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The northern termination of the Cache Creek terrane in
Yukon: Middle Triassic arc activity and Jurassic—Cretaceous
structural imbrication

Luke Bickerton, Maurice Colpron, H. Daniel Gibson, Derek Thorkelson, and James L. Crowley

Abstract: The northernmost part of the Cache Creek terrane lies in south-central Yukon and comprises metavolcanic rocks,
hemipelagic chert and shale, newly identified volcaniclastic and clastic rocks (Michie formation, informal), pyroxenite and
gabbro intrusive rocks with an arc to back-arc geochemical signature, as well as tectonized and serpentinized ultramafic rocks.
The proximally sourced Michie formation yielded zircon from two samples with unimodal peaks at 245.85 * 0.07 and 244.64 +
0.08 Ma. These dates are likely close to the depositional ages and compare favourably with those from the Kutcho assemblage of
northern British Columbia. The Michie formation is exposed along the northwestern flank of Mount Michie and represents
singular detrital input from a nearby eroding island-arc. The Cache Creek terrane rocks are imbricated with epiclastic and
carbonate rocks of the Stikinia and Lower Jurassic siliciclastic rocks of the synorogenic Whitehorse trough. This imbrication
records two compressional deformation phases in the region: (1) an initial phase of west-verging thrusting along the Judas
Mountain fault that placed the Cache Creek terrane rocks over the arc and basinal rocks of Stikinia and Whitehorse trough; and
(2) a second phase of east-verging thrusting along the Mount Michie fault that repositioned rocks of Stikinia and the Whitehorse
trough structurally above those of the Cache Creek terrane. Deformation in the centre of the study area was followed by
emplacement of a coarse-grained syenite that yielded “°Ar/3°Ar biotite and muscovite cooling ages of 165-160 Ma.
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Résumé : La partie la plus septentrionale du terrane de Cache Creek est située dans le centre sud du Yukon et renferme des
roches métavolcaniques, des cherts et shales hémipélagiques, de roches volcanoclastiques et clastiques nouvellement décou-
vertes (formation de Michie, nom informel), des roches intrusives pyroxénitiques et gabbroiques présentant une signature
géochimique d’arc a arriere-arc, ainsi que des roches ultramafiques tectonisées et serpentinisées. Deux échantillons de la
formation de Michie, de source proximale, ont produit des zircons qui ont donné des pics monomodaux a 245,85 + 0,07 et
244,64 + 0,08 Ma. Ces ages s’approchent vraisemblablement des ages de dépot et ressemblent a ceux de I'assemblage de Kutcho
du nord de la Colombie-Britannique. La formation de Michie est exposée le long du flanc nord-ouest du mont Michie et
représente un unique apport de détritus issus de I’érosion d’un arc insulaire situé a proximité. Les roches du terrane de Cache
Creek sont imbriquées avec des roches épiclastiques et carbonatées de la Stikinie et des roches silicoclastiques du Jurassique
inférieur de la fosse synorogénique de Whitehorse. Cette imbrication témoigne de deux phases de déformation en compression
dans la région, soit (1) une phase initiale de chevauchement vers I’ouest le long de la faille du mont Judas, qui a placé les roches
du terrane de Cache Creek sur les roches d’arc et de bassin de la Stikinie et de la fosse de Whitehorse, et (2) une seconde phase
de chevauchement vers l’est le long de la faille du mont Michie, qui a repositionné des roches de la Stikinie et de la fosse de
Whitehorse structuralement au-dessus de celles du terrane de Cache Creek. La déformation dans le centre de la région a I'étude
a été suivie de la mise en place d’une syénite grenue qui a produit des ages de refroidissement “°Ar/3°Ar sur biotite et muscovite
de 165-160 Ma. [Traduit par la Rédaction]|

Mots-clés : Cache Creek, Kutcho, Cordillére, accrétion de terranes, arc intraocéanique.

The Intermontane terranes consist of mid-Paleozoic to early Me-
sozoic arc terranes (Yukon-Tanana, Stikinia, and Quesnellia) that
developed in the peri-Laurentian realm (Nelson et al. 2013), and
the Cache Creek terrane, which formed as an accretionary com-

Introduction

The Mesozoic evolution of the western margin of North Amer-
ica involved a complex history of crustal growth by successive
terrane accretions that resulted in development of the Cordille-

ran orogenic collage (e.g., Helwig 1974; Coney et al. 1980; Monger
et al. 1982; Nokleberg et al. 2000; Nelson et al. 2013; Fig. 1, inset).
Construction of the northern Cordilleran orogen began with the
Early to Middle Jurassic accretion of the Intermontane terranes to
the western margin of North America (e.g., Colpron et al. 2015).

plex in the forearc region of Stikinia and Quesnellia (Fig. 1, inset;
Monger and Nokleberg 1996; Struik et al. 2001). The Cache Creek
terrane consists of fragments of oceanic crust, seamounts with
limestone caps, arc crust, supra-subduction zone ophiolite, pe-
lagic sedimentary rocks, and is overlain by synorogenic clastic
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Fig. 1. Geology of the northern Cache Creek terrane; adapted from digital bedrock geology maps of the British Columbia Geological Survey
(2015) and Yukon Geological Survey (2018). Inset shows location of the northern Cache Creek terrane within the Canadian Cordillera (after
Colpron and Nelson 2011). Box inset northeast of Carcross indicates location of study area at the northern termination of the Cache Creek
terrane shown in Fig. 2. Note location of (1) the type Kutcho assemblage (ca. 255-242 Ma; Childe and Thompson 1997; Schiarizza 2012)
southeast of Dease Lake; (2) the Nakina area, south of Atlin, studied by English et al. (2010) and McGoldrick et al. (2017); and (3) a dated gabbro
body (245.4 + 0.8 Ma; Gordey et al. 1998), east of the study area. Abbreviations within oval inset: AX, Alexander terrane; CC, Cache Creek
terrane; NAD, basinal facies of western Laurentian margin (including Selwyn basin and Kootenay terrane); NAc, Laurentian autochthonous
cover and craton; NAp, platformal facies of the western Laurentian margin (including Rocky and Mackenzie mountains); OK, Okanagan
terrane; QN, Quesnellia; ST, Stikinia; Van., Vancouver; Wh., Whitehorse; WR, Wrangellia; YT, Yukon-Tanana terrane. [Colour online.]

rocks (Mihalynuk 1999; McGoldrick et al. 2017). Lower Permian
(Cisuralian) limestone in the Cache Creek terrane contain fusu-
linid and conodont fauna of Tethyan affinity (Monger and Ross
1971; Orchard et al. 2001), which contrast with coeval McCloud
fusulinid fauna in Quesnellia and Stikinia that indicates a peri-
Laurentian affinity (e.g., Miller 1987; Belasky et al. 2002). This
contrast in faunal affinities is an important component of tec-
tonic models proposed for amalgamation of the Intermontane
terranes (e.g., Wernicke and Klepacki 1988; Mihalynuk et al. 1994,
2004; Johnston and Borel 2007).

The Cache Creek terrane has been described as an accretionary
or subduction complex in which diverse and disparate oceanic
assemblages are juxtaposed (e.g., Struik et al. 2001; Golding 2018).
Studies of the terrane in central British Columbia (southern Cache
Creek; Fig. 1, inset) suggest that the Cache Creek complex com-
prises mainly plume-influenced oceanic crust (Tardy et al. 2001),
including spreading-ridge and oceanic plateau imbricated with
trench-fill sediments, carbonate atoll, and possible arc crust. Stud-
ies of the northern Cache Creek terrane in northern British Co-
lumbia (Fig. 1) indicate that significant components of the terrane
comprise intra-oceanic arc crust and supra-subduction zone ophio-
lite juxtaposed with oceanic seamount, and pelagic and forearc sed-
iments (Fig. 1; e.g., Mihalynuk 1999; English and Johnston 2005;
Schiarizza 2012; Zagorevski et al. 2015; Zagorevski 2016;
McGoldrick et al. 2017). The degree of heterogeneity between
conodont faunas from different parts of the Cache Creek terrane
suggests that they evolved independently until their Mesozoic
accretion within the Intermontane terranes (Golding 2018).

In this paper, we describe the geological relationships of the
Cache Creek terrane near Marsh Lake, Yukon (Fig. 2). Previously
mapped at reconnaissance scale (Wheeler 1961), the terrane affinity
of this area was enigmatic and never fully included in the Cache
Creek terrane. We present new geochemical and geochronological
data that support correlation with Early Triassic intra-oceanic arc
successions documented in the Cache Creek terrane of northern
British Columbia.

Regional geology

Stikinia and Quesnellia (Fig. 1, inset) are generally considered to
have developed as a contiguous arc system because of their simi-
larities in lithologies, Devonian to Early Jurassic age range, con-
tact relationships, and geochemical and isotopic signatures (e.g.,
Souther 1977; Dostal et al. 1999). The oldest exposed rocks in both
terranes are Paleozoic arc assemblages that are thought to corre-
late, in part, with the peri-Laurentian Yukon-Tanana terrane
(Jackson et al. 1991; McClelland 1992; Mihalynuk et al. 1994; Nelson
and Friedman 2004; Colpron et al. 2006; Nelson et al. 2006). Sim-
ilarities in Quesnellia and Stikinia include correlation of promi-
nent Upper Triassic augite-(plagioclase-)phyric volcanic rocks
assigned to the Stuhini Group (Souther 1977; Monger et al. 1991)
and Lewes River Group in northern Stikinia (Wheeler 1961; Hart
1997), and to the Nicola Group (Mortimer 1987), the Shonektaw
Formation (Gabrielse 1998), and Semenof formation (informal,
Tempelman-Kluit 1984, 2009; Simard 2003) in Quesnellia (Fig. 1).
In addition to similar volcanic stratigraphy, a suite of Triassic to
Early Jurassic plutons intrudes both Stikinia and Quesnellia,
and merges at a northern apex within the Yukon-Tanana terrane

(Wheeler and McFeely 1991; Nelson et al. 2013). The geochemical
and isotopic evidence connecting Stikinia and Quesnellia through-
out the late Paleozoic and early Mesozoic include negative Nb
anomalies, a similar juvenile 87Sr/86Sr signature, as well as posi-
tive epsilon (eyg) values of 6-8 (Armstrong 1988; Dostal et al. 1999,
20009).

The Cache Creek terrane has a mixture of Mississippian to
Jurassic lithologies in variable proportions that include compo-
nents of oceanic crust consisting of ultramafic rocks, gabbro,
basalt, ribbon chert, and massive limestone (e.g., Monger 1975;
Gabrielse 1991; Struik et al. 2001). The age range of ultramafic
rocks in the Cache Creek terrane is loosely constrained to be
Permian to Triassic in central British Columbia (e.g., Struik et al.
2001), and Early Triassic in southern Yukon based on a single U-Pb
zircon date of 245.4 *+ 0.8 Ma (Gordey et al. 1998; Fig. 1). Intrusive
rocks occur both as lozenges in mélange and as undeformed bod-
ies that have been dated in the Atlin area of British Columbia by
U-PDb zircon at 261.4 * 0.3 Ma (Devine 2002; Mihalynuk et al. 2003).

The Cache Creek terrane contains thick limestone with local
occurrences of early Permian verbeekinid fusulinid with distinc-
tive Tethyan affinity (e.g., Monger and Ross 1971). The complex
also includes sedimentary rocks such as greywacke, siltstone, and
slate that are interpreted to be part of a forearc assemblage. The
Kedahda formation (informal) of the Cache Creek terrane in north-
ern British Columbia comprises argillite, fine-grained wacke, and
radiolarian chert that range from Guadalupian (middle Permian)
to Lower Jurassic in age (Cordey et al. 1991; Jackson 1992;
Mihalynuk 1999). In the eastern part of the terrane, a mélange
locally contains Lower Jurassic blueschist (ca. 173 Ma Ar-Ar pheng-
ite cooling age, Mihalynuk et al. 2004). The presence of Permian
limestone with exotic Tethyan fauna, in conjunction with the
Lower Jurassic blueschist cooling age in the eastern part of the
terrane, suggests there was protracted subduction of Panthalassic
lithosphere beneath the Quesnellia-Stikinia arc in this timeframe
that led to development of the Cache Creek accretionary complex.

The northern end of Cache Creek terrane extends from north-
ern British Columbia to south-central Yukon where it terminates
near Marsh Lake (Fig. 1). The Cache Creek terrane is overlapped
and imbricated with the Lower to Middle Jurassic basinal sedi-
mentary rocks of the Whitehorse trough (Laberge Group). Clastic
strata of the Whitehorse trough unconformably overlie the upper
Paleozoic and lower Mesozoic rocks of Stikinia, Quesnellia, and
Cache Creek terranes (e.g., White et al. 2012; Colpron et al. 2015).
The basin is interpreted to record forearc deposition along the
flank of the Stikinia—Quesnellia arc (Mihalynuk et al. 1994; English
and Johnston 2005; Canil et al. 2006), which transitioned into a
synorogenic piggy-back basin overlying the Intermontane ter-
ranes during the Early to Middle Jurassic (Fig. 1; White et al. 2012;
Colpron et al. 2015). The main phase of subsidence and deposition
in the Whitehorse trough ended in the Middle Jurassic; this is
marked by the unconformably overlapping Upper Jurassic —
Lower Cretaceous Tantalus Formation in Yukon that records de-
position within intermontane fluvial and lacustrine settings (Long
2015).

Westward imbrication of the Cache Creek terrane with Stikinia
and the Whitehorse trough in the northern Cordillera is documented
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Fig. 2. Bedrock geology map of the Marsh Lake (after Bickerton 2014b). Inset shows poles to foliation measurements of D, (S;) and D, (S,) folds
shown in equal area lower hemisphere plots; the S, plot also contains fold axis measurements attributed to D, folds. Rose petals in each inset

plot represent vectors of foliation strike (using right-hand rule). Lines of section for Fig. 5 are provided. [Colour online.]
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Fig. 3. Composite stratigraphic section for the Cache Creek terrane, Stikinia, and Whitehorse trough in southern Yukon (modified after Hart
1997; Lowey 2004; White et al. 2012; Colpron et al. 2015; Bordet 2018). The coloured units are those observed in the study area. CC, Cache
Creek; cp, clinopyroxenite; MLIC, Marsh Lake intrusive complex. Tectonostratigraphic domains (described in text) are labelled in italics. Age

boundary picks (Ma) from Walker et al. (2012). [Colour online.]

by southwest-verging folds and thrusts that placed the accretion-
ary complex onto Stikinia by early Bajocian (ca. 175-171 Ma,
Mihalynuk et al. 2004; Evenchick et al. 2001). In northern British
Columbia, the Nahlin fault is one of these thrusts, having brought
Cache Creek rocks over strata of Whitehorse trough and Stikinia
(Fig. 1; Gabrielse 1991, 1998; Mihalynuk 1999; Mihalynuk et al.
2004; Evenchick et al. 2005). Evidence for juxtaposition of Cache
Creek rocks structurally above the Whitehorse trough is pre-
served in the Tantalus Formation (Middle Jurassic), which re-
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ceived chert clasts shed from the exhuming Cache Creek terrane
(Long 2005; Fig. 3). The imbrication and exhumation of the
Cache Creek terrane also resulted in deposition into the Middle
Jurassic - Lower Cretaceous synorogenic Bowser Basin in cen-
tral British Columbia (e.g., Ricketts et al. 1992; Gabrielse 1998;
Shirmohammad et al. 2011).

In the Dease Lake area, between the Nahlin and King Salmon
faults, metabasalt and serpentinite occur as the structural base of
the Cache Creek terrane and are spatially associated with Permo-



Triassic bimodal volcanic and volcaniclastic rocks of the Kutcho
assemblage (Childe and Thompson 1997; Childe et al. 1998;
Schiarizza 2011; Fig. 1). Schiarizza (2011) described the Kutcho as-
semblage as a juvenile oceanic arc sequence within the Cache
Creek terrane that forms part of the basement to strata of the
Whitehorse trough. The U-Pb zircon ages in felsic volcanic rocks
within the Kutcho assemblage, ranging from 255.13 + 0.96 to 242 +
1Ma (Childe and Thompson 1997; Schiarizza 2012), correlates with
the volcanic Sitlika and Wineglass assemblages located along
strike southwards in central British Columbia (e.g., Schiarizza
2013; Fig. 1 inset). This age correlation, and the similarities in
lithologies and structural relationships at the western boundary
of the Cache Creek terrane, led to the identification of an intra-
oceanic arc complex termed the “Sitlika-Kutcho-Venables arc”
(Logan and Mihalynuk 2014). The western boundary of the Cache
Creek terrane traces north from the Kutcho assemblage along the
Nahlin fault (Fig. 1; e.g., Mihalynuk 1999) and extends to the Car-
cross area in southern Yukon, where it is apparently cut by the
northeast-striking Crag Lake fault (Hart and Radloff 1990). The
trace of this crosscutting fault relationship is partially obscured
by the intrusion of post-accretionary mid- to Late Cretaceous gran-
itoid rocks (Hart 1995). The most northerly rocks assigned to the
Cache Creek terrane extend north of the Crag Lake fault in the
Marsh Lake area (Fig. 2); these rocks are described below.

The northern termination of the Cache Creek
terrane

At surface, the northern termination of the Cache Creek ter-
rane, near Marsh Lake in southern Yukon, is structurally imbri-
cated with carbonate and clastic rocks of the Lewes River (Stikinia)
and Laberge (Whitehorse trough) groups (Figs. 1 and 2). In this
area, the Cache Creek terrane comprises five main lithological
assemblages: (1) metavolcanic rocks, (2) hemipelagic chert and
shale, (3) volcaniclastic and clastic rocks, (4) pyroxenite and gab-
bro intrusive rocks, and (5) tectonized and serpentinized ultra-
mafic rocks (Figs. 2 and 3; Bickerton 2014a, 2014b). The units are
described below and ordered by tectonostratigraphic domain (see
Fig. 3), from the highest interpreted thrust panel to the lowest;
this order also describes the rocks from oldest to youngest in the
succession.

Domain 1: Cache Creek terrane ultramafic rocks

Near Marsh Lake, in the eastern part of the study area, ultra-
mafic rocks of the Cache Creek terrane are characterized by a
composition of harzburgite to dunite and typically form larger
exposures within thrust sheets structurally above all other units
(Figs. 2 and 3).

The large harzburgite-dunite bodies in the eastern part of the
study area (Fig. 2) are coarse grained, contain abundant magne-
tite, and have veins of antigorite and chrysotile throughout. Lo-
cally, the harzburgite shows a subtle cumulate texture of olivine
with interstitial orthopyroxene. These rocks also occur as rounded
blocks in a sheared serpentinite matrix that has been extensively
carbonatized. The ultramafic bodies are in fault contact with vol-
canic rocks of the Cache Creek terrane, but unlike those in the
western part of the map area, carbonate * Cr mica alteration is not
a prominent feature near these contacts.

Domain 2: Cache Creek terrane sedimentary and mafic
volcanic/intrusive rocks

Chert

Chert is a dominant lithology of the Cache Creek terrane in
British Columbia (Monger 1975; Gabrielse, 1991), but is less exten-
sive at its northern termination in Yukon (Figs. 1-3). In the eastern
part of the study area, massive to ribbon chert with rare limestone
is locally intercalated with the metavolcanic rocks. The chert is
grey to reddish brown in colour and locally contorted by soft-

sediment deformation structures (Fig. 4c). Chert beds are 5-10 cm
thick and are interbedded with 1-3 cm horizons of argillite. Chert
also occurs as subordinate lenses within the metavolcanic rocks
and as clasts in volcanic breccia.

Metavolcanic rocks

Mafic to intermediate metavolcanic rocks are the dominant
lithologies in the Cache Creek terrane of the Marsh Lake area
(Figs. 2, 3, and 4a), ranging from dark grey basaltic to light grey
andesitic compositions. The rock is typically massive, mainly com-
posed of fine- to medium-grained plagioclase and clinopyroxene
within an aphanitic chloritic matrix. The metavolcanic rocks
locally show pillows (e.g., Fig. 4b), amygdules, and hyaloclastic
textures, and can contain decimetre- to metre-scale lenses of lime-
stone and chert. In the western part of the map area (Fig. 2), the
metavolcanic rocks are locally crosscut by subvolcanic gabbro and
clinopyroxenite bodies as determined by field observations. Typ-
ical clinopyroxenites in the western part of the map area (near
Judas Mountain and Judas Creek) are spatially associated with the
Marsh Lake gabbroic intrusive complex, locally intruding volcanic
rocks and chert of the Cache Creek terrane, and occur near planar
structures, where they are altered to carbonate * Cr-mica in fault
contact with clastic sedimentary rocks of the Laberge Group
(Whitehorse trough; Fig. 2).

In the eastern part of the map area, the andesite and basalt are
intercalated with green to grey volcaniclastic sandstone, particu-
larly in proximity to the gradational contact with the newly rec-
ognized and overlying Michie formation (informal), described
below.

Volcaniclastic and clastic rocks of the Michie formation (new unit)

The Michie formation is a newly proposed informal strati-
graphic unit composed of a previously undocumented clastic unit
that is in gradational contact with underlying mafic metavolcanic
rocks in the footwall of the Mount Michie thrust (Fig. 3). There is
no complete section of Michie formation in the study area because
the upper part of the unit is everywhere truncated by the Mount
Michie thrust, but the unit is approximately at least 500 m thick.
The succession consists mainly of medium- to coarse-grained, im-
mature, volcaniclastic to polymictic sandstone and wacke (e.g.,
Fig. 4d), but also includes pebble orthoconglomerate and dark
grey siltstone. For approximately 15 km along the north-north-
west flanking ridge to Mount Michie, the formation is discontin-
uously exposed with variable thickness for each defined lithology
(Fig. 2); thus, this area is defined as the composite-stratotype section
for the newly identified unit. The thickest section of sandstone and
wacke (approximately 200 m thick) occurs approximately 2 km
north-northwest from Mount Michie. Southwest of Fox Lake,
approximately 11 km north-northwest of Mount Michie, the
sandstone-wacke thins to centimetre- to metre-scale beds within a
fining-upward sequence of volcaniclastic orthoconglomerate —
sandstone — carbonaceous siltstone (locally interbedded with buff-
weathering limestone beds) that is irregularly brecciated in a ma-
trix of intermediate volcanic rocks.

The sandstone varies from calc-lithic to volcanic-lithic sand-
stone, with subrounded grains and moderate to poor sorting. The
conglomerate comprises subrounded to angular clasts of mafic
and felsic volcanic rocks, fine-grained mafic intrusive clasts, lime-
stone, chert, and very-fine-grained siltstone. Siltstone is com-
monly coupled with sandstone beds in 1-2 m (thickness) intervals,
with sandstone grading into siltstone. Locally, siltstone forms
massive sections with up to 250 m apparent thickness. Petro-
graphic analysis of eight sandstone samples from the Michie
formation utilizing the Gazzi-Dickinson point-counting method
(Dickinson 1970; Ingersoll 1978; Ingersoll et al. 1984) shows a pre-
dominance of volcanic lithic clasts suggesting provenance from



Fig. 4. (a) Light green mafic metavolcanic rocks of the Cache Creek terrane (CCT) with fine-grained plagioclase, clinopyroxene in chloritic

to serpentinized matrix. (b) Highway outcrop of pillowed basalt in the CCT. (c) Outcrop of ribbon chert of the CCT in the Marsh Lake area.

(d) Fresh surface of Michie formation immature volcaniclastic rocks containing clasts of mafic and felsic volcanic rocks and fine-grained mafic
intrusive with minor limestone, chert, and siltstone. (e) Fresh surface of matrix-supported conglomerate of Laberge Group. (f) Fresh surface of
coarse-grained to pegmatitic syenite from centre of the Marsh Lake map area (Fig. 2). [Colour online.]

an undissected arc source (Fig. 5; Tables 1 and Supplementary
Table S1Y).

Marsh Lake intrusive complex

A gabbroic complex crops out near the north end of Marsh Lake
(Fig. 2). It intrudes exclusively mafic volcanic rocks of the Cache
Creek terrane as a set of intrusive lenses with a shallow (<20°)
northeast dip. The Marsh Lake intrusive complex comprises
medium- to coarse-grained to porphyritic hornblende diorite to gab-
bronorite and, locally, to clinopyroxenite. These rocks are intensely
foliated and altered to chlorite and epidote. Although samples were
collected for mineral separation, no zircon or baddeleyite were ob-

tained for U-Pb geochronology. Ophitic plagioclase-bearing gabbroic
rocks locally grade into augite-dominant clinopyroxenite. Clinopy-
roxene is subhedral to euhedral, and typically has embayment and
sieve textures, as well as local cumulate textures. Olivine-phyric dia-
base dikes crosscut these rocks throughout the Marsh Lake intrusive
complex with no preferred orientation.

Domain 3: Stikinia and Whitehorse trough rocks

Stikinia (Lewes River Group)
Regionally, the Lewes River Group (Late Triassic; Lees 1934;
Wheeler 1961) comprises volcanic rocks of the Povoas formation



Fig. 5. Ternary quartz(monocrystalline)-feldspar-lithic clast (QmFLt)
plot. Plotted points represent spread of compositions from formations
of the Stikine terrane (Aksala fm), Whitehorse trough (Richthofen fm),
and the Cache Creek terrane (new Michie formation). The provenance
fields of Dickinson et al. (1983) are indicated and specific domains
abbreviated: BU, basement uplift; CI, craton interior; DA, dissected arc;
RO, recycled orogenic; TA, transitional arc; TC, transitional continental;
UA, undissected arc. The degree of arc dissection increases from right
to left in the arcrelated provenance fields (UA, TA, DA).

Qm
A

E Continental block
I]:I Recycled orogen
I:I Magmatic arc

and overlying sedimentary rocks of the Aksala formation (both
informal units of Tempelman-Kluit 1984, 2009). The Aksala forma-
tion includes three members of epiclastic and carbonate rocks,
two of which, the Casca and Hancock members, are represented
in the Marsh Lake area (Figs. 2 and 3). The Carnian-Norian Casca
member includes strata that vary from black-grey, moderately to
well-sorted, submature, subangular coarse-grained arkosic are-
nite (Fig. 5; Tables 1 and Supplementary Table S17), to fine-grained,
thinly laminated, dark grey argillaceous siltstone. The Hancock
member conformably overlies the Casca member and is a mas-
sive, crystalline, locally fossiliferous light-grey limestone that is
mainly exposed at the south end of the Marsh Lake area. Micro-
fossils and ammonoids from Hancock limestone in this area indi-
cate a mid-upper Norian age for these strata (Wheeler 1961; Gordey and
Stevens 1994; Colpron 2011; Bickerton 2014b).

Whitehorse trough: Laberge Group (Richthofen formation)

The Lower to Middle Jurassic Richthofen formation (informal)
includes black turbiditic siltstone, greenish-grey sandstone, and
thick horizons of matrix-supported polymictic conglomerate
(Wheeler 1961; Hart 1997; Lowey et al. 2009). It is exposed in the
centre of the study area, where it unconformably overlies the
Casca member, and along the shore of Marsh Lake near Judas
Mountain (Fig. 2). The medium- to coarse-grained sandstone typi-
cally forms beds 5-15 cm thick coupled with fine-grained, green-
brown mudstone beds 3-5 cm thick. The sandstone is a fine- to
coarse-grained, subangular, and compositionally immature feld-
spathic litharenite. The sandstone framework is dominated by
sedimentary and volcanic lithic fragments, but also contains
quartz and feldspar as major components (Fig. 5; Tables 1 and
Supplementary Table S1'), and hornblende as a minor component.
The black siltstone forms monotonous strata up to 1200 m thick.
The conglomerate contains pebbles to boulders of limestone, very-
fine-grained grey siltstone, felsic plutonic, and less commonly, felsic

volcanic lithologies, supported by a volcaniclastic sandstone matrix
(Fig. 4e).

Post-accretionary intrusive rocks

A number of post-accretionary granitoid plutons and numerous
rhyodacite dikes intrude rocks of the Cache Creek terrane, Sti-
kinia and Whitehorse trough near Marsh Lake. Of these, the larg-
est exposed body is a pluton of syenitic composition that intruded
rocks of the Casca member and Richthofen formation in the cen-
tre of the map area, west of Mount Michie (Fig. 2). The syenite is
coarse grained to pegmatitic, dominated by alkali-feldspar, and
contains small (5-10 mm) books of coarse-grained biotite and
muscovite that are partially altered to chlorite and sericite,
respectively (Fig. 4f). The pluton is poorly exposed and contact rela-
tionships with major structures are uncertain, although sedimen-
tary strata of the Laberge and Lewes River groups are hornfelsed near
the syenite. This syenite pluton was also originally considered part
of the mid-Cretaceous Whitehorse plutonic suite (e.g., Gordey and
Makepeace 2001), but 4°Ar[3*°Ar data presented below indicates an
older Middle Jurassic age.

A majority of the post-accretionary intrusions, however, range
in composition from granodiorite to hornblende quartz monzo-
nite and have been assigned to the mid-Cretaceous Whitehorse
plutonic suite (Wheeler 1961; Gordey and Makepeace 2001; Colpron
2011; Colpron et al. 2016) based on textural and mineralogical sim-
ilarities to a coarse-grained diorite stock exposed along the east-
ern shore of Marsh Lake (Fig. 2) with a single K-Ar date of 104 *
4 Ma (Hart 1995). The granodiorite to hornblende quartz monzo-
nite intrusions are mostly coarse grained and equigranular with
variable alteration. The largest body occurs in the northern part of
the map area where it intrudes both Casca member and Rich-
thofen formation (Fig. 2). Near the northern edge of the map area,
a small quartz monzonite pluton crosscuts the Mount Michie
thrust, which juxtaposes sedimentary rocks of Stikinia and
Whitehorse trough in its hanging wall against the Michie forma-
tion (Cache Creek terrane) in its footwall (see below; Fig. 2),
thereby placing a potential younger limit on timing of faulting in
the area.

Rhyodacite dikes are assumed to be the youngest rocks in the
Marsh Lake area as they are undeformed, apart from magmatic
flow-banding near dike margins, and can crosscut all units at
various localities. The dikes are typically 1-2 m wide and com-
posed of medium-grained, spherulitic, quartz and feldspar-phyric
rhyolite to dacite. Regionally, these volumetrically small set of
dikes are assigned a late Paleocene age (Fig. 2) due to their similar
intermediate character to the Paleocene-aged Sifton range volca-
nic rocks (e.g., Miskovic and Francis 2004) and Mount Skukum
intrusive rocks (e.g., Love et al. 1998) to the northwest, and to the
Eocene Sloko Group volcanic rocks to the southwest (e.g., Souther
1991; Mihalynuk 1999).

Structure

Due to limited exposure throughout much of the map area,
major structural features are inferred primarily from map pat-
terns, bedding—cleavage relationships, and changes in foliation
intensity. The structural style of the Marsh Lake area is dominated
by two sets of folds and related cleavages, and two major thrust
systems (Figs. 2 and 6). Outcrop-scale folds are typically open and
upright (Fig. 7a) but become tighter and steeply inclined near
major faults (Fig. 7b) with variable intensity of cleavage develop-
ment. S, is a tightly spaced (typically <5 cm) fracture cleavage with
an average orientation of 337/79°NE (Fig. 2 inset) that is best pre-
served in sedimentary strata of the Laberge and Lewes River
groups. S, is a widely spaced (~5-10 cm) parallel fracture cleavage
with an average orientation of 157/88°SW (Fig. 2 inset) that is likely
lower temperature than S, as it is strongly developed near the
traces of D, thrusts (e.g., Mount Michie thrust, see below) where it
overprints D, structures (Fig. 7c). The D,-related fold axes (Fig. 2,



Fig. 6. Structural cross sections for the Marsh Lake area; lines of section and legend are shown in Fig. 2. Black pins present the apparent
strike (filled circle, representing in and out of section) and dip (line, representing dip direction) of bedding in sedimentary rocks at surface for

the cross section. [Colour online.|
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Table 1. Summary of point-counting for sandstones of the Marsh Lake area.

QFL% LmLvLs% Fr%

Formation Q F L Lm Lv Ls Bt D M
Richthofen

Mean 35.08 27.76 37.16 0.00 83.66 16.34 1.03 10.79 1.37

SD 10.44 12.43 4.70 0.00 5.18 5.18 0.54 5.83 1.45
Aksala

Mean 31.06 62.16 6.78 0.00 66.75 33.25 1.93 7.10 5.32

SD 9.34 9.47 5.87 0.00 23.64 23.64 1.35 4.50 3.26
Michie

Mean 16.81 15.85 67.34 4.46 78.82 16.73 9.54 2.80 6.71

SD 6.54 7.44 8.08 7.95 12.65 6.61 5.34 2.25 5.31

QmFLt% QmPK% QpLvmLsm%

Formation Qm F Lt Qm P K Qp Lvm Lsm P[F
Richthofen

Mean 27.29 27.76 44.95 76.67 23.33 0.00 16.41 69.99 13.59 0.93

SD 8.94 12.43 8.17 25.88 25.88 0.00 7.36 8.25 4.06 0.07
Aksala

Mean 21.00 62.16 16.84 44.48 48.99 6.54 60.10 25.07 14.83 0.86

SD 9.22 9.47 9.12 30.48 27.09 6.44 28.24 15.62 15.66 0.07
Michie

Mean 9.26 15.85 74.89 93.38 6.50 0.12 10.47 71.84 18.45 0.98

SD 5.55 7.44 9.89 18.72 18.37 0.35 8.49 15.07 8.89 0.02

Note: Mean measures average number of points counted in all samples for a given formation, SD measures the standard deviation for the counts. Detrital modes
(found in Supplementary Table S1') have been recalculated to 100 per cent basis for each mineral assemblage, with heavy minerals separated as per cent of total
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inset) suggest the folds are northwest-southeast trending and
have a subhorizontal plunge. Both sets of foliations lack new min-
eral growth.

The Judas Mountain thrust (D,) juxtaposes rocks of the Cache
Creek terrane in its hanging wall over those of the Whitehorse
trough in its footwall (Figs. 2 and 6). The thrust is exposed near the
southern shore of Marsh Lake, east of Judas Mountain, where
footwall rocks of the Laberge Group are deformed by tight folds
overturned to the southwest that are inferred to be fault-related
D, folds that reflect thrust vergence. At this location, the hanging
wall of the Judas Mountain thrust comprises mafic and ultramafic
rocks of the Cache Creek terrane, including foliated carbonate/
Cr-mica altered pyroxenite and serpentinite, and extensive hy-
drothermal veining. The thrust strikes northwest and dips mod-

erately to steeply to the northeast and is inferred to project
northwesterly beneath Marsh Lake. The thrust resurfaces on the
island at the north end of Marsh Lake, where the strike is de-
flected to the southwest (Fig. 2).

Map relationships suggest that the Judas Mountain thrust is
folded (Figs. 2 and 6). Judas Mountain itself is underlain by a
fenster of Laberge Group surrounded by mafic and ultramafic
rocks of the Cache Creek terrane. East of the Alaska Highway, the
steeply-southwest-dipping contact between Cache Creek metavol-
canic rocks and sedimentary rocks of the Lewes River and Laberge
groups is inferred to represent the folded surface of the Judas
Mountain thrust (Fig. 2). Alternatively, this contact could be a
younger, out-of-sequence fault juxtaposing younger over older
rocks. At higher structural level, the thrust faults juxtaposing



Fig. 7. (a) Broad open folds of Michie formation approximately 900 m east of the Michie fault; geologist for scale. (b) Outcrop-scale west-
verging folding in the Judas Mountain area of Laberge Group sedimentary rocks; hammer for scale. (c) D, overprint on D, in Whitehorse
trough sedimentary rocks, north of Mount Michie. Sandstone shows foliation S, (shallow fabric) that is folded and crosscut by S, (steeply

dipping to west-southwest foliation); geologist for scale. [Colour online.]

harzburgite/dunite bodies with metavolcanic rocks of the Cache
Creek terrane in the eastern portion of the map area (Figs. 2 and 6)
are also inferred to have developed during D, southwest-verging
contraction.

The Mount Michie thrust (D,) is a south-southeast striking,
steeply-southwest-dipping reverse fault that juxtaposes rocks of
the Whitehorse trough (Laberge Group) and Stikinia (Casca mem-
ber), which occupy the footwall of the D, Judas Mountain thrust,
over the Michie formation and Cache Creek metavolcanic rocks to
the east (Figs. 2 and 6). Near the fault, the S, spaced fracture
cleavage crosscuts D, folds and cleavage (Fig. 7c). Development of
the Mount Michie thrust is associated with northeast-verging
folds that are characterized by an anticline in the hanging wall,
and a syncline in the footwall to the Mount Michie thrust (e.g.,
section Y"-Y"” of Fig. 6), further indicating reverse movement
along this fault.

Lithogeochemistry of Cache Creek mafic igneous
rocks

Analytical methods

Results are presented for whole-rock geochemical analysis of
16 mafic rock samples from the Cache Creek terrane. These in-
clude nine representative samples collected from gabbroic intru-
sive and mafic volcanic rocks of the Cache Creek terrane, as
determined and named in the field, as part of this study (Table 2;
units assigned based on mapping, Fig. 2). Major and trace ele-
ments were analyzed at Activation Laboratories (Actlabs) in An-
caster, Ontario, using whole-rock lithium metaborate/tetraborate
fusion ICP and ICP-MS (inductively coupled plasma mass spec-

trometry). Fused samples were diluted and analyzed by Perkin
Elmer Sciex ELAN 6000 ICP-MS, with three blanks and five con-
trols (three before sample group and two after) analyzed with the
sample group. Duplicates were fused and analyzed every 15 sam-
ples and the instrument was recalibrated every 40 samples. An
external standard (MRG-1, Mount Royal gabbro) was included
twice with the sample batch (one before and one after unknown
samples) for quality control purposes. The resultant data were
combined with unpublished data for seven samples from the
same area collected by S.J. Piercey in 2005 (herein termed “SJP
samples”; Table 2). Details of the analytical methods, precision,
and accuracy for the SJP samples are presented in Ruks et al. (2006)
and Piercey et al. (2004).

Results

Most samples have minor to extensive saussuritization and ser-
pentinization of the original clinopyroxene and plagioclase-rich
phases. Although the least altered samples were collected for
analysis, we assume the abundance of some major and trace
elements may not be representative of the original whole-rock
chemistry. Accordingly, major element weight percentages were
recalculated to a volatile-free (anhydrous) basis. After recalcula-
tion, the SiO, concentrations in the mafic samples range from
48.94 to 60.75 wt %, MgO from 2.79 to 10.09 wt %, and TiO, from
0.64 to 1.21wt % (Table 2). Our interpretations below are primarily
derived from the least mobile high-field-strength and rare earth
elements to minimize the influence of alteration similar to previ-
ous studies that dealt with low-grade metamorphic alteration
(e.g., Gibson et al. 1982).
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Fig. 8. (a) Zr[TiO, vs. Nb/Y rock classification diagram of Winchester and Floyd (1977). All Cache Creek samples from Marsh Lake area plot in
the subalkaline field. (b) Zr-Y diagram of Barrett and MacLean (1999); most samples plot in the transitional field.
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On the Zr/TiO, vs. Nb[Y classification diagram of Winchester
and Floyd (1977), our Cache Creek samples plot in the subalkaline
field and range from basaltic andesite to subalkaline basalt (Fig. 8a).
On the calc-alkaline/tholeiitic basalt series differentiation diagram of
Barrett and MacLean (1999; Fig. 8b), most samples from the Cache
Creek terrane are transitional between tholeiitic and calc-alkaline
compositions. On mid-ocean ridge basalt (MORB)-normalized multi-
element plots (Figs. 9a-9b), the Cache Creek mafic rocks show
enrichment in the more immobile, incompatible elements Th, Ta,
Nb, and Zr that are slightly higher than an average calc-alkaline basalt
pattern. Chondrite-normalized rare earth elements plots show (La/
Lu),, ratios ranging from 5.9 to 15.7, slightly higher than the aver-
age ocean island basalt (OIB; Figs. 9¢-9d). Two samples of
metagabbro collected outside the Marsh Lake intrusive complex
show a (La/Lu), of 1.4, slightly depleted in light rare earth elements
compared with the average enriched-type MORB (Fig. 9d). The
heavy rare earth element profiles are relatively flat ((Gd/Lu),, of
1.2-2.5) for all samples (Figs. 9¢-9d).

The light rare earth element enriched samples from the Marsh
Lake area also have high ratios of Th/Nb (0.59-1.5) and Ce/Nb
(5.6-13.8). On the Th—Zr-Nb discriminant diagram of Wood (1980;
Fig. 10a), all Marsh Lake samples plot in the arc field. The enrich-
ment of Th and Nb relative to Yb further suggests the rocks have
an enriched mantle source relative to typical arc magmas (Pearce
and Peate 1995; Fig. 10b). Two samples collected outside the Marsh
Lake intrusive complex and interpreted in the field as metagabbro
(05SJP067-1-1 and 11LB027; Table 2) plot closer to typical mantle
values (Figs. 9D, 10a, and 10b) and may indicate that the arc rocks
were built upon a substrate of back-arc to MORB affinity with an
enriched mantle source.

Comparison with other data from the Cache Creek terrane

The Cache Creek terrane is commonly described as an oceanic
assemblage on account of its dominant lithologic association of
chert, argillite, basalt, and ultramafic rocks (e.g., Monger 1975;
Mihalynuk 1999; Struik et al. 2001). Local carbonate buildups and
affiliated basalt are generally interpreted as oceanic seamounts
that were incorporated into the accretionary complex.

In its type area in southern British Columbia, mafic volcanic
rocks of the southern Cache Creek terrane are dominantly OIB
with minor normal-type MORB basalt (Tardy et al. 2001; Fig. 10).
This led Lapierre et al. (2003) to conclude that much of the oceanic
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crust preserved in the Cache Creek accretionary complex was
influenced by a plume and represent relic of oceanic seamount
and (or) plateaux too buoyant to be subducted.

In contrast, mafic volcanic rocks in the northern Cache Creek
terrane have geochemical affinities ranging from OIB to island-arc
tholeiite, calc-alkaline basalt, back-arc basin basalt, and enriched-
type MORB (English et al. 2010; Nakina area in Fig. 1). Rocks with
OIB signatures are typically associated with carbonate (“carbonate
assemblage” of English 2004; English et al. 2010; Fig. 10) and inter-
preted as seamounts, in agreement with the interpretation for the
southern Cache Creek (Lapierre et al. 2003). However, English
et al. (2010; their figs. 1 and 7) grouped all subalkaline composi-
tions in the Nakina area under the “oceanic crustal assemblage”,
and interpreted arc and back-arc origins for most mafic igneous
rocks in the northern Cache Creek terrane.

Our data from the northern termination of the Cache Creek
terrane in Yukon show predominantly calc-alkaline compositions
for mafic volcanic and intrusive rocks, both from the Marsh Lake
intrusive complex and for the intrusive to subvolcanic gabbros
within the mapped Cache Creek terrane metavolcanic unit (e.g.,
unit CTrcp), suggesting these satellite intrusions are cogenetic
with the Marsh Lake intrusive complex (Figs. 9 and 10). The geo-
chemical signature of the mafic volcanic and intrusive rocks are
consistent with an arc influenced by an enriched mantle source.
Our data corroborates the conclusion of English et al. (2010) that
much of the mafic rocks in the northern Cache Creek terrane
represent intra-oceanic arc crust incorporated in the accretionary
complex.

Geochronology

Three samples of coarse-grained sandstone were analyzed for
detrital zircon U-Pb geochronology at Boise State University to
constrain the maximum depositional age and provenance of clas-
tic rocks in the Cache Creek terrane and Whitehorse trough. Two
samples were collected from the Michie formation (12LB181 and
10MC049) of the Cache Creek terrane, in the footwall of the Mount
Michie thrust (Fig. 2). The third sample is a sandstone from the
Richthofen formation (Laberge Group; 12LB220) in the hanging
wall of the Mount Michie thrust (Fig. 2). Data for the Richthofen
sample were previously published as part of a regional prove-
nance study of the Laberge Group (Colpron et al. 2015); it is repli-



Fig. 9. (a-b) Mid-ocean ridge basalt (MORB) normalized multi-element profiles for (a) gabbros of the Marsh Lake intrusive complex and

(b) mafic volcanic rocks of the Cache Creek terrane. MORB normalizing values from Pearce (1983) and legend for these samples are shown in
Figs. 9c and 9d. (c-d) Chondrite-normalized rare earth element profiles for (c) gabbros of the Marsh Lake intrusive complex and (d) mafic
volcanic rocks of the Cache Creek terrane. Chondrite normalizing values, typical ocean island basalt and enriched-type MORB values from
Sun and McDonough (1989). Typical high-K calc-alkalic basalt values from Gill (1981). Legend for samples from this study is same as shown in
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cated here for purpose of comparison with the new data from the
Michie formation.

In addition to detrital zircon data, we also report here the re-
sults of 4°Ar[3°Ar analyses for micas from the syenite pluton lo-
cated in the centre of our map area (Fig. 2). The 4°Ar[3°Ar analyses
were performed by M. Heizler at New Mexico Geochronology Re-
search Laboratory.

U-Pb methods

Detrital zircon U-Pb geochronology was undertaken at Boise
State University using both the laser ablation inductively coupled
plasma mass spectrometry (LA-ICPMS) and chemical abrasion iso-
tope dilution thermal ionization mass spectrometry (CA-TIMS)
methods.

LA-ICPMS

Zircon grains from two sandstone samples (10MC049 and 121LB220)
were acquired using standard separation techniques and an-
nealed at 900 °C for 60 h in a muffle furnace. They were mounted
in epoxy, polished to the grain centres, and imaged using cath-
odoluminescence (CL) on a JEOL JSM-1300 scanning electron mi-

La Ce Pr Nd Pm Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

croscope to characterize the internal zoning of the zircon grains.
The LA-ICPMS analyses were undertaken using a ThermoElectron
X-Series II quadrupole ICPMS and New Wave Research UP-213 Nd:
YAG UV (213 nm) laser ablation system. Data were collected from
two samples during two analytical sessions conducted in May 2011
(session 1, sample 10MC049) and March 2013 (session 2, sample
12LB220). Laser ablation spot size was 25 wm, and a laser firing
repetition rate of 10 Hz. Standard calibration uncertainties for
207Pb[206Ph dates are 0.7% and 0.5% (20) for experiments 1 and 2,
respectively. Standard calibration uncertainty for 2°6Pb/238U dates
are 2.0% and 3.2% (20 for experiments 1and 2, respectively). Errors
on the 207Pb[2°6Pb and 2°6Pb/238U dates from individual LA-ICPMS
analyses are given at 20, as are the errors on the weighted mean
dates. A complete summary of the in-house analytical protocols,
standard materials, and data reduction software used for acquisi-
tion and calibration of U-Pb dates and acquisition of a suite of
high-field-strength elements and rare earth elements are pro-
vided by Bickerton (2014a). Analytical results for both samples are
presented in Supplementary Table S2*. As all zircon collected have



Fig. 10. (a) Tectonic discrimination diagram of Wood (1980), showing tectonic settings as fields within ternary. Field abbreviations: A, normal-
type mid-ocean ridge basalt (MORB); B, enriched-type MORB and tholeiitic within-plate basalt (WPB) and differentiates; C, alkaline WPB and
differentiates; D, destructive plate margin basalts and differentiates. Inset figure shows average basalt compositions from a subduction zone
(SZ), upper crust (UC), lower crust (LC), and normal-type MORB (square). (b) Th/Yb vs. Nb/Yb diagram of Pearce and Peate (1995). Rocks of the
Cache Creek terrane in the northern Cordillera generally show influence of subduction zone and enriched mantle sources (English 2004;
English et al. 2010; this study). Rocks of the Cache Creek terrane in the central Cordillera generally plot close to the mantle array (projected
between MORB and OIB) and are interpreted to have been derived in a within-plate environment (Lapierre et al. 2003).
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ages that are Paleozoic or younger, the age interpretations are
based on the 206Pb/238U chronometer.

CA-TIMS
Zircon grains extracted from the samples using standard sep-
aration techniques were mounted in epoxy and polished to
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grain centres. Prior to CA-TIMS analyses, CL images were ob-
tained. Approximately 8-10 zircon grains or fragments of
grains from two samples of the Michie formation (10MC049,
12LB181) were selected for dating based on the CL images. The
grains selected for analysis were removed from the epoxy
mounts and were analyzed using a modified version of the
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chemical abrasion method of Mattinson (2005); a complete
summary of the CA-TIMS method used in this study is provided
by Bickerton (2014a).

Age interpretations based on the weighted mean 206Pb/238U
ages were calculated using Isoplot 3.0 (Ludwig 2003; Table 3). Er-
rors given at the 20 confidence interval on the weighted mean age
reflect the internal errors based on analytical uncertainties only,
including counting statistics, subtraction of tracer solution, and
blank and initial common Pb subtraction. Errors on the 206Pb/238U
dates from individual grains are also given at the 20 confidence
interval. Results of the CA-TIMS analyses are presented in Table 3;
analyses used in the weighted mean age calculation are indicated
by boldface type.

40AT/39Ar methods

Micas from the syenite pluton, sample 12LB211, were separated
by crushing the sample and hand-picking individual grains. Sam-
ples were loaded into machined Al discs and irradiated for 8 h in
the central thimble at the United States Geological Survey reactor
(Denver, Colorada, USA). Fish Canyon Tuff sanidine (FC-2) was
used as neutron flux monitor with an assigned age of 28.201 Ma
(Kuiper et al. 2008). Irradiated samples were analyzed for 4°Ar,
39Ar, 38Ar, 37Ar, and 3°Ar at the New Mexico Geochronology
Research Laboratory by M. Heizler. Details of instrumentation,
analytical parameters, and argon data are presented in Supple-
mentary Table S3%.

U-PDb results

Michie formation

Sample 10MC049 is a coarse-grained calc-litharenite collected
approximately 1 km north of Mount Michie (Fig. 2). Clasts in the
sandstone are predominantly carbonate (55%), but also include up
to 43% igneous clasts; mainly basalt to andesite, but also including
monzonite and granodiorite grains (Figs. 11a and 11b; Bickerton
2014a). Seventy-seven zircon grains analyzed by LA-ICPMS yielded
a narrow range of dates from 263 + 10 to 235 * 12 Ma, with a peak
at ca. 245 Ma (Supplementary Table S2%; Fig. 11c). In CL images,
zircons from sample 10MC049 show uniform oscillatory zoning
and sharply faceted morphologies, typical of detrital zircon from
an igneous source that was proximal (Fig. 12a). To further con-
strain the age of the igneous source, 10 grains were analyzed by
CA-TIMS. The five youngest zircon grains yielded equivalent con-
cordant dates with a weighted mean of 244.64 + 0.08 Ma (mean
square weighted deviation = 1.7; Fig. 12b). The other five grains
yielded older dates ranging from 244.89 * 0.18 to 245.25 + 0.23 Ma
(Table 3).

Sample 12LB181 is a poorly sorted, immature, coarse-grained
volcanic litharenite collected approximately 3.2 km north of
Mount Michie (Fig. 2). The sandstone comprises both mafic and
felsic volcanic grains, as well as minor chert and felsic plutonic
clasts. It yielded only a few detrital zircon grains that show similar
morphologies and zoning patterns in CL images as zircons in
sample 10MC049 (Fig. 12¢c). Based on these similarities, eight zir-
con grains from 12LB181 were directly analyzed by CA-TIMS
(Table 3). They yielded equivalent concordant 2°6Pb/238U dates
with a weighted mean of 245.85 *+ 0.07 Ma (mean square weighted
deviation = 1.5; Fig. 12d). Results from both samples of the Michie
formation suggest derivation from proximal ca. 245 Ma igneous
sources, and likely closely reflect their depositional age as well.

Richthofen formation

Sample 12LB220 is a well-sorted, coarse-grained arkosic sand-
stone from a graded sandstone-siltstone succession in the Rich-
thofen formation along the western ridge of Mount Michie (Fig. 2).
There the sandstone is primarily composed of feldspar (85%), vol-
canic lithic fragments (10%), and only minor quartz (Bickerton
2014aq). Sixty-nine zircon grains analyzed by LA-ICPMS (Supple-
mentary Table S2') yielded dates ranging from 336 + 24 to 181 +

Fig. 11. (a) Transmitted-light photomicrograph of sample
10MCO049 (scale bar = 1 mm). q, quartz; cb, carbonate clast; c,
chert clast; v, volcanic clast (basalt/andesite); mnz, monzonite
clast. (b) Crossed-nichols photomicrograph of sample observed in
Fig. 11a- (scale bar = 1 mm), (c) Histogram and relative probability
plot for detrital zircon 2°6Pb/238U dates from sample 10MC049
(plotted with Isoplot 3.0, Ludwig 2003). See Fig. 12a for example
cathodoluminescence images for zircon grains. Bin width in the
histograms is the average error on the dates. N, number of grains
analyzed. [Colour online.]
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12 Ma (Colpron et al. 2015), with a prominent peak at ca. 198 Ma

(Fig. 13), indicating a Sinemurian maximum depositional age for Fi13

this sample.

40Ar[39Ar results

Sample 12LB211 is a pegmatitic biotite-muscovite syenite ex-
posed in the centre of the study area (Fig. 2) that lacked U-Pb-
bearing minerals (i.e., zircon, monazite). Both muscovite and
biotite yielded moderately complex age spectra with overall dates
ranging between ca. 165 and 160 Ma (Fig. 14; Supplementary Ta-
ble S3%). The muscovite spectrum shows variable ages for the first
20% of argon released followed by a monotonic age increase from
ca.163.6 to 165.7 Ma for the final eight heating steps. The final two
steps of the spectrum define a terminal age of 165.6 + 0.1 Ma
(Fig. 14). The biotite spectrum has an overall hump-shaped pattern
defined by initially younger ages that climb to a variable pattern
followed by a steep drop for the final heating step. A relatively flat
segment of the spectrum yielded an age of 161.7 + 0.3 Ma for nine
steps (Fig. 14).

The muscovite age gradient is likely related to protracted cool-
ing from about 400 to 350 °C (argon closure temperature from
Harrison et al. 2009) between ca. 166 and 163 Ma. The biotite age
spectrum disturbance can be caused by multiple factors including
a protracted cooling history near 300 °C and is also likely im-
pacted by 3°Ar recoil (cf., Harrison et al. 1985; Heizler et al. 1988; Lo



Fig. 12. (a) Cathodoluminescence (CL) images of zircon grains chosen for CA-TIMS analysis in sample 10MC049. Labels correspond to zircon
analysis provided in Table 3; differences in brightness of CL images indicate differences in U concentration (low = bright; high = dark) and
other trace element concentrations. (b) U-Pb concordia plot for sample 10MC049; error ellipses are 2¢. Insets show ranked 2°6Pb/233U date plot
with weighted mean date represented by grey box behind error bars; errors are 2¢. (c) CL images of zircon grains from sample 12LB181; labels
correspond to zircon analysis provided in Table 3. (d) U-Pb concordia plot for sample 12LB181; error ellipses are 2¢. Insets show ranked 2°¢Pb/
2381 date plot with weighted mean date represented by grey box behind error bars; errors are 2o.
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and Onstott 1989). Both Heizler et al. (1988) and Lo and Onstott
(1989) assigned thermochronological significance to complex bio-
tite spectra and speculated that the integrated age (156.8 + 0.1 Ma)
might record the time of bulk sample cooling near 300 °C. Despite
somewhat ambiguous interpretations for individual age spectra,
the data are broadly consistent with cooling from near 400 °C to
below 300 °C between ca. 165 Ma and 160-155 Ma, and thus
supports a Middle Jurassic age for this pluton. These results are
inconsistent with previous assignment of this pluton to the mid-
Cretaceous Whitehorse plutonic suite (e.g., Gordey and Makepeace
2001); rather, they suggest an affinity with the Middle Jurassic
Bryde suite (Colpron et al. 2016).

Discussion

Bedrock mapping at the northern apex of the Cache Creek ter-
rane, near Marsh Lake in southern Yukon, shows that most of the
terrane in this region is composed of mafic metavolcanic and

206Pb/238U

b)[ 10MC049 54/
N=10
3L 4
/ 244.64 £ 0.08 Ma
MSWD =17
/,4 Not included in weighted
% B mean calculation
a H I Included in weighted
t |:| mean calculation
.l
g L

| I
0.272 0.276

d): 1208181
N=8
2
>
Z
5 245.85 + 0.07 Ma
o —~ MSWD=15
g | =
3
g <
= s
0.2.72 02.76 .

207P bl235U

metaplutonic rocks that are structurally imbricated with clastic
sedimentary rocks of Stikinia and Whitehorse trough (Fig. 2;
Bickerton 2014b). The geochemical signature of the mafic rocks in
the Cache Creek terrane suggests that they formed in a magmatic
arc derived from a slightly enriched mantle source (Fig. 10), simi-
lar to parts of the “oceanic crustal assemblage” in the Nakina area
of northern British Columbia (English et al. 2010).

In the Nakina area south of Atlin (Fig. 1), English et al. (2010)
documented two prominent geochemical affinities in mafic rocks
of the northern Cache Creek terrane. The first is alkaline OIB that
crops out in structural panels containing Carboniferous-Permian
rocks of the “carbonate assemblage” (Monger 1975). In central
British Columbia, rocks of similar character predominate and are
interpreted as seamounts that were incorporated in the Cache
Creek complex (e.g., Struik et al. 2001; Lapierre et al. 2003). The
second geochemical group recognized in the Nakina area form
the mid-late Permian to Middle Triassic “oceanic crustal assem-



Fig. 13. (a) Plot of LA-ICPMS 206Pb/238U dates for zircon grains in sample 12LB220 (plotted with Isoplot 3.0, Ludwig 2003). See inset for example
cathodoluminescence images of zircon grains. Bin width in the histograms is the average error on the dates. N, number of grains analyzed.

(b) U-Pb concordia plot for sample 12LB220; error ellipses are 2o.
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Fig. 14. Age spectra and radiogenic yield plot for micas separated
from sample 12LB211, collected from a syenite that intruded rocks of
the Whitehorse trough in the field area (Fig. 2). [Colour online.]
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blage” (Childe et al. 1998; Devine 2002; Mihalynuk et al. 2003),
which includes rocks with island arc tholeiite, calc-alkaline, and
back-arc basin affinities (English et al. 2010; McGoldrick et al. 2017;
Fig. 10). These subduction-influenced signatures differ from the
prominent mantle-derived signature in the Cache Creek terrane
of central British Columbia (Lapierre et al. 2003) and suggest that
arc crust is a significant component of the northern Cache Creek
terrane.

Our mapping near Marsh Lake also identified a new immature
clastic unit, the Michie formation (Figs. 2 and 3). It is composed
mainly of intra-Cache Creek lithic fragments (Fig. 5) and is in
overlying gradational contact with the dominant arc volcanic se-
quence that characterizes the terrane at its northern apex. Two
samples of the Michie formation yielded unimodal, sharply fac-
eted, oscillatory zoned zircon grains with 206Pb/238U dates of
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244.64 * 0.08 Ma and 245.85 £ 0.07 Ma (Fig. 12). The compositional
immaturity of the sandstone (Fig. 5), the sharply faceted and os-
cillatory zoned zircon grains, and their unimodal U-Pb dates
(Figs. 11 and 12) all suggest derivation from a proximal igneous
source. Potential sources for ca. 246-245 Ma zircons are limited to
the Cache Creek terrane in the northern Cordillera (e.g., Childe
and Thompson 1997; R. Friedman in Schiarizza 2012).

The Kutcho assemblage near Dease Lake in northern British
Columbia (Fig. 1) includes bimodal volcanic and volcaniclastic
rocks interpreted to have formed in a juvenile oceanic arc setting
(Thorstad 1977; Childe and Thompson 1997; Mihalynuk et al. 2003;
English et al. 2010; Schiarizza 2012). Eight samples of tonalite,
rhyolite, and felsic volcaniclastic rocks from the Kutcho assem-
blage yielded a range of U-Pb dates from ca. 255 to 242 Ma (Childe
and Thompson 1997; Gordey et al. 1998; R. Friedman in Schiarizza
2012), and these rocks represent suitable sources for detritus in
the Michie formation to the north.

The Kutcho assemblage is generally considered part of the
Cache Creek terrane, although it occupies a lower structural level
in the hanging wall of the King Salmon thrust compared with the
bulk of the Cache Creek, which lies in the hanging wall of the
Nahlin fault (Fig. 1). The association of ultramafic rocks with vol-
canic and sedimentary rocks of the Kutcho assemblage are key to
its affiliation with the Cache Creek terrane (e.g., Gabrielse 1998).
The Kutcho assemblage is unconformably overlain by Upper Tri-
assic limestone of the Sinwa Formation and clastic rocks of the
Lower Jurassic Inklin Formation (Laberge Group), and this rela-
tionship has led others to suggest an affiliation with Stikinia
rather than Cache Creek (e.g., English and Johnston 2005). How-
ever, recent interpretations show the Laberge Group strata as syn-
to post-amalgamation deposits overlapping Stikinia, Cache Creek,
Quesnellia, and possibly the Yukon-Tanana terrane as well (Colpron
et al. 2015).

Schiarizza (2013) also documented correlatives of the Kutcho
assemblage in central and southern British Columbia: the Sitlika
and Wineglass assemblages (Fig. 1, inset). They both occupy simi-
lar structural positions as the Kutcho assemblage at the base of
the Cache Creek terrane and suggest that the Lower to Middle
Triassic arc rocks are regionally extensive within the Intermon-
tane terranes.

Arc magmatism in the Cache Creek terrane near Marsh Lake,
Yukon, is constrained to be, in part, coeval with Kutcho magma-
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Fig. 15. Schematic cross-sectional diagram showing the record of terrane growth and accretion at the northern termination of the Cache
Creek terrane in the Canadian Cordillera during the Mesozoic. ST, Stikinia; SKV, Sitlika—Kutcho-Venables arc; CCT, Cache Creek terrane;
QN, Quesnellia; WT, Whitehorse trough; JDS MTN, Judas Mountain. [Colour online.]
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tism, based on dating of proximally derived detrital zircons from
the Michie formation (244.64 + 0.08 and 245.85 + 0.07 Ma; Figs. 11
and 12). A similar U-Pb zircon date of 245.4 *+ 0.8 Ma is reported by
Gordey et al. (1998) from a gabbro body associated with peridotite
east of the present study area (Fig. 1). Studies of ultramafic rocks
near Atlin, British Columbia (Fig. 1), concluded that they origi-
nated in a supra-subduction zone setting, rather than at a MORB
seafloor spreading centre (Ash 1994; Mihalynuk et al. 2003;
Zagorevski et al. 2015; McGoldrick et al. 2017). Collectively, these
findings suggest that mafic and ultramafic igneous rocks in the
northern Cache Creek terrane represent fragments of intra-oceanic arc
lithosphere. These rocks are coeval with and formed in a similar
setting as those of the Kutcho assemblages and correlatives else-
where in British Columbia; they may have developed as contigu-
ous intra-oceanic arcs in Early to Middle Triassic, or as isolated
fragments juxtaposed during Jurassic terrane accretion (Golding
2018).

Accretion of Kutcho (and correlatives) intra-oceanic arc frag-
ment(s) at the end of the Triassic is inferred to have led to slab tear
and demise of the Triassic subduction beneath Stikinia and
Quesnellia (Logan and Mihalynuk 2014). Regional stratigraphic,
structural, metamorphic, and geochronological evidence indicate
onset of orogenesis (crustal thickening), uplift, and exhumation
in latest Triassic to Early Jurassic in the northern Cordillera
(Colpron et al. 2015, and references therein). This is reflected in
the detrital zircon population from our sample of Richthofen
formation (12LB220; Fig. 13) that shows a shift in source regions
with a prominent peak at ca. 198 Ma and a minor peak at 340-
300 Ma. The few zircons in the 260-240 Ma range (Fig. 13) likely
reflect minor contribution from a Kutcho-like source or recycling
of the Michie formation.

Michie fm

CCT
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Mt Michie Thrust

Imbrication of the Cache Creek terrane with adjacent rocks of
Stikinia and Whitehorse trough is interpreted to result from two
distinct episodes of contractional deformation based on our struc-
tural observations from the Marsh Lake area (Figs. 2 and 6). A first
phase of southwest-vergent thrusting (D,) emplaced Triassic vol-
canic rocks of the Cache Creek terrane over Jurassic clastic rocks
of the Whitehorse trough along the Judas Mountain thrust (Fig. 15).
The Judas Mountain thrust is likely an equivalent to the Nahlin
fault in northern British Columbia (Hart and Radloff 1990;
Gabrielse 1991, 1998; Mihalynuk 1999; Mihalynuk et al. 2004;
Evenchick et al. 2005), offset along the Crag Lake fault in southern
Yukon (Fig. 1). In northern British Columbia, timing of southwest-
verging thrust imbrication is constrained to postdate Toarcian
sedimentation but predate emplacement of ca. 172 Ma plutons,
such as the Fourth of July batholith near Atlin (Mihalynuk et al.
2004; Fig. 1). The Middle Jurassic 4°Ar/3°Ar mica cooling ages from
a syenite pluton intruding Stikinia and Whitehorse trough near
Marsh Lake (Fig. 14) suggest that magmas related to the Fourth of
July batholith also intruded the footwall of the Cache Creek com-
plex.

Early to Middle Jurassic imbrication of Stikinia, Cache Creek,
and Quesnellia has been explained by oroclinal enclosure of the
Cache Creek terrane and inferred southward propagation of de-
formation (Mihalynuk et al. 1994, 2004; Colpron et al. 2015). The
Middle Jurassic exhumation of the Cache Creek terrane is expressed
by influx of chertrich detritus in Bajocian and younger strata of
Bowser Lake Group in British Columbia (e.g., Ricketts et al. 1992;
Evenchick et al. 2010), and Bathonian—Callovian conglomerate of the
Tantalus Formation in Yukon (Long 2005; Colpron et al. 2015).

The second phase of deformation (D,) involved northeast-
verging thrust imbrication and related folding (Figs. 2, 6, and 15).



The main structure associated with the D, phase in the Marsh Lake
area is the south-southeast-striking, northeast-verging Mount
Michie thrust (Figs. 2 and 6). The Mount Michie thrust juxtaposes
Upper Triassic rocks of the Lewes River Group (Stikinia; which are
interpreted to occupy the footwall of the D, Judas Mountain
thrust) to the southwest, against Middle Triassic rocks of the
Cache Creek terrane to the northeast (hanging wall of D, Judas
Mountain thrust). The D, deformation resulted in tight folding of
the Judas Mountain thrust near Marsh Lake (Figs. 2, 6, and 15).

The timing of D, deformation is poorly constrained in the
Marsh Lake area. The Mount Michie thrust and related folds ap-
pear to be intruded by plutons assigned to the mid-Cretaceous (ca.
112-105 Ma) Whitehorse plutonic suite north of Marsh Lake (Fig. 2). A
K-Ar date of ca. 104 Ma from a small pluton along the Alaska
Highway at Marsh Lake (Hart 1995) supports the interpretation
that the Whitehorse plutonic suite extends to this area. However,
our Middle Jurassic 4°Ar/3°Ar dates from a pluton east of Marsh
Lake cast doubts on the age of undated plutons near the north end
of the study area (Fig. 2).

Based on regional considerations, northeast-verging structures
in southern Yukon may be coeval with the Late Jurassic to Early
Cretaceous (Oxfordian to Albian) development of the Skeena fold
and thrust belt in central British Columbia (Evenchick 1991;
Evenchick et al. 2007). Alternatively, they could be related to mid-
Cretaceous (ca. 115-95 Ma) dextral transpression associated with
development of regional, dextral strike-slip faults such as the
Teslin-Thibert fault system in southern Yukon and northern Brit-
ish Columbia (Fig. 1; Gabrielse et al. 2006; White et al. 2012; Nelson
et al. 2013; Calvert et al. 2017).

Conclusion

The northern termination of the Cache Creek terrane in
southern Yukon is mainly composed of mafic metavolcanic and
metavolcaniclastic rocks, and mafic to ultramafic ophiolitic com-
plexes that represent remnant of an intra-oceanic arc succession.
Immature clastic rocks at the top of the metavolcanics succession,
the Michie formation, yielded first-cycle zircons with Middle Tri-
assic dates of 244.64 *+ 0.08 Ma and 245.85 * 0.07 Ma, suggesting
correlation with other intra-oceanic arc rocks of the Kutcho,
Sitlika, and Wineglass assemblages to the south. Rocks of the
Cache Creek terrane in southern Yukon are imbricated with sed-
imentary rocks of Stikinia and Whitehorse trough near Marsh
Lake, Yukon. The first phase of southwest-verging folding and
thrusting correspond with terrane accretion structures, docu-
mented in northern British Columbia, and are intruded by Middle
Jurassic plutons. A second phase of thrusting resulted in reshuf-
fling of the original terrane stacking, and likely relates to regional
Early Cretaceous dextral transpression.
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