the highly altered lenses of ultramafic rock at Australia Mountain, which are
concordant with the foliation, may be slivers of Slide Mountain terrane.

Possible Origin of Late Jurassic Gold-Bearing Metamorphic Fluids
Underplating, heating and devolatilization of cool, fertile (hydrous) material in the
Finlayson and Australia Mountain domains in the Middle to Late Jurassic and Early
Cretaceous may have provided a source of fluids for Late Jurassic ‘orogenic’ goldbearing veins (Bailey, 2013) within the structurally overlying, colder and previously
dehydrated rocks of the Klondike-White Gold district (located within the PermoTriassic/Early Jurassic metamorphic domain; Figs. 3 and 8B). Gold-bearing quartz veins
at the Golden Saddle deposit of the White Gold area were emplaced along brittle
structures (Bailey, 2013) within rocks previously metamorphosed in the Permo-Triassic
and Early Jurassic (Berman et al., 2007). The age of gold mineralization is constrained
by
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Re/187Os model ages of 163–155 Ma from molybdenite interpreted to be

paragenetically related to the gold (Bailey, 2013). These ages are contemporaneous
with amphibolite facies metamorphism, devolatilization and ductile deformation (c. 169142 Ma) at deeper crustal levels in the Finlayson domain (Chapter 3), and thus provide a
possible metamorphic fluid-source for the gold-bearing veins. However, data from this
study does does not provide any insight as to the gold source. Late Jurassic K-Ar and
40

Ar/39Ar cooling ages within the Klondike and White Gold area are anomalous relative to
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more widespread Early Jurassic cooling ages in the surrounding regions, and may also
be the result of the Ar system resetting during localized circulation of these metamorphic
fluids.
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Figure 4.8.

Schematic evolutionary model of the northern Canadian Cordilleran
orogenic wedge. (A) Early – Middle Jurassic: The exhumation of
rocks previously buried and metamorphosed in the Permian is
driven by combined underplating at depth and compensating
extensional denudation above in order to maintain a critical taper as
the North American crust is underthrust to the west. The Finlayson
and Australia Mountain domains may have been underthrust and
incorporated into the wedge at this time, but are still within the cool
toe of the wedge. (B) Late Jurassic – Early Cretaceous: Continued
underthrusting of the North American crust causes the Finlayson
and Australia Mountain domains to be buried and ductiley
underthrust to ~25-30 km’s depth toward the rear of the wedge,
causing rocks which previously occupied this shear zone to be
displaced upwards due to compensating extension above. The
Australia Mountain domain, which was closer to the foreland, or
craton, relative to the Finlayson domain in the Permian, was ductiley
underthrust and metamorphosed after the Finlayson domain in the
Early Cretaceous, and thus lies structurally beneath the Finlayson
domain at this time. Following this, in the mid-Cretaceous, the
Australia Mountain domain had been underthrust beneath the
Finlayson domain. (C) Post mid-Cretaceous: The Finlayson and
Australia Mountain domains are exhumed in the mid-Cretaceous
along the Australia Creek and Stewart River - North River faults
following a change in kinematics. Orogen-scale shortening was
accommodated by horizontal, orogen-parallel extension along the
Stewart River – North River faults, and comparable faults in eastcentral Alaska, in the mid-Creteous, as opposed to the previous
vertical extension (crustal thickening) that was occurring during the
Jurassic and Early Cretaceous.
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Figure 4.9.

4.6.5.

Generalized geological maps illustrating the orientation and
kinematics of active structures at the time of each corresponding
wedge section in Figure 4.8. Strain axes show the directions of the
minimum (x) and maximum (z) shortening directions within
metamorphic hinterland (Yukon-Tanana terrane). Large black arrows
illustrate the direction of transport of the Intermontane terranes. The
southwest-northeast trending dotted line from A’ to A” is the
approximate location of the schematic wedges in Fig. 4.8. (A) Early –
Middle Jurassic: characterized by northeast- and southwest-vergent
thrust faults, reflecting a dynamic of orogen-perpendicular
compression and vertical extension (crustal thickening). (B) Late
Jurassic – Early Cretaceous: Northeast- and southwest-vergent
thrusts related to continued orogen perpendicular compression and
vertical extension. (C) Mid-Cretaceous: This time was characterized
by a change in the orogen’s dynamic from veterical extension
(crustal thickening) to horizontal, orogen-parallel extension as
interpreted for the Stewart River and North River faults and
comparable faults in east-central Alaska (Hansen and Dusel-Bacon,
1998; Dusel-Bacon et al., 2002). Fault abbreviations: ACF = Australia
Creek fault; BCT = Beaver Creek thrust; BSF = Big Salmon fault; CF
= Coghlan fault; ChF = Chain fault; DAF = D’Abbadie fault; DF =
Dawson fault; HF = Hoochekoo fault; HMF = Hess-MacMillan fault
system; HRF = Hyland River fault system; InT = Inconnu thrust; MaF
= March fault; NRF = North River fault; NrT = Needlerock thrust; RST
= Robert Service thrust; SdT = Sheldon thrust; SRF = Stewart River
fault; TaF = Tadru fault; TeF = Teslin fault; TF = Towhata fault; TmF =
Tummel fault; TT = Tombstone thrust; TpT = Twopete thrust; TRT =
Tay River Thrust; WLF = Willow Lake fault. City abbreviations: D =
Dawson; Fb = Fairbanks; RR = Ross River; Wh = Whitehorse; WL =
Watson Lake. Terrane abbreviations: CC = Cache Creek; QN =
Quesnellia; ST = Stikine; YT = Yukon-Tanana; Nab = North America
basinal; Nap = North America platform.

Mid-Cretaceous – A Changing Geodynamic
Thin-skinned, northeast-vergent regional-scale folds and extensive, shallow-

dipping thrust faults in the Selwyn basin immediately to the northeast of Yukon-Tanana
terrane and the Finlayson domain (Fig. 4.9B) are bracketed between Early and midCretaceous (Gordey, 2013), coeval with thick-skinned deformation in the Finlayson and
Australia Mountain domains. The northeastward, foreland-directed, migration of ductile
deformation and amphibolite facies metamorphism into the Finlayson and Australia
Mountain domains in the Late Jurassic to Early Cretaceous coeval with northeastvergent folding and thrust-faulting immediately to the northeast within the foreland,
records orogen-perpendicular (northeast-directed) contraction and thickening across the
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northern Cordilleran orogen until the mid-Cretaceous. The peak metamorphic pressures
of 7.5 and 9 kbar from rocks presently exposed at the surface in the Finlayson and
Australia Mountain domains (Staples et al., 2013; Chapter 3), respectively, correspond
to approximately 25-30 km depth. Considering the moho is currently located at
approximately 35 kilometres depth in the northern Cordillera (Cook and Erdmer, 2005),
this suggests the crust was approximately 60-65 kilometres thick prior to mid-Cretaceous
exhumation. Gibson et al. (2008) determined a similar crustal thickeness in the
southeastern Canadian Cordillera, and on the basis of local Airy isostasy suggest this
would produce a high standing topography at least 5 km above sea level.
The Albian (113-100 Ma) Indian River formation (Lowey and Hills, 1988), located
approximately 35 km west of the Australia Mountain domain in the hanging wall of the
Australia Creek fault (Fig. 4.3), was deposited roughly coeval with extensional
exhumation of the Australia Mountain domain. In addition to the synchronicity between
deposition of the Indian River formation and exhumation of the Australia Mountain
domain, as well as its location in the hanging wall of the Australia Creek fault, the Indian
River formation contains metamorphic detritus (quartz with undulatory extinction, and
lesser amounts of muscovite, feldspar and foliated lithic fragments) (Lowey and Hills,
1988), which altogether suggests it represents a syn-extensional detachment basin to
the Australia Creek fault. The presence of the dinoflagellate Muderongia asymmetrica
within the Indian River formation is interpreted by Lowey (1984) to indicate deposition in
a marine influenced environment, requiring that this portion of the hinterland of the
northern Cordillera had been reduced to sea-level by 110-100 Ma. Reduction of the
metamorphic hinterland of the Cordillera to sea-level by 110-100 Ma indicates that the
orogenic wedge had collapsed by this time, and that extensional denudation along the
Australia Creek and Stewart River/North River faults was extremely rapid. This is
corroborated by 116-104 Ma K-Ar mica cooling ages from the Australia Mountain domain
(Appendix C; Hunt and Roddick, 1992), which are consistent with rapid extensional
exhumation following peak metamorphism at c. 118 Ma at approximately 30 km depth.
The northwest-southeast trending Australia Creek fault is cut by the southwestnortheast trending Stewart River – North River fault (Figs. 4.3 and 4.4); therefore,
exhumation of the Australia Mountain domain likely began along the Australia Creek
fault. Tilting of the footwall during exhumation along the Australia Creek fault may
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explain the exposure of the deepest crustal level in the Australia Mountain domain
closest to the fault, and a slightly higher crustal level in the Finlayson domain to the
northeast further from the fault. Alternatively, an un-named, roughly northeast-dipping
normal fault, hidden within the Tintina trench (Fig. 5), may have accommodated enough
displacement to account for the 5 kilometres of structural relief between these two
domains. Furthermore, if this hidden fault is shallowly dipping, the Finlayson domain
would restore directly above the Australia Mountain domain. A normal fault of this
orientation would explain how the youngest metamorphic domain is exposed west
(outboard) of the Finlayson district, contrary to the overall pattern of northeastward
younging of deformation and metamorphism toward the foreland. The orogen-parallel
orientation of the Australia Creek fault suggests extension along this fault was directed
perpendicular to the orogen, and was therefore still being driven by the same orogenperpendicular wedge dynamics that had operated throughout the Jurassic.
Subsequent mid-Cretaceous extension along the Stewart River and North River
faults is interpreted to document northwest-southeast orogen-parallel extension (Fig.
4.9C). Similar southeast-directed extension is documented less than 200 kilometres to
the west in east-central Alaska, where parautochthonous North American continental
margin rocks (Lake George assemblage in Fig. 4.2) have been exhumed from beneath
Yukon-Tanana terrane along mylonitic extensional faults in the mid-Cretaceous. The
timing of this extensional exhumation in east-central Alaska, as constrained by c. 135110 Ma

40

Ar/39Ar cooling ages (Hansen and Dusel-Bacon, 1998; Dusel-Bacon et al.,

2002), is approximately coeval with extension in west-central Yukon. At approximately
this time, the trajectory of the North American plate changed from west-northwest to
west-southwest at about 110 Ma, based on Phanerozoic apparent polar wander paths
(Elston et al., 2002; Nelson et al., 2013). This resulted in a change from sinistral-oblique
to near orthogonal convergence between the North American and Farallon plates
(Engebretson et al, 1985), and presumably an ensuing increase in the orogenperpendicular component of horizontal stress. Extension along the Stewart River and
North River faults, and comparable mid-Cretacoeus faults in east-central Alaska
(Hansen and Dusel-Bacon, 1998; Dusel-Bacon et al., 2002), suggest that this orogenperpendicular compression was being accommodated by orogen-parallel extension, as
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opposed to the previous vertical extension (crustal thickening) that had operated
throughout the Jurassic and Early Cretaceous.
This shift from vertical-extension (crustal thickening), to orogen-parallel extension
in the orogens interior, contemporaneously with compression in the peripheral fold-andthrust belts, has also been documented in the Tibetan plateau of the Himalyan orogen
(England and Houseman, 1989), the Alps (Ratschbacher et al., 1991), and the Anatolian
region

of

Turkey

(Dewey

et

al.,

1986).

Furthermore,

three-dimensional

thermomechanical modelling by Seyferth and Henk (2004) similarly predict that orogenparallel

extension

is

intimately

related

to

continental

collision

and

occurs

contemporaneously with orogen-perpendicular convergence. Similar to the modelling of
Seyferth and Henk (2004) the zone of orogen-parallel extension, within the centre
(metamorphic hinterland) of the northern Cordilleran orogen, is bound by a zone of
strike-slip faults that separate it from orogen-perpendicular shortening in the fold-andthrust-belts (Fig. 4.9C).
The mechanisms responsible for this kinematic reorganization within the orogen
are not necessarily identical for each of the aforementioned orogens. However, several
mechanisms, which have previously been ascribed to one or more of these other
orogens, may also apply to the northern Cordillera. Vertical thickening in the central and
southern Canadian Cordillera coeval with extension and vertical thinning of previously
thickened crust in the northern Cordillera (e.g. Australia Creek fault, Staples et al., 2013;
Miller and Hudson, 1991) may have created an orogen-parallel crustal thickness
gradient, causing rocks to extend and flow outward toward the northwest (e.g. England
and McKenzie, 1982; Ratschbacher et al., 1991). Additionally, both the impingement of
the foreland-propagating orogenic wedge against a crustal ramp inherited from Late
Proterozoic or Paleozoic rifting, and/or the development of a rigid buttress following
folding and thrusting in the foreland (e.g., Ratschbacher et al., 1991), may have created
a new stress regime such that is was easier to accommodate continued convergence by
extending at least a portion of the orogen laterally parallel to the length of the orogen.
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4.7. Conclusions
Transposition fabrics and the associated amphibolite facies metamorphism that
is nearly ubiquitous throughout the northern Yukon-Tanana terrane and the underlying
parautochthonous North American rocks did not develop during a single tectonometamorphic event. Rather, ductile deformation and amphibolite facies metamorphism
developed diachronously, with events recorded in the Late Permian-Early Triassic, Early
Jurassic, Middle to Late Jurassic and Early to mid-Cetaceous. Rocks deformed and
metamorphosed in the Permo-Triassic and Early Jurassic were exhumed in the Early
Jurassic, while rocks to the northeast (toward the foreland) within Yukon were
progressively buried and heated from Middle Jurassic to mid-Cretaceous, with
deformation and metamorphism younging at progressively deeper crustal levels. These
data reveal that deformation and metamorphism migrated toward the foreland and
structurally downwards in the Middle Jurassic to Early Cretaceous.
These data and observations are reconciled in terms of critically tapered wedge
theory in which cooler rocks in front of the wedge were episodically underthrust, buried
and metamorphosed from the Jurassic to mid-Cretaceous beneath an orogenic wedge
propagating toward the foreland at critical taper. Rocks that were previously
metamorphosed and ductiley deformed in the Permo-Triassic were displaced upward
and exhumed through the combined effects of renewed underplating at depth and
compensating extensional denudation above in order to maintain a critical taper.
Following on the work of Brown (2004) to explain similar patterns in the hinterland of the
orogen in the southeastern Canadian Cordillera, we interpret that the localized shear
zone that underlies the base of the wedge in foreland thrust-and-fold belt became a
distributed (km thick) ductile shear zone (transposition zone) toward the rear of the
wedge (hinterland). This zone was a transient feature beneath the propagating wedge as
new material was underthrust and incorporated into the distributed shear zone in the
Jurassic to mid-Cretaceous causing rocks which previously occupied this zone to be
displaced upward into the overlying wedge and ultimately exhumed.
Rocks which occupied the mid-crustal shear zone in the Middle Jurassic to Early
Cretaceous (Finlayson and Australia Mountain domains) were first exhumed in the midCretaceous along the Australia Creek fault from beneath a supracrustal ‘lid’ that had
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previously been metamorphosed and ductiley deformed (transposed) at amphibolite
facies in the Permo-Triassic and Early Jurassic. Continued mid-Cretaceous extension
along the Stewart River and North River faults, and comparable faults in east-central
Alaska (Hansen and Dusel-Bacon, 1998; Dusel-Bacon et al., 2002), record a shift in the
orogens dynamics with extension now directed laterally, parallel to the length of the
orogen. The development of an internal zone of orogen-parallel extension, bounded by
strike-slip faults, and coeval with continued orogen-perpendicular shortening in the
foreland, suggests that continued orogen-perpendicular convergence in the midCretaceous was being accommodated by horizontal extension in the center of the
orogen, as opposed to the earlier vertical extension (crustal thickening) documented for
the Jurassic and Early Cretaceous. Dinoflagellae within a syn-extensional detachment
basin (Indian River formation) to the Australia Creek fault, requires that the orogenic
wedge had collapsed and was reduced to sea-level by c. 110-100 Ma, and that
extensional denudation along the Australia Creek, Stewart River and North River faults
was extremely rapid.
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Chapter 5.
Conclusions
The lowest structural and stratigraphic levels of the Yukon-Tanana terrane
(Snowcap assemblage; Colpron et al., 2006) and the structurally underlying
parauthochthonous North American margin rocks were metamorphosed to amphibolite
facies conditions. These rocks share a similar style of deformation characterized by the
ductile transposition of lithologic contacts and primary compositional layering into a
regional foliation (ST) with at least one generation of intrafolial isoclinal folds (Foster et
al., 1994; Hansen and Dusel-Bacon, 1998; Dusel-Bacon et al., 2002; 2006; Gordey and
Ryan, 2005; Berman et al., 2007). This thesis adds to the work done by Berman et al.
(2007), in the Stewart River map area of north central Yukon-Tanana terrane, by
expanding the application of equilibrium assemblage modeling and in situ U-Th-Pb
SHRIMP dating of monazite to place quantitative constraints on the conditions and
timing of deformation, metamorphism and subsequent decompression in similar,
adjacent rocks to the northeast.
Data presented in Chapter 2, together with the data of Berman et al. (2007),
elucidate a high-pressure Cretaceous tectono-metamorphic domain (Australia Mountain
domain) that is distinct from an adjacent domain of Yukon-Tanana terrane rocks to the
west and south that were affected by Permo-Triassic and Early Jurassic events, and
exhumed to upper crustal levels in the Early Jurassic (Berman et al., 2007). Petrology,
phase equilibria modeling and in situ SHRIMP monazite geochronology record the
waning development of transposition foliation at near-thermal peak P-T conditions of ~
650-680 °C and 9 kbar (≈ 30 km depth) in the Early Cretaceous (c. 146-118 Ma). Slightly
younger (c. 112 Ma), texturally and chemically distinct monazite within resorbed portions
of garnet from Australia Mountain record the onset of near isothermal decompression in
the mid-Cretaceous following the peak of metamorphism. Therefore, contrary to much of
the Yukon-Tanana terrane to the west and south, which was deformed and
179

metamorphosed in the Permo-Triassic and exhumed to upper crustal levels in the
Jurassic, the Australia Mountain domain occupied a deep crustal level (~25–30 km) in
the Early to mid-Cretaceous. Poor exposure in the area prevents field recognition of
faults bounding this Early Cretaceous tectono-metamorphic domain. However, the
abrupt juxtaposition of this domain against rocks with Early to Middle Jurassic cooling to
the west and south (Hunt and Roddick, 1992; Knight et al., 2013) and Paleozoic and
Mesozoic cooling ages to the southeast (Knight et al., 2013), suggests the Australia
Mountain domain is bound by crustal-scale mid-Cretaceous normal faults (Australia
Creek and Stewart River normal faults, respectively). This area therefore represents a
tectonic window into Early to mid-Cretaceous infrastructure of the Yukon-Tanana
terrane, potentially comparable to parautochthonous North American continental margin
rocks beneath the Yukon-Tanana terrane in east-central Alaska, and may be akin to, but
older than, extensional core complexes identified throughout the North American
Cordillera.
In situ SHRIMP monazite geochronology and garnet isopleth thermobarometry,
presented in Chapter 3 reveal a previously unrecognized Middle Jurassic to earliest
Cretaceous (c. 169-142 Ma) mid-crustal metamorphic event coeval with the
development of transposition fabrics in the eastern portion of the Yukon-Tanana terrane
(Finlayson Lake district, southeast Yukon; referred to as the Finlayson domain) that
culminated at conditions of approximately 600 °C and 7.5 kbar. The rocks which record
this event are located in the footwall of the North River fault (Murphy, 2004). The North
River fault is a regional-scale mid-Cretaceous normal fault that cuts across YukonTanana terrane in the Finlayson Lake district in a roughly northeast-southwest trend
(Murphy, 2004). Rocks in the footwall record mid-Cretaceous
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Ar/39Ar and K-Ar cooling

ages (Wanless et al., 1967; Hunt and Roddick, 1992; Murphy and Villeneuve, unpub.
data), are intruded by mid-Cretaceous granite plutons, and were ductiley deformed at
amphibolite facies prior to the emplacement of the granites. Low grade rocks in the
hanging wall to the southeast comprise the upper thrust sheets of Yukon-Tanana
terrane; these lack Cretaceous granites and contain Mississippian and Pennsylvanian KAr cooling ages (Stevens et al., 1982; Hunt and Roddick, 1987). Restoration of
approximately 430 kilometres of dextral strike-slip displacement along the Tintina fault in
the Paleogene, and approximately 60 kilometres of extension in the Cretaceous
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(Gabrielse et al., 2006), places the trace of the North River fault approximately adjacent
to the trace of the mid-Cretaceous Stewart River fault southwest of the Tintina fault. The
Stewart River fault likewise juxtaposes rocks ductiley deformed and metamorphosed in
the Early Cretaceous against generally undeformed and weakly metamorphosed rocks
to the southeast with Mississippian cooling ages (Colpron and Ryan, 2010; Knight et al.,
2013). Therefore, prior to Paleogene offset along the Tintina fault, the Stewart River and
North River faults possibly formed a continuous normal fault. Both the Permo-Triassic
and Early Jurassic metamorphic domain to the west and the Devono-Mississippian rocks
to the south were presumably located within the superstructural ‘lid’ fabove JuraCretaceous metamorphic domains that were exhumed along the Australia Creek and
Stewart River/North River faults, respectively, in the mid-Cretaceous.
The data presented in chapters 2 and 3 reveal that the ductile deformation
(transposition) fabrics, which formed under nearly identical metamorphic conditions at
7.5 – 9 kbar and 600 – 680 °C), did not develop during a single tectono-metamorphic
event. Rather, deformation and metamorphism developed diachronously. across the
northern portion of Yukon-Tanana terrane and underlying parautochthonous North
American margin rocks in west-central Yukon, with events recorded in the Late PermianEarly Triassic, Early Jurassic, Middle to Late Jurassic and Early to mid-Cetaceous.
Rocks deformed and metamorphosed within Yukon-Tanana terrane in the PermoTriassic and Early Jurassic were exhumed in the Early Jurassic, while Yukon-Tanana
terrane rocks to the northeast in the Finlayson domain were buried, heated and ductiley
deformed at mid-crustal levels (~25 km depth) from the Middle Jurassic to earliest
Cretaceous (c. 169 – 142 Ma). Metamorphism continued to migrate to an even deeper
crustal level (~ 30 km depth, as recorded in the Australia Mountain domain), propagating
downward into the parautochthonous North American crust in the Early to midCretaceous (c. 146 – 118 Ma). Additionally, the apparent absence of Permo-Triassic and
Early Jurassic metamorphism in the younger and lower structural domains (Australia
Mountain and Finlayson domains), suggests that deformation and metamorphism
migrated into cooler rocks to the northeast toward the foreland that had yet to be
incorporated into the burgeoning orogenic wedge. Together, these data reveal a spatial
and temporal pattern of structurally downward younging deformation and metamorphism
that corresponds with the foreland-directed growth of the orogenic wedge. In this model,
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rocks in front of the wedge are episodically underthrust downward into a distributed,
amphibolite facies transposition shear zone at 25 to 30 kilometres depth near the base
of the overriding wedge. Rocks previously underthrust, buried and metamorphosed are
progressively exhumed to higher structural levels within the wedge, as the upper crust
enters a state of extension in order to maintain a critically tapered wedge. This model is
akin to a model originally proposed by Platt (1986) and later adapted by Brown (2004) to
explain a similar, and partly coeval, diachronous pattern of structurally downward
younging ductile deformation in the southeastern Canadian Cordillera.
Despite

an

apparent

foreland-directed

younging

of

deformation

and

metamorphism, as recorded from the absence of older Permo-Triassic and Early
Jurassic metamorphism in the younger domains to the northeast (toward the foreland),
the c. 146-118 Ma Australia Mountain metamorphic domain lies southwest (outboard) of
the older (c. 169-142 Ma) Finlayson metamorphic domain. However, prior to accretion,
the Australia Mountain domain is interpreted to have originally lied east of the Finlayson
domain (Yukon-Tanana terrane) based on the interpretation that it represents
parautochthonous North American margin. The present exposure of the Australia
Mountain domain west of the Finlayson Lake district is attributed to underthrusting down
to the west beneath the Finlayson Lake district in the Early Cretaceous, following burial
and metamorphism of the Finlayson Lake district.
The Middle Jurassic to Early Cretaceous and Early Cretaceous metamorphic
events recorded in the Finlayson Australia Mountain domains, respectively, in the
northern Cordillera was contemporaneous with amphibolite facies metamorphic events
recorded in the southern Cariboo and northern Monashee and Selkirk Mountains in the
southeastern Canadian Cordillera (c. 135 Ma, Currie, 1988; c. 140 Ma, Digel et al., 1998;
c. 163 Ma, Crowley et al., 2000; c. 148, Ma Reid, 2003; c. 144, Gibson et al., 2004; c.
153 Ma, Gervais and Hynes, 2012). Furthermore, the pattern of structurally downward
younging deformation and metamorphism in the northern Cordillera described above is
strikingly similar to, and in part contemporaneous, with the southeastern Canadian
Cordillera. In the southeastern Canadian Cordillera, deformation and metamorphism
progressed from Early Jurassic to Eocene (Evenchick et al., 2007, and references
therein), with younger events recorded at progressively deeper crustal levels (Parrish,
1995). There, rocks presently in the upper structural levels were buried, heated and
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exhumed in the Jurassic (Murphy et al., 1995; Colpron et al., 1996; Crowley et al., 2000;
Gibson et al., 2005, 2008), while structurally deeper levels continued to be buried and
heated from Cretaceous to earliest Eocene (Carr, 1991; Parrish, 1995; Gibson et al.,
1999, 2005, 2008; Crowley and Parrish, 1999; Crowley et al., 2000). This pattern has
been attributed to progressive structural burial and underplating of cooler rocks to the
east as deformation migrates toward the craton (Parrish, 1995; Brown, 2004).
It seems a similar process was active from Middle Jurassic to mid-Cretaceous
time in the northern Cordillera. The foreland-directed and downward migration of
deformation and metamorphism is interpreted to have been driven by continued
migration and underthrusting of the North American continent from the east, together
with the accretion and underthrusting of the Insular terranes (Peninsular-AlexanderWrangellia) beneath the western side of Yukon-Tanana terrane in the Middle to Late
Jurassic (Fig. 13B; McClelland et al., 1992; van der Heyden, 1992, Saleeby, 2000;
Gehrels, 2001; Trop and Ridgway, 2007). These results suggest that analogous
orogenic processes may have been operating contemporaneously over 1000 kilometres
along strike during the development of the Canadian Cordillera, and is a model that may
have implications for unravelling the history of other orogenic belts around the world.

5.1. Summary of Tectonic Model
The lower structural and stratigraphic levels of the Yukon-Tanana terrane and the
structurally underlying parautochthonous North American margin are penetratively
deformed, amphibolite facies rocks characterized by a shallowly dipping transposition
fabric with abundant intrafolial folds, and a non-coaxial deformation history. These rocks
are interpreted to represent a crustal-scale (kilometres thick) shear zone as described by
Williams and Jiang (2005). Although, as monazite geochronology on these rocks reveals
(Berman et al., 2007; Chapters 2 & 3), the development of this amphibolite facies
transposition fabric was not necessarily synchronous throughout the terrane, but rather
appears to be a transient feature that youngs both structurally downwards and toward
the foreland, similar to that described by Brown (2004) in the SE Canadian Cordillera.
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Despite the diachronous timing, each of the Permo-Triassic, Early Jurassic,
Middle to Late Jurassic and Early Cretaceous events occurred under approximately the
same set of physical conditions (600 – 680 °C and 7.5 – 9 kbar = 25 - 30 km depth:
Berman et al., 2007; Chapters 2 & 3). This requires that rocks which previously occupied
the transposition zone in the middle crust were subsequently exhumed by erosion and/or
tectonic denudation prior to, or coeval with, the progressive ductile underthrusting, burial
and incorporation of new rocks into the transposition zone. It is proposed in this thesis
that from Early Jurassic to mid-Cretaceous, the allochthonous Yukon-Tanana terrane
was obducted onto the North American continental margin, and together with the
underlying parautochthonous continental margin, formed an orogenic wedge that
episodically propagated toward the foreland (Chapter 4). Cooler rocks in front of the
wedge were progressively buried and metamorphosed from the Jurassic to midCretaceous as they were underthrust into a distributed, amphibolite facies transposition
shear zone beneath the overriding orogenic wedge.
Rocks that were previously buried and metamorphosed at approximately 30 km
depth in the Permo-Triassic were displaced upward into the overlying wedge and
ultimately exhumed in the Early Jurassic through the combined effects of renewed
underplating at depth and compensating extensional denudation above in order to
maintain a critically tapered wedge (cf. Platt, 1986; Chapter 4). The underthrusting of
cooler rocks toward the rear of the wedge in the Early Jurassic would provide a new
source of fertile material from which fluids may be derived upon heating which would
drive dehydration reactions. Migration of this fluid upwards may have provided the
catalyst for renewed metamorphic reactions and Early Jurassic monazite growth in the
overlying rocks that were previously metamorphosed and dehydrated in the Permian,
and subsequently exhumed to upper structural levels in the Early Jurassic. The
introduction of reaction catalyzing fluids contemporaneous with exhumation would
explain the overlap of Early Jurassic U-Pb metamorphic monazite and
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Ar/39Ar cooling

ages (Berman et al., 2007). Additionally, the presence of fluids and a slightly higher
position within the crust may explain the absence of associated penetrative ductile
strain, and the more discrete, localized deformation associated with metamorphism in
the Early Jurassic within the Permo-Triassic and Early Jurassic metamorphic domain.
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This procress continued into the Late Jurassic – Early Cretaceous. The highly
transposed nature, P-T data and U-Pb monazite geochronology of rocks in the Finlayson
and Australia Mountain domains to the northeast (toward the foreland) of the PermoTriassic and Early Jurassic metamorphic domain indicate they were eventually buried
into a high-grade transposition shear zone at 25-30 km’s depth in the Middle Jurassic to
Early Cretaceous. In order to maintain a stable taper during Middle Jurassic to Early
Cretaceous underthrusting and thickening, the upper crust likely entered a state of
extension coeval with contraction at depth.
Underplating, heating and devolatilization of cool, fertile (hydrous) material in the
Finlayson and Australia Mountain domains in the Middle to Late Jurassic and Early
Cretaceous may have provided a source of fluids for Late Jurassic ‘orogenic’ goldbearing veins (Bailey, 2013) within the structurally overlying, colder and previously
dehydrated rocks of the Klondike-White Gold district (located within the PermoTriassic/Early Jurassic metamorphic domain). This is supported by the 163 – 155 Ma
age of gold mineralization (Bailey, 2013), which is contemporaneous with amphibolite
facies metamorphism, devolatilization and ductile deformation (c. 169-142 Ma) at deeper
crustal levels in the Finlayson domain (Chapter 3).
Rocks which occupied the mid-crustal shear zone in the Middle Jurassic to Early
Cretaceous (Finlayson and Australia Mountain domains) were exhumed in the midCretaceous along the Australia Creek fault from beneath a supracrustal ‘lid’ that had
previously been metamorphosed and ductiley deformed (transposed) at amphibolite
facies in the Permo-Triassic and Early Jurassic. Southeast-northwest directed extension
along the Stewart River and North River faults, as well as comparable faults in eastcentral Alaska, indicate that the dynamics within the orogen had changed immediately
following some initial period of exhumation along the Australia Creek, which they cut at a
high angle. The Stewart River and North River faults exhumed the Early Cretaceous
metamorphic domain from beneath low-grade rocks with Carboniferous cooling ages,
indicating that they’ve occupied a high crustal level since the Carboniferous. Horizontal,
orogen-parallel directed extension along these faults, during ongoing orthogonal plate
convergence between the North American and Farallon plates in the mid-Cretaceous
(Engebretson et al., 1985), suggests that shortening in this portion of the orogen was
being accommodated by horizontal extension at this time, as opposed to vertical
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extension (crustal thickening) that occurred throughout the Jurassic and Early
Cretaceous. Dinoflagellae within a syn-extensional detachment basin (Indian River
formation) to the Australia Creek fault requires that the orogenic wedge had collapsed
and was reduced to sea-level by c. 110-100 Ma, and that extensional denudation along
the Australia Creek, Stewart River and North River faults was extremely rapid.
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Appendix A.
Sample field locations and summary of P-T-t data
Table A1.

Summary table of P-T-t data and corresponding sample locations
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Appendix B.
McQuesten in situ SHRIMP U-Th-Pb monazite data
Sample Location and Description
Two monazite grains (M138 and M32) from sample RS-09-003A were analyzed
in situ for U-Th-Pb dating with the SHRIMP. Sample RS-09-003A was collected west of
Tintina fault in the McQuesten map area of west-central Yukon (Fig. B1; UTM NAD 83:
zone 8, 387660E 7011676N), and is considered part of the Snowcap assemblage of the
Yukon-Tanana terrane (Ryan et al., 2010). The Snowcap assemblage is the pre-Late
Devonian metasedimentary basement of Yukon-Tanana terrane, with lithological,
geochemical and isotopic compositions that suggest it represents a distal portion of the
continental margin that was rifted off western Laurentia in mid-Palaeozoic time (Nelson
et al., 2006; Colpron and Nelson, 2009; Piercey and Colpron, 2009). The Snowcap
assemblage formed the nucleus into, and upon, which three unconformity-bounded
Upper Devonian to Permian volcanic arc sequences (Finlayson, Klinkit, Klondike
assemblages) were intruded and deposited (Colpron et al., 2006; Nelson et al., 2006).
Sample RS-09-003A is a Grt-Ms-Bt schist with a well-developed transposition
foliation (ST) defined by aligned biotite and ribbon quartz (Fig. B2a and B2b), and
intrafolial rootless, isoclinal folds. A post-transposition deformation event has folded the
transposition foliation, with the folds accompanied by the growth of muscovite parallel to
the axial plane (ST+1) of these post-transposition folds (Fig. B2a and B2b). The timing of
garnet growth relative to the transposition foliation is unclear, as there appears to have
been a significant amount of static recrystallization of matrix biotite around garnet.
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Figure B1.

Tectonic assemblage map of the McQuesten area, showing the
location of sample RS-09-003A. (modified from Ryan et al., 2010, and
Colpron et al., 2006)
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Figure B2.

Images of sample sample RS-09-003A and monazite M32 (A)
Photomicrograph showing the transposition foliation (ST) folded by
a post-transposition fold, with muscovite aligned parallel to the axial
plane (ST+1) of this post-transposition fold. (B) Back-scattered
electron image of monazite M32, which is elongate and aligned
parallel to the transposition foliation. (C) Y-map of monazite M32,
showing a Y-rich core and two Y-poor zones on opposite long ends
of the elongated monazite grain aligned parallel to ST. Ellipses show
the location of the SHRIMP spots. (D) Schematic illustration of
mineral growth within the extensional quadrants developed during
shearing.
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Figure B3.

Images of monazite M138 from sample RS-09-003A. (A) and (B)
Back-scattered electron (BSE) images monazite M138 included
within garnet. (C) Y-map of monazite M138. Ellipse shows the
location of the SHRIMP spot.
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U-Pb Geochronologic methods
Prior to U-Th-Pb analysis, petrographic and back scattered electron (BSE)
images of the in situ monazite grains were obtained to provide insight into their
petrological context and internal zoning, identify cracks and mineral inclusions, and
guide analytical spot placement (Figs B2c and B3c). In order to better characterize
chemical zonation and potential age domains within individual monazite grains, chemical
X-ray maps of Y, U, Th and Ca in strategically selected monazite grains were produced
using a Cameca SX50 electron microprobe at the University of Massachusetts operating
at a high current (240-260 nA), with small step sizes (0.25-0.62 µm) and rastering of the
electron beam.
In situ U-Th-Pb analyses using the SHRIMP II at the Geological Survey of
Canada in Ottawa were performed on monazite cored from polished thin sections and
mounted in epoxy together with pre-polished monazite standards according to the
methods of Rayner and Stern (2002). Targeted areas of monazite were analyzed using a
mass-filtered O2- primary beam focused with a Kohler aperture to a spot measuring 9 x
12 µm. The methods employed follow the SHRIMP analytical protocols described in
detail by Stern (1997), Stern and Sanborn (1998) and Stern and Berman (2000). TeraWasserburg and concordia plots, data regression and weighted mean calculations were
made using the program ISOPLOT (Ludwig, 2008). Errors assigned to SHRIMP U–Th–
Pb ages were determined using numerical propagation of all known sources of error as
outlined by Stern (1997), Stern and Sanborn (1998), and Stern and Berman (2000).
Uncertainties for individual analyses (ratios, ages and error ellipses) shown in Figures
B2c, B3c and B4, Tables B1 and B2 and in the text are presented at the 1σ level.
The analyses were corrected for common Pb based on the

207

Pb (Table B1) and

204

Pb (Table B2) methods following the procedures of Stern and Berman (2000) and

Ireland and Gibson (1998), respectively. The two correction methods yield ages
indistinguishable within error. However, considering the potential for overcorrection using
the

204

Pb method due to errors arising from low

204

Pb counts, background interference

and a 204 isobar (different ionic species having the same nominal mass), the

206

Pb/238U

chronometer corrected using the 207Pb method is thought to provide the most meaningful
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206

Pb/238U chronometer

ages for this study. Accordingly, all ages are based on the
corrected using the 207Pb method.

Results and Interpretations
A plot of the monazite SHRIMP data for sample RS-09-003A on a conventional
(Wetherill) U-Pb concordia diagram reveals a very slight reverse discordance exhibited
by some monazite analyses (Fig. B4). Excess

206

Pb due to incorporation of

monazite at the time of crystallization will lead to an overestimation of
and reverse discordance paralleling the

206

diagrams (Schärer, 1984). Although the

208

230

Th into

206

Pb/238U ages

Pb/238U axis on conventional U-Pb concordia
Pb/232Th chronometer is considered ideal for

monazite since it is not known to be affected by isotopic disequilibrium, namely
unsupported

206

Pb (due to an excess intermediate isotope (

230

Th) in the

238

U-206Pb

chain; Schärer, 1984), we chose not to use it because one of the three monazite
standards routinely yielded a high Th-Pb age. The problem may arise from an
indeterminate matrix effect, which creates an unquantifiable uncertainty in the Th-Pb
ages for the monazite. Fortunately, the
significant excess

206

Pb/238U ages do not appear to be affected by

206

Pb because they are mostly younger than

Furthermore, the excess

208

Pb/232Th (Table B2).

206

Pb correction of Schärer (1984) reveals that even monazite

that grew from a metamorphic fluid with extremely low Th/U (0.3 - 0.6), and hence a
large amount of Th fractionation (ƒ = 21-29), should produce an excess in age no
greater than 2.1 – 2.9 Ma, which is less than analytical error. Thus, despite any minor
excess of

206

Pb, we are confident the

206

Pb/238U ages provide reasonably accurate

constraints within the resolution required for this study to differentiate the metamorphic
and deformation events.
Monazite M138 occurs as an inclusion within garnet (Fig. B3a), and does not
appear to be intersected by any microfractures within garnet (Fig. B3b). An yttrium (Y)
chemical map of M138 reveals a fairly homogenous Y content through the grain. It’s
uncertain whether the slight decrease in Y (darker shade of grey) at the grains edge
represents a separate chemical zone, or if this is simply a grain edge effect during
mapping. The SHRIMP spot analysis is shown in Figure B3c, with the spot lying entirely
within the Y-rich core. This spot yielded an age of 263.6 ± 3.4 Ma.
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Monazite M32 is an elongate matrix grain aligned parallel to the transposition
foliation (Fig. B2b). The Y-map of M32 shows a Y-rich core (light grey) and Y-poor (dark
grey) zones at opposite ends of the grain in the direction parallel to the elongated
direction of the grain, which also parallels the transposition foliation (Fig. B2c). Three
SHRIMP spot analyses were obtained from grain M32 (Fig. B2d). Spot M32.1 from
within the Y-rich core yielded an age of 254.7 ± 2.6. Spot M32.3 analyzed one of the two
Y-poor zones at opposite ends of the elongated grain, and yielded an age of 196.8 ± 3.4
(Fig. B2d). Several studies have demonstrated a link between distinct age domains and
zones of relative Y depletion or enrichment (Foster et al., 2002; Gibson et al., 2004), and
spots M32.1 and M32.3 are consistent with this. Spot M32.2 partly overlapped the Y-rich
core and the Y-poor zone at the other end of the grain (Fig. B2d), and yielded an age
intermediate to M32.1 and M32.3 of 238.6 ± 2.9, which is likely due to an analysis that
overlapped the two Y-zones. The presence of Y-poor zones, with a distinct age, on
either end of the long axis of monazite M32 aligned parallel to ST, suggests that these Ypoor zones are overgrowths that preferentially crystallized in the extensional quadrants
associated with development of the transposition foliation (Fig. B2d). This would suggest
that the transposition foliation developed, or was at least reactivated in the Early
Jurassic (c. 196 Ma). Alternatively, monazite growth in the Early Jurassic may have
grown in a static environment and been pinned by adajcent biotite grains leading to
growth in only a single direction.
Previous work by Berman et al. (2007) within the adjacent 1:250 000 scale map
sheet to the west (Stewart River map sheet) suggest that the penetrative ductile
deformation and transposition with the Snowcap assemblage developed in the late
Permian – Early Triassic (c. 260-239 Ma) accompanied by amphibolite facies
metamorphism at ~600 ºC. Additional work by Beranek and Mortensen (2011) bracketed
the timing of penetrative ductile deformation between c. 260 and 253 Ma in lower
amphibolite facies rocks in the northern Stewart River map area near the Jim Creek
pluton. The ages presented here are consistent with a late Permian (c. 264-255 Ma)
metamorphic event. Berman et al., (2007) also documented an Early Jurassic (c. 195
Ma) metamorphic event with peak conditions of approximately 600 ºC and 7.8 kbar.
Berman et al. (2007) suggested that Early Jurassic metamorphism occurred in a static
environment, and that growth of Early Jurassic garnet rims in “D2” (transposition)
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pressure shadows reflects local fabric reactivation during heterogeneously distributed
strain.

Figure B4.

U-Pb concordia plot of of analyses from monazite grains M138 and
M32 of sample RS-09-003A. Error ellipses represent 1σ level of
uncertainty.
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Table B1.

SHRIMP U-Th-Pb analytical data for monazite corrected using the
Pb-method.

207
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Table B2.

SHRIMP U-Th-Pb analytical data for monazite corrected using the
204Pb-method
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Appendix C.
40

Ar/39Ar data

Methodology
The samples were crushed in a ring mill, washed in distilled water and ethanol,
and sieved when dry to -40+60mesh. Appropriate mineral grains were picked out of the
bulk fraction.

Mineral separates were wrapped in aluminum foil and stacked in an

irradiation capsule with similar-aged samples and neutron flux monitors (Fish Canyon
Tuff sanidine (FCs), 28.03 Ma (Renne et al., 1998).
The samples were irradiated on July 10-16, 2012 at the McMaster Nuclear
Reactor in Hamilton, Ontario, for 180 MWH in the medium flux site 8B. Analyses (n=33)
of 11 neutron flux monitor positions produced errors of <0.5% in the J value.
The sample was analyzed during August and September 2012 at the Noble Gas
Laboratory, Pacific Centre for Isotopic and Geochemical Research (PCIGR), University
of British Columbia, Vancouver, BC, Canada. The mineral separates were step-heated
at incrementally higher powers in the defocused beam of a 10W CO2 laser (New Wave
Research MIR10) until fused. The gas evolved from each step was analyzed by a
VG5400 mass spectrometer equipped with an ion-counting electron multiplier. All
measurements were corrected for total system blank, mass spectrometer sensitivity,
mass discrimination, radioactive decay during and subsequent to irradiation, as well as
interfering Ar from atmospheric contamination and the irradiation of Ca, Cl and K
(Isotope

production

ratios:

(40Ar/39Ar)K=0.0302±0.00006,

(37Ar/39Ar)Ca=1416.4±0.5,

(36Ar/39Ar)Ca=0.3952±0.0004, Ca/K=1.83±0.01(37ArCa/39ArK).).

Results
Sample locations are shown in Figure C2. Preliminary results as provided by
Janet Gabites from the PCIGR at UBC are presented in Tables C1 and C2, Figure C2,
and are displayed on release spectra and isochron plots (Fig. C3). Initial data entry and
calculations were carried out using the software ArArCalc (Koppers, 2002). The plateau
and correlation ages were calculated using Isoplot ver.3.09 (Ludwig, 2003). Data error
202

box heights and error ellipses in release spectra and isochron plots, respectively, of
Figure C3 and quoted ages are at the 2-sigma (95% confidence) level and are
propagated from all sources except mass spectrometer sensitivity and age of the flux
monitor. The best statistically-justified plateau and plateau age were picked based on
the following criteria:
1. Three or more contiguous steps comprising more than 60% of the 39Ar;
2. Probability of fit of the weighted mean age greater than 5%;
3. Slope of the error-weighted line through the plateau ages equals zero
at 5% confidence;
4. Ages of the two outermost steps on a plateau are not significantly
different from the weighted-mean plateau age (at 1.8 six or more
steps only);
5. Outermost two steps on either side of a plateau must not have
nonzero slopes with the same sign (at 1.8 nine or more steps only)
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Table C1.

40

Ar/39Ar summary table (interpreted age, location, rock type, etc.)

204

205

Figure C1.

Index map showing the location of Figure C2 outlined by a thick
black square. Tectonic assemblage map of Yukon-Tanana and
adjacent terranes of the northern Cordillera in east-central Alaska,
central Yukon and northern British Columbia. Figure modified from
Colpron et al. (2006).
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Figure C2.

Simplified geological map of part of the Stewart River and
McQuesten map areas showing the location of 40Ar/39Ar samples.
Geology modified from Gordey & Ryan, 2005; Ryan et al., 2010.
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Figure C3.

Ar release spectra and isochron plots
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Table C2.

40

Ar/39Ar analyses
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