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a b s t r a c t

The Frenchman Cap gneiss dome of the Monashee Complex in the Canadian Cordillera sits in basement
rocks of the orogen. It records a stepwise downward disappearance of penetrative deformation indicative
of a frozen downward-migrating base of easterly verging Cordilleran shearing. This tectonic setting is
incompatible with the commonly held views that gneiss domes of the Canadian Cordillera are exten-
sional core complexes and that the presence of gneiss domes in orogens implies vertical flow. An
important structural-time marker in our study is a widely distributed suite of w1850 Ma granite dykes
that allow Cordilleran-aged structures to be distinguished from the older structures. The dykes show that
only the uppermost w1.5 km structurally thick carapace of basement gneiss records penetrative
Cordilleran strain, whereas the lowermostw5 km thick basement section does not and instead preserves
a Paleoproterozoic migmatitic gneissosity. Cordilleran high strain in the upper basement carapace is
characterized by penetrative easterly verging shear strain on both the westerly dipping and easterly
dipping flanks of the dome, whereas Cordilleran deformation in the lower basement is limited to
a meter-scale, top-to-the-east shear zone and NNE-trending, upright folds. New and previously pub-
lished UePb data from accessory minerals indicates that the Cordilleran structures formed between 53
and 49 Ma, immediately prior to regional cooling and extension. The dome is interpreted as an incipient
upright drag fold developed during top-to-the-east shearing.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Gneiss domes are common structures of orogens that offer
a window into deep crustal processes. In a review of gneiss domes,
Whitney et al. (2004) argued that they are amanifestation of crustal
flow, irrespective of the mechanism that led to their formation (e.g.,
folding, rolling-hinge, diapirism). Several gneiss domes are exposed
in the southeastern Canadian Cordillera, notably the Frenchman
Cap and the Thor-Odin domes of the Monashee Complex, and the
China, Passmore, and Valhalla domes of the Valhalla Complex. The
origin of these domes has generally been related to extension (Carr
et al., 1987; Parrish et al., 1988; Vanderhaeghe et al., 1999; Kruse
and Williams, 2007), and the Thor-Odin dome was presented as
a type-case of a dome formed by vertical ductile flow of partially
molten middle crust during the gravitational collapse of a thick-
ened orogen (Teyssier and Whitney, 2002; Whitney et al., 2004;
ment of Earth & Planetary
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Teyssier et al., 2005). However, studies of the adjacent Frenchman
Cap dome point to a drastically different history. Crowley et al.
(2001) documented a downward-decreasing strain gradient in
the dome based on the deformation state of Paleoproterozoic
granite and pegmatite dykes (Crowley et al., 2008). These data led
to models of progressive downward migration of the base of
convergent ductile shearing with time (Parrish, 1995; Gibson et al.,
1999; Crowley et al., 2001; Brown, 2004). Inasmuch as studies from
the Thor-Odin dome were pivotal to deriving a paradigm of gneiss
dome formation and orogenic collapse (Vanderhaeghe and Teyssier,
2001; Teyssier and Whitney, 2002; Whitney et al., 2004; Teyssier
et al., 2005), it is crucial to assess the validity of the contradictory
conclusions derived from the Frenchman Cap dome.

The first aim of this study is to determine whether the granite
dykes dated by Crowley et al. (2001, 2008) could be used as time
markers to determine the age of deformation throughout the
basement of the Frenchman Cap dome of the Monashee Complex.
The second aim is to better characterize the strain gradient repor-
ted by Crowley et al. (2001) and assess the nature and age of
deformation from other parts of the dome, including those at the
deepest structural level. Finally, a tectonic model for the dome is
proposed.
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2. Geological setting

The Monashee Complex occupies the deepest structural level of
the Omineca Belt that forms, along with parts of the Coast Plutonic
Belt, the core zone of the Canadian Cordillera (Fig.1). The belt is east
of the Insular, Coast Plutonic and Intermontane belts, which consist
of pericratonic and exotic terranes accreted to the western margin
of the North American craton in the Jurassic to Early Cretaceous
(Evenchick et al., 2007). To the east lies the Foreland Belt, which
records 200 km of shortening between 75 and 59 Ma (Price and
Sears, 2000). The Canadian Cordillera was thus under compres-
sion from the Jurassic to the Paleogene. The end of orogeny in the
southern Omineca Belt is marked by 1) 53e48 Ma 40Ar/39Ar mica
cooling ages recorded throughout (Scammell, 1993; Bardoux, 1994;
Johnson, 1994; Sanborn, 1996; Vanderhaeghe et al., 2003; Ghent
and Villeneuve, 2006); 2) the 51e47 Ma bracket for the last incre-
ments of ductile shearing along two outward-dipping normal
brittleeductile shear zones that bound the belt (Glombick et al.,
2006; Mulch et al., 2006); and 3) the w48 Ma emplacement age
of undeformed lamprophyre dykes with chilled margins (Adams
et al., 2005). The 53e47 Ma period was thus one of regional cool-
ing accompanied with extension.

The Monashee Complex consists of two gneiss domes:
FrenchmanCap dome (FCD) in the north and Thor-Odin dome (TOD)
in the south (Fig.1). It is fault-bounded,with awesterly dipping, top-
to-the-east ductile shear zone termed the Monashee décollement,
on its west flank; and an easterly dipping, top-to-the-east brit-
tleeductile shear zone, termed the Columbia River fault, on its east
flank (Figs. 1 and 2). The complex is flanked by the sillimanite-
K-feldspar grade rocks of the Lower Selrkirk allochthon in the
hanging wall of the Monashee décollement, and the garnet grade
rocks of the Upper Selkirk allochthon in the hanging wall of the
Columbia River fault (see Gervais, 2009 for more details about
these terms). The domes are cored by Paleoproterozoic gneiss,
termed basement, and mantled by metasedimentary rocks, termed
cover sequence, that are inferred as having been deposited on the
passivemargin of North America in the Precambrian (Scammell and
Brown, 1990; Crowley, 1999). The base of the cover sequence
consists of a quartzite layer that delineates the shape of the domes,
and thus constitutes an important structural marker (Fig. 1). The
cover sequence is infolded with pervasively deformed basement
slices, whereas basement rocks prevail below the basal quartzite
(Fig. 1).

2.1. Summary of deformation in the core of the Thor-Odin dome

Several studies investigated structurally deep levels of the TOD.
The Blanket Mountain area (C in Fig. 1), located at the contact
between the basal quartzite and basement paragneisses, records
top-to-the-NE deformation and amphibolite facies metamorphism
between 57 and 51 Ma (Johnston et al., 2000). The Saturday Glacier
area (D in Fig. 1), located w1.5 km structurally below the basal
quartzite, consists mainly of migmatitic paragneisses that record
partial melting, decompression and top-to-the-northeast shearing
between 56 and 52 Ma (Hinchey et al., 2006). The Bearpaw Lake
area (E in Fig. 1), located w1 km structurally below the basal
quartzite, was key to deriving models of crustal flow and diapirism
(Vanderhaeghe et al., 1999; Teyssier and Whitney, 2002; Teyssier
et al., 2005) because a metatexiteediatexite transition indicating
a dome-up sense of shear was mapped (Vanderhaeghe et al., 1999)
and an isothermal decompression path was documented for
migmatitic schists (Norlander et al., 2002). Sensitive high spatial
resolution ion microprobe (SHRIMP) UePb dating of monazite in
a cordierite-gedrite basement gneiss and a quartzite indicated
a protracted metamorphic event from 60 to 50 Ma (Hinchey et al.,
2007), and zircon dates from migmatites pointed to a major partial
melting event at w56 Ma (Vanderhaeghe et al., 1999). In contrast,
the Frigg Glacier area (F in Fig. 1), located at one of the deepest
structural level of the TOD or w2.5 km structurally below the basal
quartzite, consists of basement orthogneiss folded by NeS trending
folds with subhorizontal axes and subvertical axial planes that are
parallel to leucosome veins (Blattner, 1971). An aplitic dyke from
this locality crosscuts all structures except the NeS trending
leucosome veins (Kuiper, 2003). Isotope dilution thermal ionization
mass spectrometry (ID-TIMS) UePb dating of zircon from this dyke
yielded a discordia chord with an upper and lower intercepts of 1.8
and 0.5 Ga. As discussed by Kuiper (2003), if the upper intercept
represents the crystallization age of the dyke, it would imply that
the core of the TOD preserves a Paleoproterozoic migmatitic
gneissosity.
2.2. The Frenchman Cap dome

The FCD is divided into four structural levels termed (from top to
bottom) upper cover sequence, lower cover sequence, upper
basement, and lower basement (Fig. 2). All four structural levels are
exposed in the moderately steep west flank, whereas the upper
cover sequence is not exposed on the gently dipping, east flank. The
upper cover sequence occurs immediately below the Monashee
décollement, has a structural thickness of w3 km, and comprises
two fold nappes. It records east verging, penetrative ductile
deformation and kyanite-K-feldspar grade metamorphism
between 60 and 55 Ma (Parrish, 1995; Crowley and Parrish, 1999;
Gibson et al., 1999; Crowley et al., 2001; Foster et al., 2004). The
lower cover sequence has a structural thickness of w1.5 km and
comprises the upright, lower limb of the lower fold nappe. It
records sillimanite-grade metamorphism and high-temperature
east verging deformation until w50 Ma, w5 Ma later than the
upper level (Crowley and Parrish, 1999; Crowley et al., 2001). The
upper basement consists of Paleoproterozoic para- and orthog-
neisses that record penetrative Eocene deformation (Journeay,
1986; Crowley et al., 2001), whereas the lower basement consists
of the same lithologic units but they do not record penetrative
Cordilleran deformation (Crowley et al., 2001, 2008). We will show
that the upper basement has a structural thickness ofw1.5 km and
the exposed lower basement reaches a structural thickness of
w4e5 km.

2.2.1. Structural geology of the cover sequence and upper basement
Journeay (1986) mapped and conducted a structural analysis of

the lower cover sequence and upper basement, and our investi-
gation of part of the area confirmed his observations. As illustrated
on Fig. 3D and 3E, a striking structural feature is the cluster of
SW-plunging stretching lineations and minor fold axes that
Journeay (1986) interpreted as resulting from rotation of fold axes
during top-to-the-northeast shearing. It is noteworthy that such
parallelism is a characteristic structural features throughout the
upper and lower cover sequence levels and the w10e15 km thick
Lower Selkirk allochthon that overlies the Monashee Complex
(Fig. 2; Journeay,1986; Scammell, 1993). Other important structural
features of the lower cover sequence and upper basement are
northeast-verging, inclined folds that deformed the transposition
foliation and lineations (referred to as F3). These folds were only
reported where the dominant transposition is easterly dipping;
they are absent where the dominant transposition foliation is
westerly dipping. At westerly dipping locations, the deformation is
dominated by flattening, boudinage and layer-parallel shear strain
(Journeay,1986). This variation in strain pattern around the dome is
key to determining the doming mechanism, as discussed below.



Fig. 1. Simplified geological map of the Monashee Complex. Lithologic contacts and structures from the TOD were modified from Williams and Jiang (2005). The Monashee
décollement around the TOD was traced approximately parallel to the kyanite-out isograd from Johnston et al. (2000) and from Reesor and Moore (1971). Data from the FCD were
modified from: Wheeler (1965), McMillan (1970), Höy and Brown (1980), Brown and Psutka (1980), Journeay (1986), Scammell (1986), Höy (1987), Gibson et al. (1999); Björnson
(2003) and Gervais (2009). Cross-section CeD is modified after Read (1980). The lines are traces of mapped contacts. Q ¼ basal quartzite. The continuity of the contacts across the
domes indicates that there is no shear zone between the domes. Cross-section AeB is presented in Fig. 2. Inset shows the morphogeological map of the Canadian Cordillera
(modified after Wheeler et al., 1991).
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Fig. 2. SWeNE geological cross-section of the Frenchman Cap dome, with location shown as A-B in Fig. 1. The terms upper cover sequence, lower cover sequence, upper basement,
and lower basement refer to structural levels discussed in text. Lower-hemisphere equal-area projections from the Lower Selkirk allochthon and the upper level of the Monashee
Complex cover sequence highlight the parallelism between stretching lineation (L) and fold axes (F) indicative of a high level of strain (data from Journeay, 1986). CRF ¼ Columbia
River fault, MD ¼ Monashee décollement. Patterns are the same as in Fig. 1.
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2.2.2. Timing of metamorphism and deformation in lower cover
sequence and upper basement

Timing of metamorphism and deformation in the lower cover
sequence and upper basement is well constrained (Crowley and
Parrish, 1999; Crowley et al., 2001). Thirty-two ID-TIMS UePb
analyses consisting of single monazite grains or groups of grains
from nine pelitic schists yielded dates between 61 and 49 Ma, with
23 analyses between 53 and 49 Ma. These results suggest that
monazite started to grow during prograde metamorphism between
61 and 53 Ma and that the thermal peak was reached between 53
and 49 Ma. Timing of deformation is also tightly bracketed at these
two structural levels. Foliated and boudinaged pegmatite layers
that are folded by F3 northeast-verging folds yielded concordant
to slightly discordant zircon UePb dates of w51 Ma that were
interpreted as the crystallization age. A sheared and boudinaged
sillimanite-bearing leucosome yielded concordant UePb dates of
w50.5 Ma, also interpreted as the crystallization age. An unde-
formed pegmatite, highly discordant to the gneissosity of its host
basement gneiss, yielded a poorly defined linear array of zircon
UePb analyses with a lower intercept coinciding with a concordant
analysis of w49.5 Ma, which was also interpreted as the crystalli-
zation age. As argued by Crowley et al. (2001), this dataset indicates
that at least part of the transposition fabric (foliation, gneissosity,
lineation, isoclinal folds) and F3 folds developed between w51 and
49 Ma, which coincides with the youngest period of monazite
growth in pelitic schists.

2.2.3. Timing of deformation in lower basement
UePb geochronology of samples collected w2 km structurally

below the basement-cover contact point to a drastically different
tectonic history than in the overlying rocks. Zircon and monazite
from five samples from the northern toe of Bourne Glacier (area K
on Fig. 3) were dated by laser ablation inductively coupled plasma
mass spectrometry (LA-ICP-MS) (Crowley et al., 2008). Two
samples are weakly deformed grey granite sheets that form part of
a ubiquitous swarm termed the Bourne granite suite, one is an
undeformed pegmatitic leucogranite dyke that is mingled with
grey granite similar to that in the Bourne suite, one is an
undeformed pegmatite dyke, and one is a deformed pegmatite.
Zircon from all samples yielded only 1.9 Ga dates (i.e., Cordilleran
zircon does not exist). In four samples, >90% of the monazite
yieldedw1.9 Ga dates. One sample contains exclusively Cordilleran
monazite. The possibility that all 1.9 Ga grains were inherited in
Cordilleran melts was considered, yet rejected based on three tests
comprising field relationships, composition and zoning of monazite
and zircon, and UePb dates. The one sample that contains only
Cordilleran monazite is a pegmatite with lobate enclaves of a grey
granitic phase similar in composition and texture to the Bourne
granite suite. Sixteen zircon grains were dated at 1.9 Ga, whereas 10
monazite grains yielded a weighted mean 206Pb/238U date of
50.7 � 1.8 Ma (MSWD ¼ 0.7), which overlaps with monazite dates
from a nearby pelitic schist (Crowley, 1999). The Eocene monazite
in the pegmatite was interpreted as having formed from fluids
during Cordilleran metamorphism based on highly variable
internal zoning and chemical composition of the grains. Another
sample from a grey granite sheet from north of Bourne Creek was
dated by ID-TIMS at 1.9 Ga based on an upper intercept defined by
zircon and titanite analyses along a discordia line (Crowley, 1999).

By showing that weakly to undeformed granite and pegmatite
crystallized at 1.9 Ga, previous work demonstrated the absence of
Cordilleran penetrative ductile deformation in a relatively small
(w6� 6 km) area in the upper basement of the FCD (area covered on
the map of Fig. 3). However, it remained unknown whether Cordil-
leran deformation is absent elsewhere in the basement of the FCD,
a region that is w10 times larger than the area studied by Crowley
et al. (2008). One goal of our study was thus to assess the state of
Cordilleran deformation throughout the lower basement of the FCD.

3. Bourne granite suite

Structural analysis of polydeformed terrains is not a simple task
(e.g., Williams, 1985; Passchier et al., 1990; Williams et al., 2009). A
useful approach is to examine the deformation state of different
suites of dykes, if reliable criteria exist to link a given dyke to
a specific suite. Several studies suggested that grey granite sheets
within basement gneisses of the FCD are part of aw1.9 Ga suite that



Fig. 3. Geological map, field relationships and structural data from the upper basement and lower basement at the Bourne Glacier locality. (A) Geological map. Notice the truncation
of lithological units at the transition zone. Location of cross-section in Fig. 9 is shown. (B) Bourne granite dyke folded by NE-verging F2 fold in the upper basement. (C) NE-verging,
“cascading” F2 folds (F3 in the basement) developed in the basal quartzite of the cover sequence. Compass for scale at the left is circled. (D, E) Cordilleran deformation in the upper
basement (area J on the map) is characterized by the parallelism between stretching lineations (L in D) and F2 fold axes (F2 in E). Data from Journeay (1986). (F, G) The spread in
orientation of lineations (L in F) and fold axes (F in G) from Bourne Glacier locality (area K on the map) contrasts sharply with the clustering observed in area J. ST ¼ transposition
foliation or gneissosity.
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can be used as a time marker of deformation (Crowley, 1999;
Crowley et al., 2001, 2008). However, because this conclusion was
based on similar ages of only four sheets from a small area (Fig. 3),
our first objective was to establish whether other grey granite
sheets in different parts of the basement are part of the same
w1.9 Ga suite. All sizeable exposures of grey dykes found during
w12 weeks of fieldwork in three localities (Bourne Glacier, Perry
River and Frisby Creek localities shown in Fig. 1) were collected and
documented for mineral assemblages, macro- and microscopic
textures, and field relationships with host gneisses. Fifteen
thin-sections were examined with an optical microscope and from
these, 10 were inspected with a scanning electron microscope
(SEM). Four samples, including one pegmatitic leucogranite
commonly associated with the grey granite, were analysed by XRF
for bulk chemical composition. Zircon and titanite in one sample
were dated by the UePb method.

3.1. Field relationships, petrography and trace elements profiles

Bourne granite is distinguished in the field by a light grey colour,
a medium-grained and equigranular texture, and in the lower
basement by a weak to absent alignment of mineral interpreted as
a lack of solid-state fabric (Fig. 4C). It generally forms sheets
0.5e1 m thick, but veinlets 2 cm thick and stocks occupying
surfaces of tens of squaremeters do exist. No systematic orientation
of the sheets was noted. Another characteristic feature is the
association between the grey granite and a coarse-grained to
pegmatitic leucogranite (Fig. 4B). The pegmatitic leucogranite is
commonly present at the margins of grey sheets, and heteroge-
neous mixing of the two phases was also observed. The common
lobate contacts between these two phases and their local hetero-
geneous mixing are interpreted as evidence for magma mingling
(Fig. 4B). At the Perry River locality, the two granitic phases are
spatially correlated with lenses of ultramafic composition. In fact,
the largest volume of grey granite observed in the FCD was in the
aureole of a maficeultramafic complex, w800 m in diameter,
composed of clinopyroxenite, gabbronorite, and metagabbro. More
work is needed to determine whether a co-genetic link exists
between the granite and ultramafic rocks. Nevertheless, field rela-
tionships suggest that all grey granite sheets belong to one suite.

Petrographically, Bourne granite is characterized by: 1)
a mineral assemblage formed by approximately 20% quartz, 25%
plagioclase, 35% K-feldspar, 15% biotite, 5% allanite, and trace
amounts of zircon, monazite, and titanite; 2) biotite with a very
dark-colour that masks birefringence; 3) distinctive and abundant
large dark-brown allanite (3e5 mm in diameter). Inspection of
Bourne granite with an SEM revealed that most samples contain
subhedral allanite that are zoned in rare earth elements (REE).



Fig. 4. Bourne granite suite. (A, B) Field relationships of dyke sample JC-50-05 from the Perry River locality. Note the high angle between the gneissosity in the host granodioritic
augen gneiss and the dyke margin, and the very weak mineral alignment in Bourne granite. In (B), Bourne granite is mingled with a pegmatitic leucogranite phase. (C) Backscattered
electron image (inverted colour) of a sample from the Bourne Glacier locality that was dated by Crowley et al. (2008) atw1850 Ma. The section, which is cut parallel to the lineation
and perpendicular to the foliation of the host gneiss, shows that quartz (white) is clearly not aligned and has a euhedral to subhedral shape. Also shown is the typical allanite corona
surrounding resorbed magmatic monazite. (D) Backscattered electron image of allanite in sample FG-425b-05 from the Frisby Creek locality. See text for interpretations. Abbre-
viations: Bt ¼ biotite; Pl ¼ plagioclase; Kfs ¼ K-feldspar; Mnz ¼ monazite; Aln ¼ allanite.
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REE-rich cores are surrounded by REE-poor rims (Fig. 4D), perhaps
indicating a magmatic origin (e.g., Beard et al., 2006). In contrast,
some sheets contain oscillatory-zoned monazite as a magmatic
phase instead of allanite (Crowley et al., 2008). Monazite in these
dykes is generally rimmed by complex corona consisting of
allanite � apatite, thorite and phengite (Fig. 4C). The presence of
magmatic monazite in some grey granites and magmatic allanite in
others could indicate that they belong to two distinct suites or
reflect a more calcic composition for the allanite-bearing dykes
(Cuney and Friedrich, 1987; Dini et al., 2004). Thus, determining if
both types of grey granites belong to the same suite is important.

Three grey granite sheets, one from each locality investigated in
the lower basement (Bourne Glacier, Perry River and Frisby Creek),
and one pegmatitic leucogranite mingled with a grey granite phase
(from Perry River locality) were analysed by XRF for trace elements
profiles (Table 1). The three grey granites have the same trace
element profiles and the white leucogranite has peaks and troughs
for the same elements as those of the grey granite (Fig. 5). Although
this dataset is limited, it supports the hypothesis that grey granites
from three different localities in the lower basement are from the
same suite.

3.2. UePb geochronology

3.2.1. Analytical methods
Zircon and titanite grains were isolated using standard mineral

separation techniques. Grains weremounted in epoxy and polished
to reveal their centres. Cathodoluminescence (CL) imaging was
conducted at Carleton University with an Electron Optics Services
system interfaced to the Camebax microprobe, consisting of a high
sensitivity photo-multiplier (PM) tube connected to a Baush and
Lomb CL amplifier. Images were collected at 15 kV accelerating
potential and 15 nA beam current. Backscattered electron (BSE)
images of the polished titanite were acquired with an electron
microprobe (EMP) at the Massachusetts Institute of Technology
with a JEOL 733 Superprobe, with an accelerating voltage of 15 keV
and beam current of 30 nA.

Isotopic data were acquired by laser ablation e multiple
collector e inductively coupled plasma e mass spectrometry
(LA-MC-ICP-MS) at the radiogenic isotope facility (RIF) of the
University of Alberta, Edmonton. Instrumentation includes a Nu
Plasma MC-ICP-MS, coupled to a Nd:YAG UP213 laser ablation
system. The MC-ICP-MS instrument is equipped with a modified
collector block containing 12 F collectors and three ion counters
(Simonetti et al., 2005). Raw data were normalized against the
zircon standard FC-1 (w1098 Ma) and titanite standard Khan
(w521 Ma; Simonetti et al., 2006). Additional analytical protocol
and instrumentation is described in Simonetti et al. (2006). Errors
are given at 2s. Plots were made with Isoplot3 (Ludwig, 2008).
Using a 40 � 40 mm laser spot typically provided space for one or
two analyses per grain. For a few analyses of small areas, labelled
with asterisks in Tables 2 and 4, a 20-mm laser spot was used.

Because few studies have used LA-ICP-MS to date titanite, it is
important to evaluate the accuracy and precision obtained on the
standard BLR-1, dated by Aleinikoff et al. (2007) at 1047.1 � 0.4 Ma,
which was routinely analysed along with the unknowns. Three
methods exist to correct for the large amount of common Pb
typically present in titanite (Aleinikoff et al., 2004; Storey et al.,



Table 1
Major and trace elements compositions.

Sample JC-33-05 JC-50-05 FG-425b-05 FG-187-04

Rock type Leuco-granite Bourne
granite

Bourne
granite

Bourne
granite

Locality Perry River Perry River Frisby Creek Bourne
Glacier

UTM NAD83
Zone 11

390288E
5686655N

389458E
5675424N

394005E
5677681N

390387E
586506N

Major elements (weight %)
SiO2 77.26 72.2 72.94 70.44
Al2O3 12.65 13.44 13.27 13.77
CaO 2.44 1.39 1.3 1.73
Fe2O3(T) 2.05 3.26 2.51 3.68
K2O 0.67 5.8 6.16 5.67
MgO 0.13 0.32 0.33 0.43
MnO 0.03 0.05 0.03 0.04
Na2O 4.33 2.66 2.54 2.6
P2O5 0.02 0.06 0.08 0.07
TiO2 0.08 0.26 0.32 0.33
L.O.I. 0.70 0.80 0.80 0.30
Sum 99.80 99.65 99.77 99.04

Trace elements (ppm)
Ba 77 830 1582 948
Ce 84 234 278 333
Co 5 4 3 6
Cr 14 24 12 12
Ga 21 18 16 20
La 49 107 115 188
Nb 13 21 12 25
Nd 39 81 92 120
Ni 27 58 19 17
Pb 20 58 37 47
Rb 33 155 216 225
Sr 354 212 165 153
Th 53 61 37 65
U 16 6 3 7
V 7 7 16 19
Y 43 32 16 25
Zn 32 50 44 57
Zr 592 242 304 355
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2006). The first regresses the uncorrected data on a TeraeWasser-
burg semi-total Pb plot. If the data form an isochron, the intercept
on the y-axis is assumed to yield the initial common Pb ratio,
whereas the lower intercept on the concordia curve yields the age
of the titanite. The second method calculates the weighted mean
average of individual 206Pb/238U dates corrected with the Age7corr
algorithm in Isoplot3 (Ludwig, 2008), using the y-intercept on the
TeraeWasserburg plot and its uncertainty for the common Pb
Fig. 5. Trace element profiles for Bourne granite highlight the similarities between
three Bourne granite samples from each of the three studied localities.
B.granite ¼ Bourne granite from: 1) B ¼ Bourne Glacier, sample FG-187-04; 2)
P ¼ Perry River, sample JC-50-05; F ¼ Frisby Creek, sample FG-425b-05. lc. granite
(P) ¼ leucogranite sample JC-33-05 from Perry River.
correction. If the analyses do not yield an isochron, the common Pb
can be estimated from Stacey and Kramers (1975). The second and
third methods have the disadvantage of assuming concordancy of
the analyses, but yield better precision. Discarding one of the 11
analyses of BLR-1 standard, which was clearly off the regression
line on the TeraeWasserburg plot, yielded an age of 1041 �110 Ma
(MSWD ¼ 0.79; prob. ¼ 0.62) for the first method and a weighted
mean average of 1043� 35Ma (MSWD¼ 0.09; prob.¼1.00) for the
second method, both in agreement with the true age.

3.2.2. Results
Grey granite sample JC-50-05 was collected at the Perry River

locality. At the collection site, the grey granite is heterogeneously
mixed with pegmatitic leucogranite (Fig. 4B) and lenses of ultra-
mafic igneous rocks, which together form a stock a few tens of
meterswide. In thefield, the greygranite appears to have a lineation
defined by aligned K-feldspar, but under the microspcope it has an
equigranular texture with equant grains of quartz, similar to the
inverse-coloured SEM picture of Fig. 4C. Importantly, the sample
lacks monazite, but contains rare titanite in mm-scale isolated
leucocratic pockets, as well as w5% allanite that is euhedral to
subhedral, zoned in REE, andhas a resorbed texture at grainmargins
(Fig. 4D). Inasmuch as allanite microtextures are interpreted as
evidence of amagmatic origin, sample JC-50-05 constitutes an ideal
candidate to determine whether allanite-bearing grey granites are
related to the monazite-bearing grey granites dated elsewhere.

CL images reveal that zircon is generally sector or oscillatory
zoned (Fig. 6B), with the zoning commonly being blurred. CL
images also show thin black rims around most grains (Fig. 6B, C).
Eight 207Pb/206Pb dates between 1940 and 2100 Ma are interpreted
as being from inherited components (Table 2). Twelve other dates
are discordant (7e19%) and define a linear array (MSWD ¼ 2.3;
prob. ¼ 0.01) with an upper intercept of 1861 � 58 Ma and a lower
intercept of 344� 400Ma (Fig. 6A; Table 2). A 20-mm laser spot was
used to analyse the thin black rims seen in the CL images on many
grains, in our sample and the grey granite samples examined by
Crowley et al. (2008). Two black rims yielded dates indistinguish-
able from dates obtained on spots from oscillatory-zoned zircon
(Fig. 6C, Table 2), confirming that no parts of the grains are Tertiary.
The upper intercept date of 1861 � 58 Ma is interpreted as the
igneous crystallization age, and the overlap with dates obtained by
Crowley et al. (2008) on Bourne granite samples indicates that our
sample is part of the suite.

Five titanite grains from sample JC-50-05 were dated (Fig. 7;
Table 3). The grains commonly have a diameter of w500 mm, are
subhedral and have patchy zoning with some planar zoning that
could be considered as relict oscillatory zoning (Fig. 7A and B).
Using the Stacey and Kramers (1975) method for common Pb
correction at 1850 Ma, three analyses from one titanite grain
yielded dates ofw1707, 1715 and 1399 Ma. This grain is interpreted
as having formed during Paleoproterozoic crystallization of the
granite and retained most of its Pb through Cordilleran meta-
morphism. Other analyses are younger and were treated with the
othermethods for common Pb correction (see above). Regression of
six uncorrected analyses from four grains on a TeraeWasserburg
plot yields a lower intercept of 49.2 � 2.6 Ma (MSWD ¼ 5.3; prob.
fit ¼ 0.0) and a y-axis (207Pb/206Pb) intercept of 0.82 � 0.05. Using
the y-axis value of 207Pb/206Pb for common Pb correction yields
a corrected weighted mean average 206Pb/238U age of 49.3 � 1.1 Ma
(MSWD ¼ 0.90; prob. fit ¼ 0.48). The presence of Paleoproterozoic
radiogenic Pb in one titanite grain suggests that they grew during
this period and that Pb diffusion in the Eocene was not complete in
all grains. The w49 Ma age is therefore interpreted as the time at
which these titanite grains closed to Pb diffusion after limited
(either in time or temperature) Eocene heating.



Table 2
UePb LA-MC-ICP-MS analyses of zircon from Bourne granite sample JC-50-05 (Perry River locality).

Anal.# 207Pb/206Pb �2s 207Pb/235U � 2s 206Pb/238U �2s rho 207Pb/206Pb date (Ma) �2s (Ma)

JC-50-05 from the Perry River locality UTM 389458E e 5675424N (Zone 11)
Igneous
L01-1 0.11283 0.00120 4.2059 0.1264 0.2704 0.0108 0.99 1845 19
L03-1 0.11335 0.00119 4.7414 0.1423 0.3034 0.0101 0.95 1854 19
L04-1 0.11075 0.00114 4.3862 0.1317 0.2872 0.0099 0.96 1812 19
L05-1 0.11089 0.00111 4.2827 0.1287 0.2801 0.0115 0.73 1814 18
L06-1 0.11287 0.00116 4.3997 0.1321 0.2827 0.0105 0.98 1846 19
L09-1 0.11047 0.00113 4.0772 0.1226 0.2677 0.0110 0.73 1807 19
L10-1 0.10900 0.00110 4.0762 0.1223 0.2712 0.0087 0.95 1783 18
L12-1 0.10974 0.00111 4.0086 0.1203 0.2649 0.0088 0.95 1795 18
S_10 0.11013 0.00122 4.4591 0.1338 0.2937 0.0094 0.94 1802 20
S-27 0.11195 0.00118 3.9921 0.1203 0.2586 0.0139 0.56 1831 19
S-30a 0.11316 0.00125 4.6192 0.1391 0.2961 0.0154 0.58 1851 20
S-34 0.11136 0.00114 4.1080 0.1233 0.2675 0.0082 0.94 1822 19

Inherited
L15-1 0.11915 0.00155 4.9633 0.1489 0.3021 0.0094 0.91 1943 23
S_01 0.12997 0.00177 6.4141 0.1925 0.3579 0.0111 0.90 2098 24
S_04 0.12194 0.00143 5.7060 0.1712 0.3394 0.0108 0.93 1985 21
S_15 0.12104 0.00144 5.9049 0.1772 0.3538 0.0109 0.92 1972 21
S-11 0.12496 0.00134 5.4948 0.1649 0.3189 0.0102 0.94 2028 19
S-18 0.12598 0.00138 5.8682 0.1761 0.3378 0.0108 0.94 2043 19
S-22a 0.12333 0.00140 5.1223 0.1543 0.3012 0.0164 0.55 2005 20
S-26 0.12423 0.00137 5.3096 0.1594 0.3100 0.0105 0.95 2018 20
L02-1 0.12619 0.00130 5.5690 0.1672 0.3201 0.0113 0.96 2046 18

a Black rims on cathodoluminescence images.
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3.3. Interpretation

Our results demonstrate that grey granite intrusions in the
basement gneisses of the FCD are of part of the Paleoproterozoic
Bourne suite. Five grey granite sheets and two pegmatite dykes are
datedwith crystallization ages ofw1850Ma (Fig. 8). Combining the
dates yields a weighted mean 207Pb/206Pb age of 1850 � 4 Ma
(MSWD ¼ 0.94; prob. ¼ 0.45). The dated samples cover the entire
spectrum of grey granite types including monazite-bearing
grey granite, monazite rimmed by allanite-bearing grey granite,
allanite-bearing grey granite mingled with a pegmatitic leucog-
ranite and ultramafic lenses, pegmatitic white granite including
lobate enclaves of grey granite, and a stock of titanite-bearing grey
granite. The granites occur in various locations in the upper and
lower basement of the FCD (Fig. 1). Similar REE profiles from
three grey granite samples from three locations in the lower
basement, including sample JC-50-05 dated herein and one
pegmatitic leucogranite mingledwith a grey granitic phase, suggest
that all grey granites share a similar chemical composition. Bourne
granite sheets are easily identified in the field by grey colour,
equigranular and medium-grained texture, discordant relationship
with the gneissosity in the host gneiss, and a common association
with a pegmatitic leucogranite. Microscopically, Bourne granite is
Table 3
UePb LA-MC-ICP-MS analyses of titanite from Bourne granite sample JC-50-05 (Perry Ri

Uncorrected isotopic ratios and uncertainties

207Pb/206Pb � 2s 238U/206Pb

M04_1 0.1235 0.0013 3.2269
M04_2 0.1393 0.0016 3.8906
M04_3 0.1232 0.0012 3.2133
M12_1 0.7391 0.0126 11.9103
M13_1 0.3677 0.0056 74.7463
M13_2 0.3807 0.0061 74.9314
M14_1 0.1708 0.0023 109.3354
M14_2 0.1917 0.0056 105.2591
M18_1 0.5033 0.0087 58.7494

a Common Pb used to correct the agewas estimated from Stacey and Kramers (1975) fo
analyses.
characterized by the presence of zoned allanite or by coronas
of allanite surrounding resorbed monazite, and by a very dark
biotite that masks birefringence. Consequently, macroscopic,
microscopic, geochemical, and most importantly geochronologic
data demonstrate that grey granite dykes that intruded basement
gneisses of the FCD are part of a w1850 Ma plutonic suite.
Furthermore, preservation of Paleoproterozoic radiogenic Pb in
titanite strongly suggests that the Bourne suite was not heated
significantly until a few millions of years before w49 Ma. These
results entirely support the previous conclusion that structures
older than the Bourne granite are Paleoproterozoic. Younger
structures could also be Paleoproterozoic, but are more likely
related to Cordilleran tectonism, and thus are probably Eocene.
Bourne granite dykes therefore constitute very useful time markers
of deformation.

4. Lithologic units in upper and lower basement

4.1. Field investigation

Most of the FCD was mapped at least at the 1:50,000 scale and
its structural geometry is well characterized (McMillan,1970; Fyles,
1970; Brown and Psutka, 1980; Höy and Brown, 1980; Journeay,
ver locality).

Corrected agea

� 2s rho 238U/206Pb (Ma) � 2s

0.1142 0.98 1707 59
0.1293 0.98 1399 45
0.1016 0.98 1715 53
0.5287 0.82 58 32
2.7583 0.82 50 3
2.4994 0.82 49 3
3.7372 0.82 49 2
4.3419 0.82 50 2
2.0252 0.82 45 5

r grainM4 and from the y-intercept on the TeraeWasserberg plot (Fig. 7) for all other



Table 4
UePb LA-MC-ICP-MS analyses of zircon from leucosome samples (lower basement).

Anal.#a 207Pb/206Pb �2s 207Pb/235U �2s 206Pb/238U �2s rho Dateb (Ma) �2s (Ma)

JC-42-05 from the Perry River locality UTM 389458E e 5675424N (Zone 11)
L02-1 0.12619 0.00130 5.5690 0.1672 0.3201 0.0113 0.96 2046 18
L04-1 0.12579 0.00128 5.5340 0.1662 0.3191 0.0119 0.98 2040 18
L05-1 0.12508 0.00129 5.4020 0.1621 0.3132 0.0105 0.95 2030 18
L09-1 0.12487 0.00126 5.4612 0.1639 0.3172 0.0109 0.96 2027 18
L11-1 0.12586 0.00133 5.5366 0.1662 0.3190 0.0119 0.97 2041 19
M-1 0.12580 0.00132 5.3383 0.1602 0.3078 0.0106 0.96 2040 19
M-11 0.12663 0.00132 5.5267 0.1659 0.3165 0.0115 0.97 2052 18
M-12 0.12563 0.00130 5.3646 0.1610 0.3097 0.0109 0.96 2038 18
M-13 0.12625 0.00128 5.4987 0.1650 0.3159 0.0105 0.95 2046 18
M-14 0.12344 0.00128 5.1350 0.1542 0.3017 0.0109 0.97 2007 18
M-16 0.12602 0.00128 5.1422 0.1543 0.2959 0.0095 0.95 2043 18
M-17 0.12737 0.00131 5.7227 0.1717 0.3259 0.0109 0.95 2062 18
M-18 0.12674 0.00128 5.6496 0.1696 0.3233 0.0108 0.95 2053 18
M-2 0.12560 0.00129 5.4596 0.1640 0.3153 0.0123 0.99 2037 18
M-20 0.12665 0.00129 5.6484 0.1696 0.3235 0.0123 0.98 2052 18
M-21 0.12420 0.00126 5.2965 0.1590 0.3093 0.0113 0.97 2017 18
M-22 0.12665 0.00130 5.5262 0.1659 0.3164 0.0110 0.96 2052 18
M-2-3 0.12676 0.00129 5.6911 0.1708 0.3256 0.0115 0.96 2054 18
M-3 0.12795 0.00130 5.8741 0.1763 0.3330 0.0117 0.96 2070 18
M-5 0.12558 0.00129 5.3982 0.1621 0.3118 0.0112 0.97 2037 18
M-8 0.12685 0.00129 5.5931 0.1679 0.3198 0.0116 0.97 2055 18
M-9 0.12646 0.00128 5.4717 0.1643 0.3138 0.0117 0.98 2049 18

FG-425c-05 from the Frisby Creek locality UTM 394005E e 5677681N (Zone 11)
Inherited
M01-1 0.12333 0.0012 5.3082 0.1594 0.3122 0.0115 0.98 2005 18
M02-1 0.12616 0.0013 5.3490 0.1605 0.3075 0.0104 0.95 2045 19
M03-1 0.12517 0.0013 5.3551 0.1608 0.3103 0.0114 0.97 2031 18
M04-1 0.12671 0.0021 5.8128 0.1745 0.3327 0.0111 0.86 2053 30
M04-2 0.12246 0.0013 4.6956 0.1410 0.2781 0.0097 0.96 1992 19
M05-1 0.12733 0.0013 5.6746 0.1704 0.3232 0.0115 0.96 2061 18
M05-2 0.12578 0.0013 5.5441 0.1664 0.3197 0.0111 0.96 2040 18
M06-1 0.12550 0.0013 5.0017 0.1502 0.2891 0.0105 0.97 2036 18
M07-1 0.12736 0.0013 5.8605 0.1759 0.3337 0.0111 0.95 2062 18
M07-2 0.12393 0.0014 4.8923 0.1468 0.2863 0.0089 0.93 2014 21
M08-1 0.12530 0.0014 5.4179 0.1626 0.3136 0.0099 0.93 2033 20
M10-1 0.12666 0.0013 5.4389 0.1632 0.3114 0.0106 0.96 2052 18
M12-1 0.12628 0.0013 5.6572 0.1698 0.3249 0.0110 0.96 2047 18

Igneous
S10-1 0.04714 0.00449 0.0539 0.0049 0.0083 0.0003 0.01 53 2
S10-2* 0.03522 0.00129 0.0399 0.0020 0.0082 0.0003 0.70 53 2
S10-3* 0.03825 0.00094 0.0426 0.0019 0.0081 0.0004 0.84 52 2

a 40 � 40 mm laser beam size except for * that were 20 � 20 mm.
b Dates are 207Pb/206Pb for Precambrian date and 206Pb/238U for Tertiary dates.

Fig. 6. LA-MC-ICP-MS zircon UePb geochronology of Bourne granite sample JC-50-05 from the Perry River locality. (A) Concordia plot showing a discordia with upper and lower
intercepts of 1861 � 58 Ma and 344 � 400 Ma, respectively (MSWD ¼ 2.3). Upper intercept is interpreted as the crystallization age. Error ellipses plotted at 2s. Plotted with Isoplot3
(Ludwig, 2008). MSWD ¼ Mean Square of Weighted Deviates. prob. ¼ probability of fit. (B) Cathodoluminescence (CL) image of zircon showing oscillatory zoning, dark rim, and
location of analysis spot with 207Pb/206Pb date (error is 2s). (C) CL image of zircon showing that the dark rims common to many grains of the suite are Paleoproterozoic.
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Fig. 7. LA-MC-ICP-MS titanite UePb geochronology of Bourne granite sample JC-50-05
from the Perry River locality. (A). BSE images of titanite with subhedral shape and
zoning that could be interpreted as relict oscillatory zoning. (B) TeraeWasserburg plot
for the youngest analyses. Upper intercept on the y-axis is interpreted as the initial
common Pb composition and lower intercept on concordia curve yields an age of
49.2 � 2.6 Ma (error is 2s). (C) Weighted mean 206Pb/238U age of 49.3 � 1.1 Ma (error is
2s) corrected for common Pb by using the y-intercept in (C) as the initial common Pb
(Aleinikoff et al., 2004; Storey et al., 2006). The w49 Ma age is interpreted as the time
at which these titanite grains closed to Pb diffusion. (B) and (C) were plotted with
Isoplot3 (Ludwig, 2008). MSWD ¼ Mean Square of Weighted Deviates.
prob. ¼ probability of fit.

Fig. 8. Plot of 207Pb/206Pb dates from samples of Bourne granite (black boxes) and
pegmatite (light grey boxes). The weighted mean age of the suite is shown (error is 2s).
The age of samples: 1) with end digits 83 and 93 were published in Crowley (1999); 2)
with end digits 03 were published in Crowley et al. (2008); and 3) with end digits 05
are from this study.
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1986; Höy, 1987; Lane et al., 1989; Scammell, 1986; Gibson et al.,
1999; Björnson, 2003). An exception is the lower basement that
was only mapped at the 1:253,440 scale by Wheeler (1965). Four
superbly exposed areas were investigated during this study (Fig. 1).
The Bourne Glacier, Perry River, and Frisby Creek localities are
located structurally below the cover-basement contact by approx-
imately 1.5e3, 4e5, and 6e7 km, respectively. Fieldwork in the
upper basement consisted of comparing finite strain patterns and
deformation history between cover and basement rocks along the
contact that is well exposed south of Pettipiece Lake (Fig. 3). The
1:50,000 map of the upper basement (Journeay, 1986) was
extended southward to encompass the areas north of Bourne
Glacier where Crowley et al. (2001, 2008) collected samples for
UePb dating (area K on Fig. 3A). The complicated geology of the
Perry River and Frisby Creek localities was not mapped in detail;
fieldwork in these areas rather focused on documenting intrusive
relationships between Bourne granite dykes and their host
gneisses.
4.2. Lithologic units

South of Pettipiece Lake (Fig. 3A), the cover sequence consists of
a 500e1000 m thick layer of basal quartzite containing a varying
amount of muscovite (5e20%) and the underlying basement is
dominated by orthogneiss. The oldest lithologic units are w2.2 Ga
quartz diorite and >2.1 Ga paragneiss (Crowley, 1999). These two
units crop out as rafts, lenses and slivers within aw2.1 Ga (Crowley,
1999) biotiteehornblende � garnet granodioritic augen gneiss
(unit 2d of Journeay, 1986) that constitutes the volumetrically
dominant unit throughout the basement. The volume of leucosome
and the strain level of the augen gneiss are variable. Accordingly,
mapping of outcrops identified as unit 2c in Journeay (1986)
revealed that this unit is more likely a zone of more deformed
augen gneiss rather than a different unit, and thus units 2c and 2d
were regrouped into one “granodioritic augen gneiss” unit on
Fig. 3A. The alaskitic gneiss units 2a and 2b of Journeay (1986),
consisting of leucocratic gneiss containing more and less than 20%
amphibolite, respectively, were regrouped into a single unit on the
map of Fig. 3A. Crosscutting relationships indicate that amphibo-
lites are mafic dykes that were intrusive in the leucogranitic gneiss.
It was possible to map these units at Bourne Glacier (Fig. 3A), but
not at Frisby and Perry River localities because their interlayering at
the meter-scale would have required mapping at a scale <1:5000.

5. Structural geology of the upper and lower basement

5.1. Upper basement: south of Pettipiece Lake

Numerous studies demonstrated that rocks of the cover
sequence only underwent Cordilleran deformation and meta-
morphism (Parrish, 1995; Crowley and Parrish, 1999; Gibson et al.,
1999; Crowley et al., 2001; Foster et al., 2004). Deformation of the
basal quartzite can thus be compared with that of basement gneiss
to qualitatively determine the extent of Cordilleran deformation in
the basement. In the relatively small area examined here, we
consider it best to use a sequential notation of deformation F1, F2.
to compare the deformation history of basement and cover rocks.
The use of this notation scheme does not imply that folds belong to
distinct deformation events, because we acknowledge that defor-
mation was most likely progressive and involved rotation of fold
axes toward the direction of maximum elongation (e.g., Hanmer
and Passchier, 1991).

South of Pettipiece Lake (Fig. 3A), laminations and bedding in
the basal quartzite were isoclinally folded by F1 folds. F1 imparted
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a penetrative foliation dipping generally to the NE, and a strong
NNE-plunging lineation. S1 foliation was folded by NE-verging F2
folds characterized by a gently dipping long limb and a steeply
dipping short limb, an axial plane with a steeper dip than the
foliation, and a fold axis trending NWeSE (Fig. 3C). This type of fold
has often been referred to as “cascading” and reported elsewhere as
F3 (e.g. Brown and Psutka, 1980; Journeay, 1986; Höy, 1987). Base-
ment rocks, including Bourne granite dykes, share the same
deformation history as the basal quartzite except that an earlier
foliation was folded by the first set of isoclinal folds. F1 in the cover
is thus F2 in the basement. Bourne granite dykes are commonly
oblique to an early foliation, but are intensely folded, foliated, and
lineated (Figs. 3B and 9A). Journeay (1986) mapped this area, as
well as the adjacent area labelled “J” in Fig. 3A, where the westerly
dip of the regional foliation allows a direct comparison with area K
in the lower basement. Lower-hemisphere, equal-area projections
from area J highlight the co-linearity between SW-plunging
stretching lineations (L on Fig. 3D) and F2 fold axes (Fig. 3E). The co-
linearity is indicative of a high level of strain (Williams and Jiang,
2005) that is common to all overlying high-grade rocks of the
Monashee Complex and Lower Selkirk allochthon at the latitude of
the FCD (Fig. 2; Journeay, 1986; Scammell, 1986, 1993; Gibson et al.,
1999; Johnson, 2006).

5.2. Transition zone

The finite strain patterns change abruptly at the head of Bourne
Creek. The truncation of layers of augen granodioritic orthogneisses
and paragneisses that are NeS striking north of Bourne creek near
the precipitous outcrops surrounding Bourne Creek (Fig. 3A),
suggest a structural break. There, basement orthogneisses are not
much lineated but are deformed by abundant easterly verging folds
(Fig. 9B) with a variable attitude of axial planes and fold axes
interpreted as reflecting different degree of fold rotation during
east-directed shearing. We argue that this area is a transition zone,
approximately 600 m thick, between the upper basement orthog-
neisses that record penetrative Cordilleran strain (Fig. 9A) and the
lower basement orthogneisses that do not.

5.3. Lower basement: Bourne Glacier

Basement rocks located structurally below the transition zone at
the toe of Bourne Glacier show quite different structural style than
rocks above. The main lithologic unit is the same granodioritic
augen gneiss present in the upper basement, but with less defor-
mation. Cores of primary K-feldspar megacrysts are commonly
preserved in the lower basement, whereas they are entirely
recrystallized in the upper basement (compare Fig. 9Awith Fig. 9C).
Rims of these primary megacrysts were recrystallized into augen
that are slightly stretched, but not as much as the long cigar-shaped
augen commonly observed in the upper basement. Folds generally
postdate the gneissosity, are upright and symmetric with axes
plunging gently toward the northwest, although some rare
recumbent folds were observed (Fig. 10). Importantly, Cordilleran-
type folds were not observed in the lower basement. Such folds
vary between isoclinal with axes and axial surfaces rotated into
sub-parallelism with the lineation and foliation, respectively, and
post-foliation, northeast-verging folds with axial surface dipping
steeply to the west. The stark contrast between the two structural
levels is best illustrated on lower-hemisphere equal-area projec-
tions of fold axes and lineations (stretching and mineral). Linea-
tions from Bourne Glacier spread in a >180� girdle (Fig. 3F),
whereas those from the upper basement cluster in the southwest
quadrant (Fig. 3D). Fold axes from Bourne Glacier form a girdle
within the northwest quadrant (Fig. 3G), whereas those from the
upper basement cluster in the southwest quadrant, parallel to
lineations (Fig. 3E).

The limited extent of Cordilleran deformation at Bourne Glacier
is clearly indicated by the deformation state of the Bourne granite
sheets and dykes. They are generally highly discordant to the
gneissosity in their host (Fig. 9G) and crosscut limbs of folds at
a high angle (Fig. 9F). They are also weakly deformed and exhibit
only a weak mineral alignment (Fig. 4C). Crowley et al. (2008)
showed that the migmatitic foliation formed between w1925 Ma,
the age of an isoclinally folded leucocratic layer lying axial-planar
to the layering (Fig. 10), and w1850 Ma, the age of Bourne granite
dykes that crosscut a transposition fabric at a high angle within the
same outcrop.

5.4. Lower basement: Perry River and Frisby Creek localities

Kuiper et al. (2006) suggested that rocks at the Bourne Glacier
locality were within a mega-scale boudin surrounded by rocks
recording high Cordilleran strain. To test this hypothesis, we inves-
tigated the two best-exposed localities in the deepest structural level
of the FCD. The Perry River and Frisby Creek localities are 4e5 and
6e7 kmstructurally below the basement-cover contact, respectively,
and each expose w3 km2 of continuous outcrops polished by
retreating glaciers. At both localities, the Paleoproterozoic, pre-
Bourne granite history is complex and its documentation is beyond
the scope of this study. Bourne granite dykes are ubiquitous and
crosscut recumbent folds and their axial-planar migmatitic
gneissosity at a high angle (Fig. 11A and C). A lineation was not
observed at Frisby Creek, whereas the EeW lineation observed at
some outcrops at Perry River is cut by Bourne granite dyke (Fig.11D).
Consequently, regardless of complexities described below, there is
no Cordilleran penetrative ductile fabric within a 6e7 km thick
section of basement occurring below the transition zone, which
makes the mega-boudin hypothesis unlikely.

6. Localized Cordilleran strain in the lower basement

6.1. Top-to-the-east shear zone at Bourne Glacier

Despite evidence presented above for the absence of penetrative
Cordilleran ductile strain at Bourne Glacier, a thin, 10e20 m thick,
shear zone in a paragneiss sliver can be confidently attributed to
Cordilleran deformation. The zone is characterized by abundant
kinematic indicators, such as CeS fabric, shear bands and oblique
boudin trains (Hanmer and Passchier, 1991), all indicating a top-to-
the-east sense of shear (Fig. 12). Shearing was apparently limited to
softer schist, because the surrounding orthogneiss was not affected.
The maximum age of shearing is provided by the w1850 Ma
crystallization age of a pegmatite dyke (Crowley et al., 2008) that is
trapped and dismembered into oblique boudins in the zone. We
estimate that shearing occurred at w51 Ma from the age of fluid-
derived monazites in that same dyke (Crowley et al., 2008), and
from monazite that grew in a nearby pelitic schist (Crowley and
Parrish, 1999; Crowley and Ghent, 1999).

6.2. Upright folding and partial melting

In the lower basement, local upright folds postdate intrusion of
Bourne granite dykes. At Frisby Creek, upright, open, non-cylin-
drical folds with shallow axes and steep, NNWeSSE axial planes
fold the migmatitic gneissosity and Bourne granite dykes (Fig. 11B,
C). Granitic leucosome veins containing coarse (>5 mm in diam-
eter) euhedral hornblende and small (<2 mm in diameter) garnet
are common (Fig. 11B) and parallel to the NNWeSSE axial planes of
the folds. Folding was temporally associated with the leucosome



Fig. 9. WNWeESE geological cross-section and field relationships from the area surrounding the northern toe of Bourne Glacier (location on Fig. 3). (AeC) Strain gradient developed
in the w2.1 Ga granodioritic augen gneiss. The augen gneiss is completely transposed in the upper basement with a strong LS fabric (A), highly folded in the transition zone (B), and
primary cores of K-feldspar are still present in augen in the lower basement (C). (D) WNWeESE cross-section. Same fill patterns as on the map of Fig. 3A, except for thick black lines
that illustrate the deformation state of Bourne granite dykes. Vertical scale ¼ horizontal scale. (E) Isoclinal and recumbent fold developed in Bourne granite dyke in the upper
basement. (F) Thin Bourne granite dyke crosscuts a fold train in the lower basement. (G) Weakly deformed Bourne granite dyke crosscuts the foliation in granodioritic augen gneiss
at a high angle in the lower basement.
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Fig. 10. Pegmatitic layer (leucosome?) sample JC-09-03 from Bourne Glacier locality
dated at w1925 Ma (Crowley et al., 2008). It is folded into an isoclinal F2 fold that is
axial-planar to the gneissosity of the host gneiss and refolded by upright NeS trending
F3 folds. This sample is less than w100 m away from samples JC-08-03 and JC-308-03,
which are w1850 Ma pegmatite dykes that crosscut the gneissosity at a high angle
(Crowley et al., 2008). The age of the migmatitic gneissosity is thus bracketed between
1925 and 1850 Ma. Compass for scale at the left is circled.

Fig. 11. Field relationships between Bourne granite dykes and host gneisses in the lower ba
granite dyke crosscuts both limbs of an isoclinally folded mafic layer (Frisby Creek locality).
NNWeSSE trending F3 folds associated with steeply dipping, axial-planar, hornblende þ ga
toured on the far left of the photo) is transposed parallel to steep F3 axial plane. F3 is thus
granite dyke crosscuts the gneissic layering at right angle, and was folded by open, NNWeSS
granite dyke crosscuts an EeW stretching lineation (black arrow) developed in the host gran
typical of Cordilleran lineations, it must be older than the w1850 Bourne granite dyke. No
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veins because the amplitude of folds increases at their margin, and
the migmatitic gneissosity is commonly disrupted across it.
Deformation is heterogeneously distributed. For example, Fig. 11A
depicts a Bourne granite dyke cutting across both limbs of
a recumbent fold and its axial-planar migmatitic gneissosity. There,
upright folds and hornblende-bearing leucosomes are absent. In
contrast,w10 m to the east, within the same outcrop and the same
lithologic units, upright folds and hornblende-bearing leucosome
abound, and a Bourne granite dyke (sample FG-425b-05 analysed
for its chemical composition; Fig. 5) is oriented parallel to the axial
surface of the upright folds (Fig. 11B). Such heterogeneous distri-
bution of upright folds, hornblende-bearing leucosome, and
Bourne granite dykes that cut the gneissosity at a high angle is
a striking characteristic of both localities. These observations imply
that the migmatitic gneissosity is older than thew1850 Ma Bourne
granite, and that the upright folds and associated hornblende-
bearing leucosome are younger.

6.2.1. UePb geochronology of hornblende-bearing leucosome
Zircon extracted from hornblende-bearing leucosome veins

collected at the Perry River and Frisby Creek localities were dated
following the analytical method outlined above. All grains except
for one have a euhedral and elongate prismatic shape, strong
oscillatory zoning from core to rim, and bright CL images (Fig. 14A).
Thirty-five dates from thirty grains from two samples (FG-425c-05
sement at Frisby Creek and Perry River localities. (A) Straight and undeformed Bourne
Hammer for scale. (B) w10 m east of (A) the migmatitic gneissosity is folded by open
rnet-bearing leucosome veins (unlabeled black arrows). A Bourne granite dyke (con-
localized and younger than w1850 Ma. Compass pointing to N for scale. (C) A Bourne
E trending F3 fold (Frisby Creek locality). Compass pointing to N for scale. (D) A Bourne
odioritic augen gneiss (Perry River locality). Despite the lineation having an orientation
tebook for scale is circled.



Fig. 12. Meter-scale ductile shear zone with a top-to-the-east sense of shear at the
Bourne Glacier locality. CeS fabric developed within a garnetesillimaniteebiotite
schist containing leucosome. The leucosome is thought to have been derived from the
same material as the w1850 Ma pegmatite JC-308-03 (Crowley et al., 2008) that is
dismembered into an oblique boudin train elsewhere in the same outcrop.
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and JC-42-05; Table 4) define a discordia with upper and lower
intercepts of 2114 � 27 and 564 � 140 Ma, respectively
(MSWD ¼ 0.74; prob. ¼ 0.86; Fig. 14C). One grain from sample FG-
425c-05 differs from the others by having an inherited core, dark CL
image, and faint oscillatory zoning (Fig. 14B). Three analyses from
outside the inherited core yielded aweightedmean 206Pb/238U date
of 52.7 � 1.1 Ma (MSWD ¼ 0.47; prob. ¼ 0.63; Fig. 14D).

The crystallization age of hornblende-bearing leucosome veins
cannot be given by the upper intercept of the discordia defined by
thirty-five dates because w2100 Ma is >300 m y older than the
Bourne granite dykes that predate the leucosome and associated
upright folds. All grains except one are thus interpreted as being
inherited from the host granodioritic orthogneiss that crystallized
at w2100 Ma, whereas the lone Eocene zircon is interpreted as
being the product of crystallization of the leucosome. We interpret
that the crystallization age of the leucosome and associated folding
is provided by the 52.7� 1.1 Ma age from one zircon (Fig. 14D). This
age is slightly older than the 49.3 � 1.1 Ma age from titanite from
sample JC-50-03 (Fig. 7C), is consistent with the timing of defor-
mation and metamorphic peak in the upper basement (Crowley
and Parrish, 1999; Crowley et al., 2001), as well as with our esti-
mate for the timing of shearing at Bourne Glacier (see above).

A portion of the leucosome in the FCD therefore formed
synchronously with Early Eocene leucosome in the TOD
(Vanderhaeghe et al., 1999; Hinchey et al., 2006). However, in
contrast to interpretations of the TOD leucosome (e.g.,
Vanderhaeghe et al., 1999; Teyssier et al., 2005), we conclude that
the FCD leucosome does not reflect extensive melting and extreme
ductile flow in Early Eocene because they are localized rather than
ubiquitous. Between partially molten and folded zones, Bourne
granite dykes are undeformed and cut the migmatitic gneissosity at
high angles (Figs. 9F, G and 11A, C, D). Even in reworked zones,
gneissic layering is commonly only weakly disrupted (Fig. 11B).
Such strain localization is not expected in migmatitic terrains
affected by dehydration melting. In these migmatites, melting
starts at grain boundaries and the melt phase migrates to dilatant
sites with deformation (e.g., Sawyer, 1999; Rosenberg and Berger,
2001; Brown, 2007). Rosenberg and Handy (2005) showed that
a significant reduction of strength occurs when melt volume rea-
ches w7%, at which point the migmatite should flow and develop
penetrative ductile fabrics. The result of this behaviour is not
observed in the FCD, where deformation is limited to open folds
and discrete leucosome veins.

We argue that melting in the FCD was instead induced by and
limited to zones of fluid infiltration. Independent evidence for
genesis of leucosome via fluid-assisted melting is the abundance of
coarse hornblende in leucosome that requires the addition of
a significant amount of water (>5 wt%), according to the partial
melting experiment of Naney and Swanson (1980), which were
conducted on a synthetic FeeMg granodioritic sample comparable
to the main granodioritic augen gneiss of the FCD. The growth of
Eocenemonazitewith variable chemical composition and zoning in
a pegmatite of the Bourne suite (Crowley et al., 2008) is further
evidence for Eocene fluid infiltration into the basement.

7. Discussion

7.1. A Cordilleran orogenic base

Our data complement those from Crowley et al. (2001, 2008) to
demonstrate that grey granite dykes of the Bourne suite intruded in
the basement gneiss of the FCD at w1850 Ma. The Bourne granite
suite is used as a structural-time marker to show that only the
upper w1.5 km of the basement records penetrative Cordilleran
strain. Below this carapace of high Cordilleran strain, Bourne
granite dykes crosscut a gneissosity throughout the exposed
4e5 km thick lower basement. The boundary between these two
structural levels is transitional and characterized by abundant
easterly verging folds with few lineations. Waning of Cordilleran
strain with structural depth is not related to strain partitioning into
softer lithologic units because it occurs within the same orthog-
neissic units (Fig. 3A). This boundary also coincides with a major
change of strain patterns. Above the transition zone, a 17e22 km-
thick structural section comprising the Lower Selkirk allochthon,
the upper and lower cover sequence and the upper basement, is
characterized by a well-developed, W- to SW-plunging stretching
lineation, toward which minor fold axes have been almost
completely rotated (Fig. 2; Gervais, 2009) during easterly directed
shearing. In stark contrast, gneisses in the lower basement have
weak lineations that do not cluster on lower-hemisphere, equal-
area projections (Fig. 3E) and no kinematic indicators were
observed. Therefore, the transition zone likely represents the base
of easterly verging shearing in the southeastern Canadian Cordil-
lera. Furthermore, as previously argued (Armstrong et al., 1991;
Crowley and Parrish, 1999; Crowley et al., 2001), the lower base-
ment level of the FCD must have been deeply buried only for a few
million years because: 1) it lacks penetrative deformation (this
study); 2) it lacks evidence for Cordilleran metamorphism and
deformation prior to w53 Ma (Crowley and Parrish, 1999; Crowley
and Ghent, 1999; Crowley et al., 2001; this study); and 3) Paleo-
proterozoic Pb is preserved in titanite (Crowley, 1999; Crowley and
Parrish, 1999; this study), which implies a short residence time at
high temperature (Cherniak, 1993). This latter evidence implies
that gneisses of the lower basement were not underthrust beneath
rocks located structurally above the transition zone until the
Paleocene, at the earliest, and must have lain further inboard,
toward the foreland.

These findings are at odds with the high ductility recorded in
the core of the TOD. However, it is likely that the base of Cordilleran
deformation occurs in the subsurface of the TOD or in outcrops for
which the age of deformation remains to be determined. Our
findings indicate that the orogenic base in the FCD occurs
approximately 1.5 km structurally below the basal quartzite, but all
the studies documenting Eocene high strain and partial melting in
the TOD were conducted at less than w1.5 km from the lowest
exposure of cover rocks (Fig. 1; Vanderhaeghe et al., 1999; Johnston
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et al., 2000; Norlander et al., 2002; Hinchey et al., 2006). At
a structural level of w2.5 km below the basal quartzite, the Frigg
Glacier area is one exception. The structural characteristics of the
Frigg Glacier area in the TOD are similar to those of the Frisby Creek
locality in the FCD (compare Fig. 13A and B). Moreover, an aplitic
dyke dated by Kuiper (2003) has the same relative chronology of
field relationships (i.e., crosscuts all structures except the late folds
and spatially associated leucosome veins) and similar UePb zircon
systematics as the Bourne granite (i.e., zircon records w1.9 and
0.5 Ga growth). Further work is clearly needed to prove whether
the core of the TOD also preserves a Paleoproterozoic gneissosity,
but the remarkable structural and geochronological similarities
between the deepest structural levels of the two domes suggest it
may.

7.2. Implication for gneiss dome formation and gravitational
collapse models

For the past 25 years, formation of gneiss domes in the south-
eastern Canadian Cordillera has been linked to post-collisional
extension (Coney and Harms, 1984; Carr et al., 1987; Parrish et al.,
1988; Vanderhaeghe et al., 1999; Vanderhaeghe and Teyssier,
2001; Norlander et al., 2002; Price and Monger, 2003; Teyssier
and Whitney, 2002; Teyssier et al., 2005; Kruse and Williams,
2007). However, several lines of reasoning suggest that exten-
sional models of doming are not applicable to the FCD. First, the
presence of NNE-trending upright folds, rather than boudins and
lineations, at the deepest-exposed structural level of the FCD is not
compatible with EeW extension. Second, extension should have
produced Eocene intrusive rocks in the basement, whereas none
have been found aside from thew48Ma lamprophyre dykes. Third,
westerly dipping, easterly verging structures formed by EeW
extension can only result from back-rotation of a normal shear zone
initially dipping to the east (as in a rolling-hinge c.f. Brun et al., 1994
and Teyssier et al., 2005). This scenario does not apply to the FCD
because the intensely deformed easterly verging rocks of the lower
cover sequence and upper basement are part of a fold-nappe stack,
through which the orientation of foliation and lineation is
unchanged (Fig. 2). In addition, the presence of kyanite-K-feldspar
metapelitic schist and sillimanite-K-feldspar metapelitic schist in
the upper and lower levels of the cover sequence, respectively, is
the opposite of the lower-pressure over higher-pressure distribu-
tion expected across a normal shear zone. Fourth, a distinctive
criterion of models for core complexes is the dissection of the upper
Fig. 13. Equal-area, lower-hemisphere projections showing similarity of structural data from
Creek locality in the FCD. Crosses: pole to gneissosity; filled circles: poles to leucosome v
gneissosity.
crust by normal faulting, which is not observed in hanging wall
rocks of the Columbia River fault that bounds the east margin of the
Monashee Complex (Crowley and Brown, 1994; Colpron et al.,
1996). Last and foremost, models involving ductile flow of rocks
coring domes (e.g., Coney and Harms, 1984; Vanderhaeghe et al.,
1999; Teyssier et al., 2005; Tirel et al., 2008; Rey et al., 2009), are
incompatible with the absence of a Cordilleran foliation in the
lower basement of the FCD.

Studies in the TOD were pivotal to deriving the paradigm of
post-collisional gravitational collapse inducing lateral and vertical
flow of a partially molten middle crust to form gneiss domes
(Vanderhaeghe et al., 1999; Rey et al., 2001; Vanderhaeghe and
Teyssier, 2001; Teyssier and Whitney, 2002; Whitney et al., 2004;
Teyssier et al., 2005). However, the absence of penetrative defor-
mation in the core of the FCD combined with the absence of
a crustal-scale shear zone between the domes (NWeSE cross-
section in Fig. 1; Read, 1980) rules out the vertical flow model for
gneiss domes formation and the free-boundary mode of gravita-
tional collapse (Rey et al., 2001; Teyssier et al., 2005). On the other
hand, the fixed-boundary collapse mode of Rey et al. (2001) cannot
be ruled out. In this model, collapse of a thick crustal welt induces
foreland-directed flow in the middle crust, which results in
thrusting and metamorphism in the foreland regions. Applied to
the Canadian Cordillera, this model would imply that high-grade
rocks above the transition zone (i.e., the Monashee Complex and
the Lower Selkirk allochthon) would have been part of a channel
that would have flowed up a basement ramp. The test of this model,
which requires evaluation of data from a much larger area, will be
presented elsewhere, but the data presented herein cannot exclude
it.

7.3. Strain pattern distribution at the end of the Cordilleran orogeny
and formation of the FCD

We build upon the data from Crowley et al. (2001) to present
a more complete picture of the distribution of structures
throughout the FCD in the Eocene (Table 5). On thewest flank of the
dome in the lower cover sequence, part of the transposition folia-
tion formed by easterly verging shear strain afterw50.5 Ma. On the
northeast-dipping flank of the dome, in the lower cover sequence
and upper basement, part of the transposition foliation and the
northeast-verging F3 folds formed between 52 and 49.5 Ma. On the
westerly dipping flank of the dome in the lower basement (Bourne
Glacier locality), a top-to-the-east shear zone developed at
: A) the Frigg Glacier area in the TOD (redrawn from Blattner, 1971); and B) the Frisby
eins; open triangles: fold axes; great circles: best-fit girdle passing through poles to



Fig. 14. UePb zircon LA-MC-CP-MS geochronology of hornblende-bearing leucosome samples FG-425c-05 and JC-42-05 from the Frisby Creek and Perry River localities, respec-
tively. (A) CL image of a typical oscillatory-zoned zircon inherited from the host granodioritic augen gneiss. (B) CL image of the only Eocene zircon extracted from the hornblende-
bearing leucosome. (C) Concordia plot of 35 analyses from 30 inherited zircon grains from the two samples. The upper intercept of 2114 � 27 Ma is interpreted as the crystallization
age of the host granodioritic augen gneiss. Ellipses plotted at 2s. (D) Plot of 206Pb/238U dates from the lone Eocene zircon extracted from the two leucosomes (error is 2s). The
weighted mean 206Pb/238U date of 52.7 � 1.1 Ma is interpreted as the crystallization age. Both plots made with Isoplot3 (Ludwig, 2008). MSWD ¼Mean Square of Weighted Deviates.
prob. ¼ probability of fit.
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w51 Ma. Finally, on the southerly dipping, deepest-exposed
structural level of the FCD, NNE-trending upright folds formed at
w53 Ma. All structures surrounding the FCD thus formed between
53 and 49 Ma, which coincides with or shortly predates regional
cooling in the southern Omineca Belt.

Inasmuch as each flank of the FCD is characterized by specific
structures, their development must be coeval with the formation of
the dome. Therefore, the well-constrained timing of NE-verging
folding on the eastern flank of the dome (Table 5; Crowley et al.,
2001) indicates that the FCD formed between 51 and 49 Ma.
During this period, there was easterly verging deformation on
both the westerly and easterly dipping flanks of the dome while
Table 5
Summary of Eocene deformation in the FCD.

Structural level Regional dip
of foliation

Structure Age (Ma)

Lover cover sequence WSW top-to-the-E <50.5a

Lover cover sequence NE Part of foliation
NE-verging F3

<51a

Upper basement NE Part of foliation
NE-verging F3

52e49.5a

Lower basement
(Bourne Glacier)

WSW meter-scale top-to-
the-E shear zone

w51b

Lower basement
(Frisby Creek)

SSW upright NNE-trending
folds

w53b

a Crowley et al. (2001).
b This study.
NNE-trending upright folds had just formed, or were forming, in its
core. Journeay (1986) argued that buckling, or diapirism and crustal
boudinage are not viable doming models because they should
result in structures verging toward and away from the dome crest,
respectively. A model of arching by three successive stages of
piggyback thrusting above basement ramps during easterly verging
shearing was instead proposed (see also Brown and Journeay,
1987). However, the evidence of late basement underthrusting
presented herein limits the number of possible stages of thrusting
above a basement ramp to one. Furthermore, thrusting above
a ramp alone would not result in doming of the basement. Some
form of basement folding is required. Analoguemodeling (Williams
et al., 2006) argued that drag folds initially develop as upright folds
before being overturned into their typical asymmetric isoclinal
geometry (Fig. 15D). We therefore suggest that doming represents
the initial stage of a drag fold developed during crustal-scale
easterly verging shearing. Thrusting above the basement ramp
placed the base of the thrust sheet parallel to the shear plane, thus
allowing it to fold. As the dome formed, its easterly dipping flank
and now flat-lying core were put in the contractional field of the
strain ellipsoid and were folded, while the westerly dipping flank
remained in the extensional field and was deformed by layer-
parallel shearing, flattening and boudinage (Fig. 15B). Finally, it is
interesting to note that Eocene contractional doming models were
recently proposed for the TOD (the suprastructure-type folding
model of Parmenter and Williams, 2009), and for the Valhalla
Complex (basement duplexing model of Carr and Simony, 2006).



Fig. 15. Kinematic model for the formation of the FCD. A) Orientation of the strain ellipse during crustal-scale easterly verging shearing. B) Underthrusting of a basement ramp
reoriented rocks at the base of the thrust sheet into the contractional field of the strain ellipse, which C) led to the formation of a dome by upright folding. In such structural setting,
the west flank of the dome records flattening, boudinage and layer-parallel shearing, whereas the core and eastern flank develop upright and easterly verging folds, respectively. D)
Development of a drag fold by deformation of analogue material in simple shear (redrawn fromWilliams et al., 2006; Bons, 1993). The upright fold on the right is a structure formed
late in the experiment, and is thus representative of the initial geometry of a drag fold, whereas the easterly verging asymmetric fold to the left is an early-formed structure, and is
thus representative of the final geometry. See text for additional details.
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This study provides insight into crustal-scale transposition
processes. In the Paleocene-Early Eocene, the underthrusting of
a basement ramp led to upright folding and the formation of the
FCD. A modification of far-field stresses at w50 Ma induced
extension that led to regional cooling and to the formation of major
normal faults, such as the Okanagan Valley Fault system to the west
(Johnson, 2006) and the Columbia River fault on the east flank of
the FCD (Read and Brown, 1983; Mulch et al., 2006). Given that
EeW contraction in the upper and lower basement immediately
preceded rapid regional cooling and extension that marked the end
of orogeny in the southeastern Canadian Cordillera, the deforma-
tion patterns provide a snapshot of a downward-migrating base of
easterly verging shearing frozen at the end of orogeny. Accordingly,
the upper basement represents the lowermost transposed struc-
tural level, the transition zone represents a less advanced stage of
transposition, and the lower basement represents initial stages of
deformation with localized deformation zones characterized by
upright folds and thrust shear zones. If contractional deformation
had continued, gneisses of the lower basement would most likely
have been completely transposed and become similar to gneisses of
the upper basement level.
8. Conclusions

1. Similarities in field relationships (Fig. 4A, B), macro- and
microscopic textures (Fig. 4C), trace element profiles (Fig. 5)
and UePb ages (Figs. 6 and 8) demonstrate that grey granite
bodies in the basement of the Frenchman Cap dome are related
and were intruded at 1.85 Ga. These intrusions, grouped into
the Bourne granite suite, are ideal time markers for dis-
tinguishing Cordilleran from Paleoproterozoic deformation.

2. A transition zone of decreasing, NE-directed shear strain,
marked by abundant folds (Fig. 9B), occurs w1.5 km below the
cover-basement contact in the Frenchman Cap dome (Fig. 9D).
Above this zone, and throughout the Monashee Complex and
overlying Lower Selkirk allochthon, strain is high and indicates
NE-directed shearing (Fig. 2). In contrast, below this transition
zone, within a 6e7 km thick structural section, penetrative
ductile Cordilleran strain is absent (Fig. 9F and G).

3. Cordilleran strain in the lower basement of the Frenchman Cap
dome is limited to (i) a meter-scale, top-to-the-E shear zone
located within schistose slivers interlayered with basement
orthogneiss at the Bourne Glacier locality (Fig. 12) and (ii)
upright NNWeSSE trending folds associated with hornblende-
bearing leucosome at the Frisby Creek and Perry River localities
(Fig. 11B and C). UePb dating indicates that these structures
developed at 53e49 Ma.

4. The deformation pattern of flattening, boudinage and easterly
verging layer-parallel shear strain on thewesterly dipping flank
of the dome contrasts with easterly verging upright folding in
the dome core and northeast verging folding on the easterly
dipping flank of the dome. This study complements previous
work by demonstrating that these structures formed
synchronously between 53 and 49 Ma, immediately prior to
regional cooling and extension.

5. A model of doming by incipient drag folding following
thrusting above a basement ramp best fits these structures. No
data were found that support an extensional origin for the
dome.

6. Our results rule out the widely accepted views that gneiss
domes of the southeastern Canadian Cordillera are extensional
core complexes (Coney and Harms, 1984; Carr et al., 1987;
Parrish et al., 1988; Vanderhaeghe et al., 1999; Vanderhaeghe
and Teyssier, 2001; Norlander et al., 2002; Price and Monger,
2003; Teyssier and Whitney, 2002; Teyssier et al., 2005;
Kruse and Williams, 2007), and that gneiss domes in general
originate from vertical ductile flow (Teyssier and Whitney,
2002; Whitney et al., 2004; Teyssier et al., 2005).

7. Although we cannot exclude a model of thrusting driven by
channel flow in a fixed-boundary gravitational collapse mode
(Rey et al., 2001), we argue that the above characteristics are
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consistent with a frozen, downward-migrating base of
convergent shearing. In any case, it implies that the orogenic
base of the southern Canadian Cordillera is exposed in the core
of the Frenchman Cap dome.
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