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Abstract: Crustal thickening in excess of 55 km, and high heat flow, suggest that a high-standing
plateau region in the Cordilleran hinterland was present in the Late Cretaceous. A low strength
middle crust developed beneath the plateau, and parts of this layer were exhumed to upper
crustal levels in Late Cretaceous to Eocene time. During Late Cretaceous time, structures in the
hinterland were reactivated. Strata, buried to mid-crustal depths since the Jurassic, began to
flow upward to higher levels; earlier structures were refolded and tightened, and a new transposi-
tion fabric developed. Some 10—20 km of the middle crust was involved in high temperature
ductile flow. The lower boundary of the ductile zone lies with thrust sense on top of Precambrian
rocks of Canadian Shield affinity, and splays upwards to the NE where it closely coincides with
highly strained rocks in the hanging wall of the Purcell Thrust Fault. The upper boundary is
marked by a normal-sense high strain zone, above which only minor Cretaceous deformation
occurred. The boundaries were reactivated at upper crustal levels after cessation of flow in the
mid-crustal channel. This reactivation resulted in formation of ductile to brittle extension faults
such as the Okanagan Fault System. During final stages of flow, the Precambrian basement
gneisses at the base of the channel became domed and exhumed to upper crustal levels. Compari-
sons with Himalayan tectonics are clearly drawn, but there are significant contrasts such as the
long residence time of the proposed Cordilleran channel, and the nature of the channel boundaries.

Deformation in the hinterland of the Rocky Moun-
tain Thrust and Fold Belt of the southern Canadian
Cordillera coincided with Early Jurassic terrane
obduction onto the North American plate (Monger
et al. 1982; Brown ef al. 1986; Fig. 1a & b). From
Late Jurassic to Eocene, deformation migrated
northeastward into the foreland giving rise to the
Rocky Mountain Thrust and Fold Belt (Price &
Mountjoy 1970). Parts of the metamorphic hinter-
land (southern Omineca Belt, Fig. 1a) were deeply
buried and then exhumed to high structural levels
before the beginning of the Cretaceous (Brown &
Tippet 1978; Parrish 1995; Colpron et al. 1998),
but other areas within the Omineca Belt were not
exhumed until the Late Cretaceous and early
Tertiary (e.g. Sevigny et al. 1990). Recent structural
analysis and geochronology by Gibson ez al. (2004,
2005; see also Crowley et al. 2000; Gibson, 2003)
across the Big Bend area of the southern part of
the hinterland, point to the existence of a middle-
crustal zone some 10 to 20 km thick, which was
at upper amphibolite facies from as early as
Middle Jurassic time until exhumation in the Late
Cretaceous. The upper and lower boundaries of
this ductile zone exhibit structural and thermal gra-
dients that support a channel flow model of mid-
crustal deformation. In this paper we outline the

evidence for channel flow and discuss possible
relationships between exhumation of the channel,
formation of Tertiary gneiss domes, and develop-
ment of low-angle brittle—ductile detachment
faults. Finally, we discuss similarities and contrasts
with Himalayan tectonics.

Geological setting

The southern Omineca Belt of the Canadian Cordil-
lera exposes a highly deformed region of metasedi-
mentary, plutonic and metavolcanic rocks of mainly
North American affinity, which form the southwes-
tern hinterland of the Rocky Mountain Thrust and
Fold Belt. A veneer of accreted terranes that was
thrust northeastward onto the North American conti-
nental margin in the Jurassic is preserved in structural
lows within this hinterland. The wide southern belt
contrasts with the narrower belt north of 53°N,
where metamorphic grade is generally lower. This
difference is a reflection of the considerable Eocene
extension and tectonic denudation of the southern
region and its diminished impact to the north.
Obduction of the accreted terranes in the Jurassic was
accompanied by crustal thickening and deep burial of
North American rocks in a southwesterly-vergent
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pro-wedge setting. The pro-wedge (Willett et al.
1993) grew southwestward (deformation in North
American upper plate, with vergence toward the out-
board NE-dipping subducting plate) accompanied
by retro-wedge growth (deformation of upper plate
with vergence towards the cratonic margin of the
North American plate) NE across a regional zone
of structural divergence (Brown et al. 1993;
Gibson 2003; Fig. 6a). By Late Jurassic time, some
of these deeply buried rocks had been exhumed
and carried northeastward as the retro-wedge
expanded. The Jurassic, SW-vergent structures are
preserved at high structural levels along the
western margins of the Omineca Belt where their
northeastern boundary delimits a local zone of struc-
tural divergence known as the Selkirk fan (Figs 1b, 2
& 3; Wheeler 1963, 1965; Price & Mountjoy 1970;
Brown & Tippett 1978; Brown et al. 1993;
Colpron et al. 1998; Gibson et al. 2005).

Structural culminations within the southern
Omineca Belt expose regions of upper-amphibolite-
facies metamorphic and plutonic rocks, bounded by
generally outward-dipping low-angle normal faults
that contain low grade rocks in their hanging walls
(Figs 1b & 2). These culminations have the character-
istics of metamorphic core complexes and have been
discussed in some detail in the literature (Coney 1980;
Armstrong 1982; Parrish 1995; Vanderhaeghe &
Teyssier 1997). Monashee and Valhalla are two com-
plexes that expose important compressional shear
zones at deep structural levels (Read & Brown
1981; Carr et al. 1987; Parrish 1995; Brown 2004;
Carr & Simony 2006). These ductile zones carried
hot and mobile middle-crustal rocks northeastward
relative to the underlying basement rocks of the com-
plexes, and are interpreted to extend northeastward
into the discrete basal detachment of the Rocky
Mountain Thrust and Fold Belt (Brown et al. 1986;
Cook et al. 1992; Parrish 1995). Precambrian base-
ment rocks of one of these domal complexes, the
Monashee Complex (Fig. 1b), were not deeply
buried by the advancing orogen until the Latest
Cretaceous (Parrish 1995; Crowley et al. 1999,
2001; Gibson et al. 1999), as evidenced by the lack
of metamorphism and absence of Cordilleran pluton-
ism until this time. In contrast, the structurally over-
lying rocks contain evidence of a protracted and
diachronous involvement in the deeper levels of the
orogen that extend from the Middle Jurassic to

Tertiary time. The allochthonous rocks comprise
highly deformed equivalents of the late Precambrian
sedimentary and volcanic pile that filled the rift
basins as they developed along the western North
American margin during continental break-up
(Windermere Supergroup and overlying Cambrian
to Ordovician strata) (Fig. 1b). These strata were
deposited outboard of the North American continental
rocks of the Monashee Complex and were displaced
northeastward over the complex during Cretaceous
contraction and thickening of the orogen (Gabrielse
& Yorath 1991a; Brown et al. 1993). The allochtho-
nous rocks have been collectively referred to as the
‘Selkirk allochthon’ in the literature, and the bound-
ary between these allochthonous rocks and the rela-
tively autochthonous basement is known as the
Monashee Décollement (see Parrish (1995) for
review; see also Williams & Jiang (2005) for a con-
trary view). The metamorphosed and locally migma-
tized rocks that form the lower part of the Selkirk
allochthon were highly ductile and penetratively
deformed as they flowed northeastward. In the Late
Cretaceous the Monashee Complex was deeply
buried by the overriding rocks of the Selkirk alloch-
thon. In the following sections we describe relation-
ships within this mid-crustal ductile zone and
propose that deformation within the zone can, in
part, be interpreted in terms of channel flow.

The Cretaceous mid-crustal
ductile zone

Regional studies have established that the southern
Omineca Belt exposes three distinct structural
levels (Figs 1 & 2; Brown & Carr 1990; Carr
1991). The lowest level exposures are of middle
to lower crustal rocks coring domal metamorphic
complexes that were deeply buried in the Palaeo-
cene and rapidly exhumed in the Eocene (Parrish
1995). Structurally above and flanking these
outward-dipping domal exposures are the mid-
crustal rocks within the Selkirk allochthon that
were mobile and at high metamorphic grade
through most of Cretaceous time (Gibson 2003;
Gibson et al. 2005). The highest levels exposed
within the Selkirk allochthon contain strata that
were variably deformed and metamorphosed in
the Middle Jurassic and exhumed to upper crustal

Fig. 1. (a) Morphologic belts of the Canadian Cordillera. (b) Tectonic assemblage map of the southern
Omineca Belt (modified after Wheeler & McFeely 1991) showing lithological map units of the autochthonous
Monashee Complex (North American basement) and overlying Selkirk allochthon. ‘Monashee Complex’ exposes
the deepest structural level. ‘Selkirk allochthon’ includes the metamorphic rocks of the middle-crustal layer

in dark grey (interpreted as channel flow in the Selkirk and Monashee mountains), and the light grey panel is

the upper crustal level overlying the channel. FCD, Frenchman Cap Dome; OFS, Okanagan Fault System;

TOD, Thor Odin Dome.
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regional metamorphic isograds, major structures, and structural levels discussed in the text. The middle

crustal zone is bounded by the Selkirk Detachment Fault (SDF) at the top and the Purcell Thrust Fault (PTF) at the
base. Box inset straddling SDF locates Figure 5. Section lines are for Figure 3 (e.g. A—A’). CRF,

Columbia River Fault; MC, Monashee Complex. SRMT, Southern Rocky Mountain Trench. Mineral

abbreviations for isograds are after Kretz (1983). See Figure 1 for location of Figure 2.

levels by the Late Jurassic. The present stacking of
the three structural levels is the combined result of
Jurassic—Cretaceous NE-over-SW imbrication and
ductile flow during crustal thickening (Brown
et al. 1986), followed by Late Cretaceous mid-
crustal extrusion (Johnston et al. 2000) and Tertiary
normal-sense low-angle extension faulting (Parrish
et al. 1988).

The Big Bend area

The exposed area of the Cretaceous mid-crustal
ductile zone in the Big Bend area is shown in
Figure 4. Upper-amphibolite-facies migmatitic
schists and gneisses predominate, and are derived
from transposed equivalents of the Proterozoic
Windermere Supergroup together with local slices
of infolded lower Palaeozoic Hamill Group
(Wheeler 1965; Brown & Tippett 1978; Wheeler
& McFeely 1991). Characteristically these highly

strained rocks exhibit boudinage of competent
units, isolated fold hinges and complex fabrics
indicative of at least two generations of transposi-
tion and later superimposed folding. These late
folds (F3) are overturned to the NE on the northeast-
ern side of the Selkirk Fan (Fig. 3; Brown & Tippett
1978; Brown et al. 1993). The folds were generated
in the Late Cretaceous during the final stages of
transposition while the rocks were still at upper
amphibolite facies (Fig. 3; Gibson 2003; Gibson
et al. 2005).

Within the Big Bend area the exhumed mid-
crustal zone lies in the hanging wall of the Purcell
Thrust Fault (PTF). These relationships are compli-
cated by superimposed Tertiary normal faults that
extend along the physiographic trend of the Southern
Rocky Mountain Trench (SRMT; Figs 1 & 2). To the
NE lie the Main Ranges of the Rocky Mountains
with characteristic structures of the upper crustal
Thrust and Fold Belt (Price & Mountjoy 1970;
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Fig. 3. Composite structural cross-section that transects the studied area, illustrating the geometry of the

Selkirk fan structure modified after Brown & Tippet (1978), Simony et al. (1980), Perkins (1983),

Colpron et al. (1995) and Gibson et al. (2005). PTF, Purcell Thrust Fault; SDF, Selkirk Detachment Fault; CRF,
Columbia River Fault. Rocks lying within the proposed channel are in the footwall of the SDF and the hanging wall of
the PTF. Section lines are located on Figure 2. Geochronology results of Gibson et al. (2005) have been projected
along-strike into the line of section. Note: subdivisions of Windermere Supergroup are included to highlight

structural geometry.

Wheeler & McFeely 1991). At this latitude, north-
easterly directed thrusting on the Purcell Thrust
Fault and associated erosion has most likely been
in part responsible for exhumation of the meta-
morphic rocks of the Omineca Belt that lie in its
hanging wall (Simony et al. 1980; Wheeler &
McFeely 1991). The thrust is ‘out of sequence’ in
that the orogenic front had migrated northeastward
well into the Rocky Mountain foreland before Late
Cretaceous time (Price & Mountjoy 1970); brittle
faults associated with the Purcell Thrust Fault cut
across these earlier thrusts. It is recognized that the
trace of the Purcell Thrust Fault has a steeper dip
than the ductile rocks in its hanging wall, and that
locally exposed metamorphic rocks in the footwall
probably represent a northeastward continuation of
the ductile zone (see Fig. 6¢). As such, the most
recent motion on the Purcell Thrust Fault, together
with erosion, were responsible for exhumation of
the proposed channel. The lower boundary of the

channel, while it was active, is inferred to have
been the northeastward continuation of the Monashee
Décollement (or a related shear zone). The distinction
between the current boundaries, that were presumably
active during exhumation of the ductile zone, and the
boundaries that prevailed during active flow is
important in understanding the tectonic evolution
of the channel. This point is discussed more comple-
tely in the final sections of the paper.

The upper boundary of the ductile zone, herein
named the Selkirk Detachment Fault (SDF; Figs 2,
5a & 6c¢), is well exposed within the Big Bend area
where it is marked by ductile shearing, rotation
of pre-existing structures, ubiquitous lenses of
pegmatite and leucogranite, stratigraphic omissions
and cut-offs, together with local brittle faulting.
The area was first mapped by Wheeler (1965) and
later by Brown and graduate students in the early
1970s (see Brown & Tippett 1978). A study of
metamorphic assemblages by Leatherbarrow (1981)
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across the zone suggested a pressure change from
5 kbar on the western side to 7 kbar on the eastern
side, but the times at which the rocks attained
these pressures were not known. It now appears
that the 5 kbar assemblages most likely originated
in Jurassic time, whereas the 7 kbar assemblages
are Late Cretaceous. These diachronous relation-
ships were not understood until geochronologic
work by Gibson (2003), and Gibson et al. (2005).
U-Th-Pb monazite and zircon dating of meta-
morphic rocks and related intrusions across the
structural thickness of the ductile zone has estab-
lished that rocks to the east of the shear zone
remained hot and deeply buried until the mid-
Cretaceous (c. 100 Ma), but strata to the west, in
the hanging wall, were at upper crustal levels in
the Middle to Late Jurassic (172—167 Ma; see
also Brown et al. 1992b; Colpron et al. 1996).
Within the Big Bend area Neoproterozoic rocks of
the Windermere Supergroup generally lie to the
NE of the shear zone. Lower Palaeozoic rocks of
the Lardeau Group characterize the strata of the
southwestern panel. Highly strained quartzite and
carbonate lenses within the shear zone are most
likely remnants of Eocambrian strata of the
Hamel Group and Ordovician units of the Badshot
Formation, respectively. Upper units of the Winder-
mere Supergroup are cut out in the footwall of the
shear zone. Based on these observations the shear
zone is interpreted to be a major extensional
ductile fault zone. The fault zone at the surface
dips steeply to the SW (Fig. 3); it is inferred to
flatten at depth and be truncated by the northeast-
erly dipping Columbia River normal fault (Figs 1
& 6¢). As shown in the cross-section of Figure 3,
the folded transposition fabric of the channel
rocks intersects the trace of the fault at a high
angle, but is parallel with the F; axial planar
fabric. We interpret this relationship as post-
channel flow normal faulting along the SDF that
may have been concurrent with generation of the
post-transposition Fj structures. Future workers
may discover that beyond our study area the tec-
tonic boundary lies at higher or lower stratigraphic
levels than presently defined. The hanging wall
rocks, which were exhumed in Jurassic time, are
locally at high metamorphic grade, and in the
absence of detailed geochronologic constraints,
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juxtaposition of highly strained amphibolite-facies
rocks exhumed in the Jurassic with similar grade
rocks exhumed in the Late Cretaceous may not be
readily identified in the field.

The relationship of the Adamant pluton (Figs 1
& 2) to the channel boundaries requires additional
study. Metamorphic grade decreases south of the
Adamant pluton (Fig. 2) and there is little evidence
of high-temperature ductile flow or melt generation
in these lower grade rocks. The Adamant pluton
was emplaced in the Jurassic, and its metamor-
phosed boundary is highly deformed (Shaw 1980;
Gibson 2003). At the southwestern margin there is
evidence of mainly Jurassic deformation and meta-
morphism with a weak Cretaceous overprint, but
data are not yet available for the timing of defor-
mation and metamorphism at the pluton’s eastern
margin. The transposition fabric of the ductile
zone (channel) is concordant with the northern
boundary of the pluton and wraps around its
eastern end. These data suggest that the pluton
lies in the hanging wall of the ductile zone. Appar-
ently the folded carapace of the ductile zone
plunges southward beneath the Adamant pluton
and presumably continues southward in the subsur-
face. A marble unit (middle marble of Fig. 2) lies
within the ductile zone of the study area. At the
eastern end of the Adamant pluton it is preserved
as a highly strained unit in sheared contact with
the pluton boundary. The marble apparently con-
tinues southeastward beyond the limits of the
current study where it is less deformed and is
associated with lower grade stratigraphy.

Timing of deformation and exhumation
within the Big Bend area

Exhumation of the mid-crustal zone to upper crustal
levels by Late Cretaceous to early Tertiary time is
well constrained by monazite and zircon geochronol-
ogy (Gibson 2003; Gibson et al. 2004, 2005).
Determination of when the rocks were flowing at
middle-crustal levels is more difficult to establish.
As previously mentioned, Gibson concluded that the
NE-verging F; folds formed in the Late Cretaceous
and that metamorphic minerals orientated in the
pre-F; transposition fabric (S;-S,) is also Late

Fig. 4. Location and general summary of geochronological results from the proposed mid-crustal channel within
the southern Omineca belt and from overlying cover rocks. The channel rocks are shown in dark grey, the

cover rocks are in light grey, and the underlying Monashee Complex is white. Boxes that provide only a range

of ages constrain the time of deformation (def.) and metamorphism (met.) for their respective locations.
Additional text is included in the boxes for locations where the ages also constrain the cooling history or a
metamorphic overprint, or only relate to the time of deformation (e.g. ‘foliated pluton’). Details of these

locations may be found by referring to the numbered reference. MD, Monashee Décollement; PTF, Purcell Thrust

Fault; OFS, Okanagan Fault System.
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Fig. 6. Generalized cross-sections demonstrating (a) Late Jurassic configuration of the evolving orogen above
an easterly dipping subduction zone. The pro-wedge illustrates obducted and accreted terrane at the highest
structural level with underlying rocks of North American affinity. The dark grey layer schematically illustrates
development of the mid-crustal channel above attenuated basement rocks of the North American plate.

(b) Late Cretaceous-Palacocene configuration of middle crustal channel prior to extensional faulting.

(¢) Present-day geometry across Frenchman Cap Dome; geometry of the Moho is constrained by Lithoprobe
seismic reflection profile of Cook et al. (1992). The middle-crustal layer is interpreted to have been a zone

of channel flow in the Late Cretaceous. Formation of Frenchman Cap Dome and displacement on Columbia
River Fault (CRF) post-date the proposed channel flow. MC, Monashee Complex; MD, Monashee
Décollement; OFS, Okanagan Fault System; PT, Purcell Thrust Fault; SDF, Selkirk Detachment Fault; SFA,
Selkirk Fan Axis. See text for additional explanation and references. These diagrams are modified from Gibson 2003.

Cretaceous in age (Figs 3 & 4). The F; folds are tight ~ Leatherbarrow 1981). Monazite and zircon analyses
to open flexural flow folds that have shortened the indicate that at least some of the rocks in the zone
original width of the ductile zone, and have locally ~ were hot and ductile as early as ¢. 140 Ma (Gibson
folded metamorphic isograds (Simony et al. 1980;  2003; Gibson et al. 2005) and there is local evidence

Fig. 5. (a) View of the upper boundary of the proposed mid-crustal channel as exposed within the northern
Selkirk Mountains. See Figure 2 for location. The Selkirk Detachment Fault (SDF) is drawn below the
cliffs that expose marbles of the Ordovician Badshot Formation. These marbles are truncated by the SDF.
Neoproterozoic units of the Windemere Supergroup form the cliffs below the SDF. The Badshot Formation
and overlying Lardeau Group seen above the SDF were exhumed to high structural levels in the Jurassic.
Underlying Windermere Supergroup rocks were at mid-crustal levels in the Late Cretaceous. These
footwall rocks are highly transposed, migmatized and intruded by leucogranite and pegmatite (outlined

by black lines). See text for further explanation. (b) Outcrop view of typical highly deformed unit of the
Windermere Supergroup in the proposed mid-crustal channel. First- and second-generation folds are rootless
and lithologic units are transposed. The exposure is within the Windy Range approximately 10 km NE of
the SDF shown above.
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of high temperature flow as early as c¢. 160 Ma
(Crowley et al. 2000). Together these results indicate
the presence of a mid-crustal ductile zone that was
active, either continuously or discontinuously, from
Middle Jurassic time until Late Cretaceous, a period
of approximately 100 million years. Parrish (1995)
demonstrated that the ages of peak metamorphism
within the middle-crustal zone are younger in the
structurally deeper levels compared to the higher
levels. Brown (2004) pointed out that during the pro-
longed period of middle-crustal deformation, new
strata would be incorporated into the deforming
zone by progressive underplating as the orogenic
front advanced. The development of transposition
fabrics was apparently diachronous; the earlier
formed tectonites must have been redeformed and
transported northeastward by the younger defor-
mation events within the evolving orogen. Generation
of the F; folds marks the final stages of ductile flow as
the middle crust was exhumed.

The ductile zone west of the Monashee
Complex

The distribution of rocks that were at mid-crustal
depth in Late Cretaceous time is shown in
Figure 4. Structures and metamorphic relationships
within this region have been described in detail by
several authors (Simony er al. 1980; Carr 1991;
Johnson & Brown 1996; Johnston et al. 2000).
Mineral assemblages characteristically indicate
upper-amphibolite-facies conditions; the rocks are
commonly migmatitic and contain plutonic sheets
ranging in age from Palaeozoic through Mesozoic
to as young as Eocene. The upper boundary of the
zone is marked by the Okanagan Fault System
(OFS, Fig. 1). The fault zone has been interpreted
to be a low-angle extensional structure that was
active in the Eocene during a period of crustal exten-
sion and core complex formation (Templeman-Kluit
& Parkinson 1986; Parrish et al. 1988; Cook et al.
1992). There is evidence in the footwall rocks of
rapid cooling and exhumation of high-temperature
migmatitic rocks as early as the Late Cretaceous
(Scammell 1993; Parrish 1995; Johnson & Brown
1996). Mylonitic fabrics in these footwall rocks
exhibit a pronounced east—west trending mineral
(commonly sillimanite) and stretching lineation;
kinematic indicators are consistent with upper-plate-
down-to-the-west sense of motion. Adjacent to the
hanging wall the rocks are commonly retrogressed
to chlorite grade and overprinted by brittle fabrics.
Rocks in the upper plate of the OFS are generally of
low metamorphic grade, but also contain high-grade
assemblages. These metamorphic rocks were
exhumed by the end of the Jurassic and were at
upper crustal levels by mid-Cretaceous time
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(Schiarizza & Preto 1987; Johnson & Brown 1996).
The sillimanite—K feldspar-bearing migmatitic
rocks in the footwall of the OFS extend eastward
and structurally down-section through a thickness of
approximately 10 km. At the lowest structural level
the migmatites are in sheared contact with the Pre-
cambrian basement rocks of the Monashee
Complex. This lower boundary has previously been
discussed extensively in the literature and is known
as the Monashee Décollement (Read & Brown
1981; Brown et al. 1986; Journeay 1987; Cook
et al. 1992; Parrish 1995). For a distance of several
kilometres from the boundary, kinematic indicators
are well developed in the highly transposed migma-
tites, which clearly show top-to-the-NE sense of
shear (Journeay 1987; Brown et al. 1992a; Johnson
1994; Johnston et al. 2000). Locally superimposed
on these fabrics are top-to-the-west extensional
shear bands and associated normal faults (Johnston
et al. 2000). Within the underlying rocks of the Mon-
ashee Complex metamorphic grade is generally lower
but maintains amphibolite facies. In the northern part
of the complex (Frenchman Cap Dome; Fig. 1b) the
effects of the middle-crustal deformation appear to
decrease structurally downwards away from the
décollement (Gibson et al. 1999; Crowley et al.
2001). However, to the south in the Thor Odin
Dome (Fig. 1b) there is a very intense Eocene migma-
titic and deformation event that appears to have
masked these earlier relationships (Parrish er al.
1988; Carr 1991; Vanderhaeghe & Teyssier 1997,
Johnston et al. 2000).

Continuity of the mid-crustal
ductile zone

The regional extent of the Cretaceous mid-crustal
ductile zone in the southern Omineca Belt is illus-
trated in Figures 1b, 2 and 4. Within the Big Bend
area the zone is bounded above by the Eocene age
Columbia River extension fault (Fig. 2). This fault
leaves the river valley at its northern extremity and
loses displacement as it curves into the Selkirk
Mountains in the vicinity of Birch Creek. Footwall
rocks of the mid-crustal zone extend northwestward
beyond Birch Creek and cross the Columbia River
valley into the ranges of the Monashee Mountains.
These rocks of the Windermere Supergroup then
swing westward around the northern end of the Mon-
ashee Complex and are continuous with the mid-
crustal zone that has been mapped on the western
margin of the complex (Figs 1b, 2 & 4). A detailed
study of these strata at the northern end of the
Monashee Complex was carried out by Scammell
(1993), and at higher structural levels by Sevigny
et al. (1989, 1990). We have also worked in the
region and have found that the style of deformation
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and intensity of transposition is similar to the mid-
crustal zone within the Big Bend area. Results of
field and geochronological studies in the region are
reviewed in Parrish (1995). He concluded that the
crustal zone has a diachronous thermal history with
higher levels indicating older ages of peak meta-
morphism and generation of leucogranitic melt.
The deepest structural level of the zone gives ages
that range from Late Cretaceous to Palacocene,
while at higher levels thermal peak conditions
were reached in Early to mid-Cretaceous time.
This diachroneity may be explained in part by pro-
gressive underplating and exhumation, as suggested
by Brown (2004). The middle-crustal zone appears
to have been ductile and highly mobile throughout
Cretaceous time, and the zone was a continuous
crustal feature from as far west as the bounding
Okanagan Fault System, to as far east as the
Purcell Thrust Fault, which is interpreted to be a
splay of the Monashee Décollement exposed in the
southern Rocky Mountain Trench. Since the Big
Bend panel is continuous with the exposed ductile
zone to the west of the Monashee Complex, it is
reasonable to assume that the boundaries of the
zone may also be correlated. Palinspastic reconstruc-
tion by Johnson & Brown (1996) illustrates
the continuity of the mid-crustal zone after restor-
ation of the Columbia River Fault. It appears to be
a requirement of this reconstruction that the
Selkirk Detachment Fault correlates westward with
the Okanagan Fault System.

Interpretation of the Cretaceous
mid-crustal zone

Johnston et al. (2000) concluded that the panel of mid-
crustal rocks exposed west of the Monashee Complex
was extruded northeastward in Late Cretaceous time.
The argument for extrusion is based largely on a ver-
gence reversal of F; folds from southwesterly in the
upper part of the panel to northeasterly in the lower
part. Before generation of the F; folds, the panel
developed F,/F, penetrative structures that indicate
northeasterly vergence across the width of the panel.
The model presented in Johnston et al. (2000,
Fig. 10) proposes that in F; /F, times northeastward
ductile thrusting carried hinterland rocks (Selkirk
allochthon) towards the Rocky Mountain foreland,
and ductile flow in the hinterland was balanced by
contraction on thrust faults within the foreland. We
interpret the upper boundary of ductile deformation
(the upper crust—middle crust boundary) through
Cretaceous time to have been located in the vicinity
of the future Okanagan Fault System. The lower
boundary lies within the upper part of the basement
rocks of the Monashee Complex. During F;/F,
times, the upper levels of the orogen together with
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the ductile rocks of the middle crust were carried
northeastward across the more competent basement
rocks of the Monashee Complex. Whether or not
the upper and lower boundaries were defined in
Cretaceous time by discrete shear zones or more
diffuse crustal-scale gradients remains unclear. In
this paper the term Monashee Décollement is retained
(see Brown et al. 19924, and references therein) to
refer to this lower boundary of the mid-crustal
ductile zone. Similarly the upper boundary is called
the Okanagan Fault System, even though the bound-
ary is not known to have been a discrete extensional
fault zone until Tertiary time.

Do the data support a channel
Sflow model?

In the Late Cretaceous, when F; folds were being
generated within the ductile zone to the west of
the Monashee complex, channel flow appears to
be qualitatively supported by the data for the
panel west of the Monashee Complex (Johnston
et al. 2000).

In the Big Bend area, late to post-transposition
folds (F3) are overturned towards the NE across
the width of the belt and vergence reversals of
minor folds reflect their superposition on the
limbs of the major folds. In this region it appears
that most of the high-temperature ductile flow and
associated transposition occurred during F;/F,
deformation, and vergence of these tight to isoclinal
folds is also predominantly northeasterly across the
width of the belt. Associated discrete mylonitic
shear zones also exhibit kinematic indicators that
suggest a NE-over-SW sense of shear. The F;
folding resulted in an anticlinorium within the
central part of the ductile zone (Brown & Tippett
1978). The structurally deepest rocks expose the
highest metamorphic grade (Fig. 2). These struc-
tural observations, in the Big Bend area, are compa-
tible with northeasterly motion and folding of a
crustal-scale ductile thrust sheet and do not in them-
selves require channel flow. During exhumation of
the mid-crustal ductile zone, normal-sense motion
on SDF and thrust-sense motion on the Purcell
Thrust Fault appear to have overlapped in time. To
this extent the mid-crustal layer was being structu-
rally unroofed while it was still moving northeast-
ward as an active thrust sheet. The timing
constraints presented in this paper and elsewhere
indicate that concurrent motion on the SDF and
Purcell Thrust Fault occurred in the Late Cretaceous
when, at mid-crustal levels in the thrust sheet, mig-
matites, local melts and ductile transposition
fabrics were being generated. These data lead the
authors to a working hypothesis of Late Cretaceous
mid-crustal channel flow.
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Tectonic model

Figure 6¢ is a simplified cross-section illustrating the
present geometry after doming and erosion. In this
figure, the mid-crustal ductile zone is shown
bounded by the Monashee Décollement and
Purcell Thrust Fault at its base and by the Okanagan
Fault System and Selkirk Detachment Fault at the
top. Flow within the ductile zone is envisaged to
have occurred in two distinct periods. The early
period (F;/F,), which extended from Jurassic to
Late Cretaceous, is the time of crustal thickening
involving westward underplating of the orogen by
the sediments of the foreland and underlying cra-
tonic rocks of North America (Fig. 6a & b). The ear-
liest deformed rocks of the hinterland were exhumed
from mid-crustal depths as early as Middle Jurassic
time and were carried northeastward above the
underlying rocks of the mid-crustal ductile zone
(Fig. 6a; Brown er al. 1986; Colpron et al. 1996).
Crustal thickening on the order of 55 km was
achieved by Late Cretaceous time (Johnson &
Brown 1996; Foster et al. 2004). We assume that
this thickness, together with high heat flow in the
hinterland of the orogen, would have created an
extensive plateau region (Fig. 6b). Extensional
deformation in the hinterland occurred in Eocene
time (Parrish et al. 1988), and the present crustal
thickness had been reduced to less than 35 km
(Cook et al. 1992). Whether or not there was signifi-
cant crustal thinning before the Tertiary is not clearly
resolved. However, within the ductile zone to the
north of the Monashee Complex, pressure—
temperature—time results of Scammell (1993)
suggest that part of the zone was rapidly exhumed
as early as 100 Ma. He envisaged a mechanism of
ductile thrusting and thrust-parallel extension
within the zone to account for decreases in pressure
during progressive ductile flow. It is in this time
period, continuing into the Tertiary, that channel
flow is thought to have been ongoing in the
mid-crustal zone.

The possibility that erosion at the front of the
thrust sheet may have facilitated channel flow at
depth should be considered. This time was a
period of rapid sediment accumulation in the fore-
deep and some of these deposits are presumed to
have been derived from the Omineca Belt.
However, testing of such a hypothesis is beyond
the scope of this paper.

Gneiss dome formation

The Monashee Complex exposes Precambrian base-
ment in the cores of the gneiss domes of Frenchman
Cap and Thor Odin (Fig. 1b). Geochronology and
plutonic history have demonstrated that these core
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rocks are part of the North American Precambrian
crust that underlies the Rocky Mountain Thrust
and Fold Belt (Crowley 1999). Field structural
studies over the past 30 years have elucidated the
geometry of these basement rocks and an uncon-
formably overlying, but highly transposed, Precam-
brian to Palacozoic cover sequence (e.g. Journeay
1987; Scammell & Brown 1990; Parrish 1995;
Gibson et al. 1999; Crowley et al. 2001). Above
these crustal rocks is the Monashee Décollement,
which carries allochthonous rocks of the Cordilleran
orogen in its hanging wall. The main body of the pro-
posed mid-crustal channel that is discussed in this
paper lies above the basement rocks that core the
domes (Fig. 6¢). However, during emplacement of
the channel rocks onto the basement rocks of the
Monashee Complex in the latest Cretaceous to
Eocene, these basement rocks were metamorphosed,
locally migmatized and highly deformed. Restor-
ation of sections to pre-doming configuration,
together with timing constraints from geochronol-
ogy, indicates that flow within the mid-crustal
channel was completed before exhumation of the
domes (Johnson & Brown 1996). The migmatites
within the basement rocks of the domes are of two
distinct origins. The first episode of migmatization
occurred in the Palaeoproterozoic and is part of the
pre-Cordillera basement history (Crowley 1999).
The second migmatization occurred in Palaeocene
to Eocene time; thermal and structural data from
the Frenchman Cap Dome point to a decrease down-
wards in heat and deformation during this time
interval (Parrish 1995; Gibson et al. 1999; Crowley
1999; Crowley et al. 2001). These observations
indicate that the hottest part of the crust was above
the basement rather than within it. Structural—
metamorphic data combined with detailed geochro-
nology indicate that these hot migmatites were
flowing northeastwards across the cooler and less
mobile underlying basement rocks. In parts of the
core of Thor Odin Dome there is evidence of
partial melting in the Eocene, and it has been
suggested that this melt weakening led to important
ductile flow during exhumation associated with
crustal thinning (Vanderhaeghe & Teyssier 1997).
Although closely associated in time, it is important
to distinguish between the Late Cretaceous to
Palaeocene proposed channel flow, that was active
mainly in the ductile zone above the basement
gneisses, and heating of the basement gneisses in
the Eocene after major flow within the channel was
completed. Flow in the channel culminated in the
earliest Palacocene c. 65 Ma; Tertiary migmatites
in Thor-Odin were primarily generated at c. 55 Ma.
It is likely that by this time, heating of the basement
rocks was related to deep crustal or subcrustal pro-
cesses associated with the onset of crustal extension
(Ranalli et al. 1989).
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A scenario that appears to best fit the data avail-
able in the literature, as well as our own obser-
vations, includes the following: Late Cretaceous to
Palaeocene initiation of doming (Brown & Journeay
1987; Scammell 1993; Johnson & Brown 1996)
possibly related to thinning of the overlying
channel; Eocene boudinage of the middle crust,
possibly including the lower crust, (Price er al.
1981) with associated partial melting in the Eocene
(Vanderhaeghe & Teyssier 1997); Eocene formation
of low-angle normal faults in the upper crust associ-
ated with rapid exhumation of the domes (Parrish
et al. 1988; Parrish 1995).

Comparison with channel flow
in the High Himalaya

Similarities in the tectonic model proposed for the
southern Canadian Cordillera and models for the
High Himalaya are obvious, but important differences
may be as significant as the similarities.

At the latitude of the current study, the Purcell
Thrust Fault marks the transition from exhumed
mid-crustal rocks in its hanging wall to upper
crustal rocks in its footwall. This boundary has
similar characteristics to the Main Central Thrust
zone at the base of the High Himalayan channel.
The Okanagan Fault System marks the transition
from exhumed middle crust in its footwall to
upper crustal rocks in its hanging wall. This bound-
ary has similar characteristics to the South Tibetan
Detachment System at the top of the proposed
Himalayan channel. In the Cordillera it is recognized
that the proposed boundaries of the channel were
modified during exhumation and are oblique to the
transposition fabric in the channel rocks. This also
appears to be the case in the Himalaya at least for
the Main Central Thrust (Searle & Szulc 2005).
Structures within both channels are characterized by
transposition of original stratigraphic boundaries,
rootless isoclinal folds, boudinage of competent
units, and polyphase folding. Metamorphic assem-
blages, migmatites and leucogranitic sheets in both
channels reflect temperature and pressure conditions
compatible with residence at mid-crustal depths.
Strata within the Cordilleran channel are primarily
derived from sediments originally deposited on the
western margin of the North American continent.
Strata within the Himalayan channel are primarily
derived from the northern margin of the Indian conti-
nent. Deformation of these sediments and crustal
thickening in the hinterland of both orogens is a
result of underthrusting of their cratonic margins.
Gneiss domes are exposed in the hinterland of both
orogens behind the erosion front of the extruded
channel. The high elevation of the Tibetan Plateau,
together with erosion along its southern flank are

modelled as being the driving forces of channel
flow in the Himalayan orogen (Beaumont et al.
2001a). A similar gradient is proposed in the hinter-
land of the Cordillera for the time of flow within
the Cordilleran channel. Erosion of the eastern flank
of the hinterland during channel flow is suggested
by synchronous accumulation of sediment in the
foredeep (Price & Mountjoy 1970).

Conversely, the mid-crustal zone in the southern
Canadian Cordillera was, intermittently or possibly
continuously, deforming at high temperature
for approximately 100 million years. Channel flow
in the Himalayas is thought to have been short-
lived, occurring from as early as 30 Ma to about
17 Ma. Rapid erosion of the High Himalayan
southern margin was facilitated by monsoon con-
ditions. The eastern margin of the proposed Cordil-
leran plateau was an arid area in the lee of
prevailing westerly Pacific winds. Channel flow
occurred within the ‘pro-wedge’ of the Himalayan
orogen, and in the ‘retro-wedge’ of the Cordillera.
The Tibetan Plateau remains today as the largest
high-standing area in the world. Modest elevations
are currently present in the hinterland of the Cordil-
lera, with areas in the Intermontane region almost at
sea level. During proposed channel flow in the
Himalaya, plate convergence was essentially
orthogonal, but in the Cordillera Late Cretaceous
and Tertiary convergence was oblique. The High
Himalayan ductile zone is continuously exposed
along the strike length of the orogen. In the Cordil-
lera the complete along-strike exposure and struc-
tural characteristics of the mid-crustal zone
remain to be established. It is clear from available
data that the mid-crustal zone is discontinuously
exposed in structural culminations. It may turn out
that along parts of the strike length of the Cordil-
lera, the mid-crustal layer behaved primarily as a
ductile thrust sheet with limited or no evidence of
channel flow (e.g. Carr & Simony 2006). Such vari-
ation along-strike may perhaps be attributed to
oblique convergence, as recently proposed for the
Kaoko Belt of Namibia (Goscombe et al. 2005).

Discussion

The above comparison of the setting of channel
flow in the southern Canadian Cordillera with the
setting of channel flow in the High Himalaya
raises several points for discussion. The apparent
longevity of the mid-crustal ductile zone in the
Cordillera, compared with that of the Himalaya,
may well be explained by the different climatic
setting of the two orogens. Beaumont er al
(2001») demonstrated that in the absence of rapid
erosion on the foreland side of an orogen, in this
case the Canadian Cordillera, the ductile zone will
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remain deeply buried. The absence of a high plateau
in the Intermontane region of the southern Canadian
Cordillera is presumed to be a reflection of the
intensity of crustal extension in the Eocene. Crust
in the hinterland exceeded 55 km in thickness in
the Late Cretaceous and has since been reduced
by c. 40% due to tectonic denudation and sub-
sequent erosion. The Eocene is known to have
been a time of relaxed orthogonal plate conver-
gence and development of a dextral plate boundary
setting (Gabrielse & Yorath 1991b). In contrast, the
Himalayan region is still experiencing orthogonal
plate convergence. The High Himalaya lies in a
pro-wedge setting (Willett ez al. 1993) if it is
accepted that the Indian plate is being subducted
northward beneath the Tibetan Plateau (cf.
Jamieson et al. 1996). In this interpretation the
channel was extruded towards the subducting
plate. Trrespective of how lithosphere is ultimately
incorporated into the upper mantle, the observation
that the Indian plate is underthrust northward rela-
tive to the overriding orogen is not in dispute. In
the North American Cordillera the current polarity
of subduction is clear in that oceanic rocks of the
Pacific and Juan de Fuca plates are obliquely under-
thrusting the North American margin. This polarity
is thought to have persisted from at least Jurassic
time to the present (Oldow et al. 1990; Gabrielse
& Yorath 1991b; Brown et al. 1993). In this
respect, the Rocky Mountain Thrust and Fold Belt
together with its hinterland evolved in a retro-
wedge setting; the front of the orogenic wedge
migrated northeastward in the direction of the sub-
ducting plate (Willett et al. 1993). Despite these
differences in the two orogens, both experienced
underthrusting of continental crust beneath the oro-
genic wedge. A plateau region developed with
growth of the wedge, and a mid-crustal ductile
channel developed beneath the plateau regions. In
both cases, flow within the channel was directed
outwards from beneath the plateau region towards
the evolving thrust belt that had developed above
the underthrusting continental margin.

Conclusions

A hot and low-strength, 10—20 km thick mid-crustal
layer formed beneath a plateau region in the hinter-
land of the Rocky Mountain Thrust and Fold Belt.
Ductile flow within this layer was active from
initial crustal thickening in the Early Jurassic to its
exhumation in Late Cretaceous to Palaeocene time.
F,/F, flow within the channel resulted in ductile
folding and transposition of stratigraphy. Initially,
the upper crust was carried passively above the
ductile thrust sheet as it progressed northeastward
towards the foreland. It is suggested that in the

later stages of F;/F, deformation the passive roof
to the ductile thrust sheet began to lag behind and
the Okanagan Fault System became established as
a normal-sense shear zone at the top of the mid-
crustal layer. F; folding within the southwestern
part of the ductile zone developed during channel
flow. In the northeastern part of the ductile zone
the F3 folds appear to post-date the proposed
channel flow. The lower boundary of the channel
was the Monashee Décollement, and the upper
boundary was the Okanagan Fault System that
included the Selkirk Detachment Fault. The Purcell
Thrust Fault is interpreted to be a splay of the
Monashee Décollement that was active during exhu-
mation of the eastern part of the channel. Doming of
the channel and underlying basement gneisses post-
dated the proposed channel flow, but the domes may
have been localized by earlier necking of the
channel.
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