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Abstract

The Cordillera of western North America is an archetypal accretionary
orogen. During the Mesozoic, two significant periods of terrane accretion are recognised
within the Canadian-Alaska (“Northern”) Cordillera: 1) the accretion of the Intermontane
terranes to the western Laurentian margin from ca. 200 to ca. 180 Ma and, (2) the
subsequent accretion of the Insular terranes to the Intermontane terranes, possibly as
early as ca. 174 Ma and as late as ca. 70 Ma. Information regarding the precise timing
and tectonic drivers of this Mesozoic accretionary history is held within a series of
inverted Jura-Cretaceous basins exposed at the interface between the pericratonic
Intermontane and exotic Insular terranes. Of these inverted basins, the Kluane Schist,
southwest Yukon, represents one of the largest and most continuous exposures.

The Kluane Schist consists of metamorphosed and deformed low-Al pelites
that were deposited during the very latest stages of Insular terrane accretion. Detrital
zircon geochronology reveals a Late Cretaceous maximum depositional age for the
Kluane Schist and Hafnium-isotope geochemistry provides strong provenance ties to
Triassic—Cretaceous zircon sources currently exposed within the southern Yukon
Tanana terrane. Detailed petrography, petrological modelling, and in-situ monazite
petrochronology demonstrate the metamorphism of the Kluane Schist occurred during
the override of the Yukon-Tanana terrane between ca. 70-55 Ma. This metamorphic
evolution, combined with its continentally-dipping, Buchan-style inverted metamorphic
sequence and tops-to-the-southwest shear structures are consistent with the Kluane
Schist representing the uppermost part of a contractional forearc to an arc built upon
the Yukon-Tanana terrane. This geodynamic setting for the Kluane Schist is most
compatible with models of Insular terrane accretion that involve east-dipping subduction
below a westward migrating North American continent during the Mesozoic.

Keywords: Jura-Cretaceous basins; North American Cordillera; Insular terrane
accretion; Phase equilibria modelling; Petrochronology; Detrital zircon geochronology
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and temperature of 550-600 °C. d) CO>—H-0 activity-composition
relationships of Aranovich and Newton (1999) combined with our results
from Raman spectroscopic analysis provide an estimation of aH,O = 0.5.
............................................................................................................... 70

a-d) AFM plots projected from quartz (qtz), muscovite (ms), albite (ab),
anorthite (an), apatite (ap), ilmenite (ilm) and fluid (H20) highlighting the
key phase relationships resulting in the development of petrological zones
3-6. The pink star represents the average bulk composition of the Kluane
Schist (see Fig. 3.9a). Where mineral abbreviations have subscripts these
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Figure 3.13.

Figure 3.14.

Figure 4.1.

Figure 4.2.

match the petrological zone from which the analysed mineral composition
was recovered. In (a) grt(c) and grt(o) refer to the average garnet core
and outer domain compositions from a representative zone 3 garnet
FESPECHIVEIY. .o 75

Phase diagrams calculated for an average Kluane Schist bulk
composition over a select P-T area (450-650°C, 2.5—4.5 kbar) using
ds5.5, the activity models described in the main text and a variety of aH-.O
values. Zone 3 assemblages are highlighted in orange, zone 4 in green,
zone 5 in blue and zone 6 in purple. A) aH>O = 0.95, b) aH>O = 0.85 ¢)
aH>0 = 0.75, d) aH20 = 0.65, e) aH20 = 0.55. Across all diagrams we
only observe the prediction of the zone 5 assemblage garnet—andalusite—
biotite (+ quartz—plagioclase—ilmenite—HO; light blue) below aH,O values
of 0.65. f) A best-fit model accounting for observed natural assemblages
across the Kluane Schist and their associated P-T estimates (see Table
3.1). Yellow dashed line shows range of temperatures returned from
graphite crystallinity (see Fig. A1). ..o 82

Phase diagram calculated for an average bulk composition of the Kluane
Schist using ds5.5 and the activity models described in the main text.
Below 500°C aH»0 = 0.5, from 500-590°C aH-0 = 0.55, from 590-630°C
aH20 = 0.95 and above 630°C aH20 = 1 (see Figs. 3.11, 3.13 and main
text for discussion). Above the wet solidus (thin red dashed line; red
shaded fields) models are run with minimally saturated water contents
determined at 4.0 and 2.0 kbar (see Fig. A5 and Chapter 3.3 “Forward
petrological modelling”). Bold assemblages highlight those best
representative of the petrological zones across the Kluane Schist; pink
text highlights zone 1 (M+) and zones 2-7 (M) are highlighted in green.
Red text refers to a discrepancy between model prediction and thin
section observation (additionally, see text on right); these are discussed
further in main text. Conventional barometry estimates are outlined by
light blue stars. AvP estimates are highlighted by green stars. Pink
dashed lines refer to temperature estimates from the garnet-biotite
thermometer (Holdaway, 2000). All these P-T estimates, along with their
1-sigma uncertainties, can be found in Table 3.1. Collectively our results
suggest the petrological zones across the Kluane Schist are best
represented as a set of nested, clockwise P-T loops where peak
conditions define a metamorphic field gradient of ~200°C/kbar. ............. 85

a) Terrane map of Yukon (after: Colpron & Nelson, 2011). Red box
outlines location of the study area shown in b) (KB = Kluane Basin; D.R =
Duke River Fault). b) Map showing the distribution of major lithologies
within the Kluane Basin of southwest Yukon, other Jura-Cretaceous
basins within this region of the Cordillera and their relationship to
surrounding geological belts (modified from: Mezger et al., 2001; Israel et
al., 2011b; Israel et al., 2015). Within the study area the Intermontane
terranes are primarily represented by the Yukon-Tanana terrane. Dashed
box outlines approximate location of Figure 4.2.............ccccceeeeiieienneennn. 112

Geologic map including petrological zones within the central region of the
Kluane Schist (see also Chapter 3). This map represents the red dashed
area outlined in Figure 4.1b. All lithologies are the same colour as Figure
4.1b unless indicated (dark pink = foliated variety of the Ruby Range
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Figure 4.3.

Figure 4.4.

batholith; Blue = carbonate). Petrological zones are highlighted by
different shading and fill patterns and labeled with circled numbers. The
mineral assemblage characteristic of each zone is noted in the legend
labeled “Petrological zones” (mineral abbreviations after Whitney &
Evans, 2010). Field isograds within, and bounding, each petrological zone
are shown by dashed lines and labelled with letters (a—I) that correspond
to the phases used to define the isograds. Orange shading represents
areas where leucosome is observed in Kluane Schist outcrops. Phase
maps were made for samples highlighted by red stars, and green stars
show the samples selected for monazite trace element analysis and U-
Th-Pb petrochronology (full sample descriptions can be found within main
text; sample numbers are represented in boxes)..........ccccoeeeeiiiiiiiinnnnnn. 114

Advanced Mineral Identification and Characterization System (AMICS)
scans highlighting key petrological relationships across the Kluane Schist;
the colours used in all AMICS scans are keyed to their respective phases
within the legend provided in (a). a) sample 19WM120 is typified by an
assemblage containing aluminium silicate and staurolite. Both andalusite
and fibrolitic sillimanite occur as rare anhedral phases; plagioclase and
metastable staurolite define the dominant porphyroblasts. Insert shows a
plain polarized (ppl) photomicrograph; staurolite appears subhedral and
prismatic, whereas garnet is corroded and embayed, and fibrolitic
sillimanite shows limited development within the biotite-rich fabric. b)
Sample 19WM118 (zone 6). Cordierite is present within all zone 6
assemblages at the expense of both sillimanite and garnet (see insert).
Also note the inclusion-rich cores and inclusion-free mantles (Grt(m))
typical of garnet within zones 5 & 6. ¢) Paleosome within sample
19WM240, a stromatic migmatite from the structural base of Zone 7.
Coarse and equant cordierite is associated with fibrolitic sillimanite and
andalusite (see insert). Inclusion free, peritectic cordierite (p. Crd) and K-
feldspar (p.Kfs) overgrew the biotite-rich fabric (see cross-polarized
photomicrograph in lower insert). d) schollen-style migmatite from the
structural top of zone 7. Paleosome is like that of (c), with leucosome
primarily consisting of plagioclase-quartz along with peritectic cordierite
(p- Crd in insert). Muscovite and chlorite are considered retrograde
PRASES. .. et e 123

Cross section A-A’ in Figure 4.2 (No vertical exaggeration). Metamorphic
grade increases up structural level. Sample localities are highlighted by
yellow triangles and average foliation measurements (S2) projected into
the line of section are indicated by short solid lines. Isograds are directly
labelled and indicated by thick solid lines. The observed growth and
breakdown of distinct garnet populations is indicated by dashed green
and blue lines respectively (see main text). Orange dashed line (+L)
represents where melt domains were observed (see main text & Fig. 4.2).
BSE images above the section show representative monazite with
structural level and metamorphic grade. b) A schematic representation of
the typical chemical zoning preserved by monazite with structural level
and metamorphic grade across the Kluane Schist (see main text and
Table 4.1). The average measured monazite [Y], [Sm], and [Gd] from all
chemical domains and [Th] from domains 3 and 4 are indicated (see main
1050 125
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Figure 4.5.

Figure 4.6.

Figure 4.7.

Figure 4.8.

Chemical maps of monazite from all analysed samples across the Kluane
Schist. For all chemical maps lighter shades of grey represent domains
with higher relative concentrations of Y and Th versus domains with
darker shades of grey. a-b) Yttrium [Y] maps of grains 11, 14 & 10 from
19WM120 (zone 5); c-d) Yttrium [Y] maps of grains 17, 5 & 7 from
19WM118 (zone 6 base); e-f) Yttrium [Y] maps of grains 1 & 10 from
19WM116 (zone 6 middle); g-h) Yttrium [Y] maps of grains 4 & 3 from
18WM10b (zone 6 top); i) Yttrium [Y] map of grain 12 from 19WM123
(zone 7 base); j) Thorium [Th] map of grain 2 from 19WM123, k) Yttrium
[Y] map of grain 2 from 19MW230 (zone 7 top) and |) Thorium [Th] map of
grain 2 from TOWM230.......ccooviiiiiiiiiiiiiiiieeeeeeeeeeeeeeeeeeeeeeeeeee e 127

Terra-Wasserburg diagrams showing U-Pb isotope data from in-situ
monazite analysis across the study area. Ellipses in all plots are provided
at 2c. Data are colour-coded for chemical domain (see main text).
Regression lines are anchored on the initial 2°’Pb/2%Pb ratio determined
using the two-stage Pb evolution curve of Stacey & Kramers (1975) and
the weighted mean age of all analyses (**’Pb corrected). The lower
intercept age of each domain present within every sample is provided.
The oldest and youngest single age (?*°U/?°Pb) from each sample is
highlighted by a solid ellipse. All ages were calculated, and diagrams
created, using the IsoplotR software package (Vermeesch, 2018) for the
open, free R platform. ... 130

Pseudosections for samples 19WM120, 19WM118 and 19WM123,
respectively. Coloured fields refer to assemblages characteristic of
petrographic zones across the Kluane Schist; orange (zone 3), green
(zone 4), light blue (zone 5a), dark blue (zone 5b), purple (zone 6), pink
and red (zone 7, paleosome and leucosome, respectively; see Fig. 4.2).
All samples are modelled with a varied aH20 as described in the text.
Samples experiencing peak conditions below the solidus (19WM120,
19WM118) are modelled assuming H20-saturation, and as such phase
fields above the H20-saturated solidus are left blank. Samples modelled
above the solidus (19WM123) assume only the amount of H20 required
to minimally saturate the assemblage in the immediate sub-solidus at 4
kbar. Ti-in-biotite thermometer results are plotted directly on their
associated pseudosection and align with the temperatures predicted for
each assemblage by our model. Additional P-T estimates (denoted * and
presented in Chapter 3) were obtained using the crystallinity of graphite
inclusions to garnet, isochor modelling of fluid inclusions in garnet,
conventional thermobarometry and the Thermocalc average pressure
(AvP) software (see main text & Chapter 3). ..., 133

Summary of the relationships used for petrochronology within this study.
Each phase relationship is associated with a relative enrichment or
depletion in Yttrium [Y], based primarily on the stability of garnet (e.g.,
Foster et al., 2002; Gibson et al., 2004); this is reflected by the
background colour assigned to each zone. These phase relationships and
their effect on monazite growth are discussed in detail in the main text. b)
Summary of the P-T conditions experienced by all samples across the
Kluane Schist. Polygons refer to the stability field of assemblages
characteristic of zones 3—7 (see Figs. 4.2 and 4.7) and are coloured for
their inferred relative [Y] content that would be available for reacting
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Figure 4.9.

Figure 5.1.

Figure 5.2

Figure 5.3.

minerals such as monazite (see (a) and Fig. 4.7d). Inset monazite grain
sketches highlight the progressive development of observed individual
monazite domains along our inferred P-T path. c-d) Age distribution plots
for (c) 19WM120 (zone 5; structurally low) and (d) 19WM123 (zone 7;
structurally high) documenting our inferred domain distinction in terms of
absolute [Y] and [Th] with age. In (d) red dashed lines divide analyses
from distinct monazite domains 1b, 2, 3, and 4 that are present in sample
19WM123 (see main text and Table 4.1). Diagrams in (d) were generated
using the ChrontouR package for the open R platform (Larson, 2020). 136

Terrane map showing the Northern Cordillera of southwest Yukon and
south-central Alaska. Jura-Cretaceous basins are overlain and coloured
based on their preserved metamorphic histories (Davidson & McPhillips,
2007; Hults et al., 2013; Vice et al., 2020; Waldien et al., 2021a, b;
Lowey, 2021; this study). Dextral offset along the Denali fault is
considered to have led to the separation of the Kluane Schist-Blanchard
River-Dezadeash (DEZ) within southwest Yukon from basins within
south-central Alaska, including the Clearwater metasediments (CWS) and
Maclaren Schist (Waldien et al., 2021b). The location of the Devil Creek
rocks within the Kahiltna Basin of south-central Alaska is also shown
(Davidson & McPhillips, 2007). Within this region of the Cordillera, all
basins reported to have experienced an episode of high-temperature,
low-pressure metamorphism, along with the documented age of this
event, are highlighted. See main text for discussion. NMS = Nutzotin
Mountains SEQUENCE. ........coiiiiiiiieeeee e 145

Terrane map of the Northern Canadian Cordillera (modified from Colpron
& Nelson, 2011), with the location of the study area highlighted in the red
dashed box. Jura-Cretaceous basinal assemblages situated at the
interface between the Insular and Intermontane terranes are highlighted
IN Aark PUIPIE. ..eee e e e e aaees 161

a) Map of the Kluane Basin and its surrounding geology. Location of
detrital zircon samples collected for analysis in this study are highlighted
by green stars. The distribution of the major lithologies within the Kluane
Basin and their relationships to surrounding geological belts is shown
(based on Mezger, 1997; Mezger et al., 2001; Israel et al., 2015; Vice et
al., 2020; this study). (carb = carbonate). b) Schematic cross section
drawn from southwest to northeast and roughly through the centre of the
study area (line of section shown in (a); modified after: Israel et al.,
2011a). Our detrital zircon samples are projected along strike onto the
line of section to highlight their relative structural position across the
Kluane Schist. The major structures bounding and within the Kluane
Schist are also shown (see also: Mezger et al., 2001a, b; Israel et al.,
2011a, b; Israel & Kim, 2014; Israel et al., 2015; Chapter 3). ............... 166

Stratigraphic chart showing the inferred provenance, depositional ages,
lithological characteristics, and metamorphic-deformational constraints for
the Jura-Cretaceous basins considered in this study (see also Fig. 5.1).
See legend in lower right corner for explanation of symbols and colours.
Red bold text indicates inferred basement unit (YT = Yukon-Tanana
terrane). Time scale from Walker & Geissman (2022). (Data from: ESB =
East Susitna Batholith; Waldien et al., 2021b and references therein; RRB
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Figure 5.4.

Figure 5.5.

Figure 5.6.

Figure 5.7.

Figure 5.8.

= Ruby Range batholith; Israel et al., 2011a; Kuskokwim Group: Miller et
al., 2007; Bradley et al., 2009; Hults et al., 2013; Koksetna River
Sequence: Wallace et al., 1989; Hults et al., 2013; Tordrillo Mountains
sequence: Bradley et al., 2009; Wilson et al., 2012; Hults et al., 2013;
Yenlo Hills: Hults et al., 2013; Kahiltha Basin: Davidson & McPhillips,
2007; Box et al., 2019; Clearwater metasediments and Maclaren Schist:
Waldien et al., 2021a, b; Nutzotin Mountains sequence: Berg et al., 1972,;
Trop et al., 2002; Manuszak et al., 2007; Hults et al., 2013; Fasulo et al.,
2020; Dezadeash Formation: Eisbacher, 1976; Lowey, 2000, 2011, 2019,
2021; Kluane Schist: Israel et al., 2011a; Chapters 3 & 4; Blanchard River
assemblage: Vice, 2017; Vice et al., 2020; Gravina Basin: McClelland et
al., 1991; Gehrels et al., 1992; Kapp & Gehrels, 1998; Yokelson et al.,

Representitive cathodoluminescence (CL) images of detrital zircon grains
from (a) 19WM230d, (b) 19WM229, (c) 20WM40, (d) 20WM26 & (e)
20WM25b. The location of the analysis pit and associated age with 2c
uncertainty IS SNOWN.......coiiiii e 174

Kernel density estimate (KDE) plots of the ages of zircon across the
Kluane Schist. (a) 19WM230d, (b) 19WM229, (c) 20WM40, (d) 20WM26,
(e) 20WM25b. KDE plots outlined by dashed lines represent plots
considering all zircon analyses, whereas KDE plots with solid outlines
represent just detrital analyses (see main text sections 5.5.1 and 5.5.2 for
full explanation). (f) Cumulative probability function including just detrital
grains from all samples. In all plots note change in x-axis at 500 Ma.
Precambrian ages are represented by x5 the area of Phanerozoic ages.
................................................................................................