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INTRODUCTION

The mechanisms that lead to the exposure of large areas of high-grade 
rock in the hinterland of collisional orogens are long-standing tectonic 
issues (e.g., Ring et al., 1999). The uplift of rock relative to Earth’s sur-
face is referred to as “exhumation” (cf. England and Molnar, 1990). It 
can occur during convergence or during postcollisional extension. It com-
monly involves a complex interaction among erosion, normal faulting, 
and underplating (e.g., Ring et al., 1999), and may involve crustal decou-
pling and ductile fl ow (e.g., Beaumont et al., 2001). It is possible to group 
the various exhumation processes into three main modes: postconver-
gence gravitational collapse (cf. Rey et al., 2001), synconvergent orogenic 
wedges (e.g., Platt, 1986; Dahlen, 1990), and synconvergent channel fl ow 
and ductile extrusion (e.g., Beaumont et al., 2001).

The southeastern Canadian Cordillera (Fig. 1), with its easy access and 
excellent exposure, is one of the most studied collisional orogens expos-
ing a large tract of midcrustal migmatites. Although it has been cited as a 
type example of postconvergent gravitational collapse resulting in exten-
sional metamorphic core complexes (Coney and Harms, 1984; Parrish et 
al., 1988; Vanderhaeghe and Teyssier, 1997; Teyssier and Whitney, 2002; 
Teyssier et al., 2005; Rey et al., 2009), other workers have argued that a 
signifi cant portion of the exhumation path occurred during convergence 
in an orogenic wedge (Brown and Journeay, 1987; Parrish, 1995; Brown, 
2004), or by ductile extrusion and channel fl ow (Scammell, 1993; John-
ston et al., 2000; Williams and Jiang, 2005; Brown and Gibson, 2006; 
Glombick et al., 2006a; Kuiper et al., 2006). It therefore provides an excel-
lent natural laboratory in which to devise and apply diagnostic tests for 

the different processes that may contribute to exhumation processes in 
collisional orogens.

In this contribution, we fi rst devise such a test by extracting a set of 
diagnostic criteria from relevant numerical and analogue modeling stud-
ies. It is then applied to rocks surrounding the Monashee Complex in the 
southeastern Canadian Cordillera. Only one model passes the critical test.

DIAGNOSTIC CRITERIA OF EXHUMATION MODES

Our diagnostic criteria were derived from a compilation of the main 
characteristics of 14 models that provide predictions about the evolution 
of structural and metamorphic patterns (Table 1). We found that the shape 
of pressure-temperature (P-T) paths and absolute peak P-T conditions 
are not suffi ciently diagnostic of the processes involved. For example, 
near-isothermal decompression paths can be produced in all three modes, 
depending on modeling parameters. In contrast, the spatial distribution 
of fi nite-strain patterns, cooling ages, and P-T-time (t) paths, as well as 
metamorphic fi eld gradients and the timing of motion along reverse and 
normal shear zones, are diagnostic. Along with the set of criteria, Figure 2 
presents the three models from each category that are most consistent with 
the overall geometry of the area surrounding the Monashee Complex in 
the southeastern Canadian Cordillera, which is illustrated on the cross sec-
tion of Figure 3A.

From the subduction to the collision phase, convergent orogens have 
a wedge shape that is consistent with the critical-taper theory (e.g., Platt, 
1986; Dahlen, 1990). In thermomechanical models of continental colli-
sion, in which the mantle lithosphere on the prowedge side detaches and 
subducts beneath a stationary retromantle (e.g., Willett et al., 1993), oro-
gens develop a bivergent wedge geometry bounded by two oppositely 
verging shear zones. In the absence of erosion, exhumation is limited, 
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Figure 1. Tectonometamorphic map of the southeastern Canadian Cordillera surrounding the Monashee Complex. (A) The fi ve morphogeological belts 

of the Canadian Cordillera (modifi ed from Wheeler and McFeely, 1991) and the location of the study area. (B) Simplifi ed geological map showing the 

three tectonometamorphic units, the main intrusive suites, and the traces of isograds. (C) Equal-area, lower-hemisphere projections for stretching 

lineations (L
s
) and transposed folds (F

T
). Structural data: (i–iv) from Scammell (1993); (v–vi) from Journeay (1986); (vii–viii) from Johnson (2006); (ix) 

from Glombick et al. (2006a); and (x) from Lemieux (2006). Circles with capital letters A–D are specifi c locations discussed in the text. Abbreviations: 

OVfs—Okanagan Valley fault system; PT—Purcell thrust; SDS—Selkirk detachment system; MD—Monashee décollement; CRF—Columbia River fault; 

FCD—Frenchman Cap dome; TOD—Thor-Odin dome; CF—Cherry fault; BF—Beaven fault.
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and the wedge maintains its critical taper by thickening and growing 
laterally (Willet, 1999a; Vanderhaeghe et al., 2003a). Erosion signifi -
cantly modifi es the wedge dynamics by inducing a continuous cycling 
of rock that promotes signifi cant exhumation of midcrustal rocks. The 
wide range of possible parameters produces a similarly wide range of 
dynamics, but some characteristics are common to most wedges with 
active erosion. In the vast majority of models, rocks enter the wedge 
from the proside, are buried and heated, and then follow an exhuma-
tion path in the hanging wall of the retro-shear zone, which migrates 
retroward during the lateral growth of the wedge (Willett et al., 1993; 
Jamieson et al., 1998; Batt and Braun, 1999; Willett, 1999a; Jamieson 
et al., 2002). This cycle results in the general key characteristics listed 
in Figure 2A. Finally, numerical and analogue models demonstrate that 
extension is unlikely in orogenic wedges (Willett, 1999b; Vanderhaeghe 
et al., 2003b; Bonnet et al., 2008). Therefore, major normal faults (or 
shear zones) should be younger and not related to the formation of an 
orogenic wedge.

In this mode of exhumation, it is the progressive underthrusting ana-
logue model with décollements and erosion that is most consistent with 
the overall geometry of the southeastern Canadian Cordillera (Fig. 2A; 
Malavieille, 2010). In this model, exhumation results from the combined 
effect of underplating at the base of the wedge and denudation at the 
surface, which give rise to an antiformal stack of duplexes surrounded 
by low-grade rocks. In contrast to most other orogenic wedge models, a 
normal-sense shear zone may develop by vertical shearing of the left side 
of the fi rst (top) duplex as it is uplifted.

Wedge dynamics have been shown to prevail until a signifi cant thick-
ness of the lower crust reaches a critical viscosity below which it can no 
longer support the weight of the wedge (Vanderhaeghe et al., 2003a). From 
this point onward, the dynamics of the orogen are not controlled by the 
critical-taper theory, but rather by the channel-fl ow concept derived from 
fl uid mechanics (Grujic, 2006). Driven by the pressure gradient between 
a thick orogenic core and a thin foreland, a Poiseuille-dominated fl ow can 
be produced in large, hot, orogen-scale thermomechanical models that 
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Figure 2. Test for the three main modes of exhumation in collisional orogens. 

The model from each mode that is most consistent with the overall geometry 

of the area surrounding the Monashee Complex in the southeastern Canadian 

Cordillera (cross section in Fig. 3A) is illustrated as a sketch redrawn from the 

original publication. (A) Progressive underthrusting model with décollements 

and erosion (modifi ed from Fig. 2C-3 in Malavieille, 2010). (B) Channel-fl ow 

model HT111 (Jamieson et al., 2006). (C) Type 2 sequential core complex model 

(Fig. 5D in  Tirel et al., 2009). Models are not to scale. (D) Set of diagnostic crite-

ria for each mode of exhumation. The criteria apply to all models from a given 

mode, not only the models illustrated in A–C. See text for detail.
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incorporate a stepwise decrease in viscosity at high temperature to simu-
late partial melting (Fig. 2B; Beaumont et al., 2001; Jamieson et al., 2002, 
2004, 2006; Beaumont et al., 2004, 2006). In these models, signifi cant 
exhumation occurs only when active erosion at the mountain front leads to 
an upward bifurcation of the channel, which then fl ows toward the erosion 
front. Alternatively, underthrusting of a stiff indentor can expel overlying 
low-viscosity rocks, which are exhumed by the equivalent of the inden-
tor thickness (Jamieson et al., 2007, 2010). In addition, underthrusting of 
an indentor beneath a fl owing channel (Fig. 2B) promotes exhumation, 
fi rst by doming the channel and inducing extension of the overlying upper 

crust (Beaumont et al., 2004), and then by squeezing out this early-formed 
dome above the indentor (Jamieson et al., 2006, 2007). In contrast to the 
other exhumation modes, the progressive exhumation of the channel leads 
to a lateral—rather than vertical—spatial gradient of cooling ages, which 
become older toward the rear of the channel (Fig. 2B). The other general 
key characteristics of this model are listed in Figure 2B. 

In the channel-fl ow category, it is the HT111 model of Jamieson et al. 
(2006) that is most consistent with the overall geometry of the southeast-
ern Canadian Cordillera (Fig. 2B). In this model, a dome forms by the 
underthrusting of a stiff basement indentor beneath a fl owing midcrustal 

B
A

PT

CRF SDS

V = H

S.L.

km

10

20

30

Legend

LwSa

UpSa

Monashee Complex 
cover sequence

Monashee Complex 
basement

Mafic lower crust

Top direction of 
shear zones

U-Pb age titanite

40Ar/39Ar age hornblende

40Ar/39Ar age micas

Asymmetric fold 
and vergence

General shear structures

Upright fold

Cross section Cooling ages section

A

C

P
 (

M
P

a)

B

SW NE

58

55

75

P
 (

M
P

a)

T (°C)

100–90

T (°C)

1000

500

0
500 700

67

75

B

90

80

70

60

50

Age
(Ma)

140

160

90

80

70

60

50

Ma

140

160

OVfs MD CRF
UpSa LwSa MC

?
UpSa LwSa

SDS
UpSa

UpSa

LwSa

1000

500

0
500 700

SDS

Age
(Ma)

AB

C
D

D

Base of Cordilleran penetrative

Base of Cordilleran penetrative

deformation
deformation

MDMDOVfsOVfs

Base of Cordilleran penetrative

deformation

MDOVfs

Figure 3. Geological cross section with summary of structural, metamorphic, and thermochronologic data. (A) Geological cross section (modifi ed from 

Gibson et al., 2005) and fi nite strain patterns. Legend and abbreviations are the same as for Figure 1B except for: (1) the black fi ll, which represents a 

mafi c lower crust indicated by seismic-refraction profi les (cf. Burianyk and Kanasewich, 1995); and (2) the basement of the Monashee Complex (MC) 

(folded pattern), which only includes rocks that have escaped Cordilleran tectonism (Gervais et al., 2010), whereas on the map of Figure 1B, base-

ment refers to lithologic units irrespective of their timing of deformation. The trace of the cross section is shown in Figure 1B. (B) Thermochronologic 

data projected onto cross-section A–B. (C) Pressure-temperature-time (P-T-t) paths for the location D of the Monashee Complex (constructed from 

data published in Crowley and Parrish, 1999; Foster et al., 2004) and for location B of the lower Selkirk allochthon (modifi ed from Scammell, 1993). 

Abbreviations: LwSa—Lower Selkirk allochthon; UpSa—Upper Selkirk allochthon; OVfs—Okanagan Valley fault system; CRF—Columbia River fault; 

SDS—Selkirk Detachment System; MD—Monashee décollement; S.L.—sea level.



GERVAIS AND BROWN

60 www.gsapubs.org | Volume 3 | Number 1 | LITHOSPHERE

channel. Once thermally softened, the tip of the indentor is thrust back 
over the rear of the indentor.

Gravitational collapse of the thickened welt takes place when the con-
vergence rate declines to a point at which the related traction force can no 
longer sustain the weight of the thickened orogen. Three main modes of 
gravitational collapse of thickened orogens can lead to the exhumation of 
midcrustal rocks (Rey et al., 2001). If the middle crust is stiff and refrac-
tory, extension would result in the formation of crustal-scale boudins 
cored by competent rocks such as older basement. This is akin to the 
heterogeneous crustal boudinage model proposed by Price and Monger 
(2003) for the formation of the domes of the southeastern Canadian Cor-
dillera. On the contrary, a low-viscosity middle crust would fl ow. In the 
models considered herein, those with a precursor zone of weakness, such 
as upper-crustal faults or midcrustal magmatic sills, result in the forma-
tion of metamorphic core complexes formed by the fl ow of the ductile 
crust toward a necked upper crust (Tirel et al., 2006, 2009; Brun et al., 
1994; Rey et al., 2009). Alternatively, models without such weaknesses 
result in proward midcrustal fl ow that induces thrusting in the foreland 
(Jamieson et al., 2002, 2010; Beaumont et al., 2010). Despite important 
differences, all these models share common characteristics (Fig. 2C). In 
general, reverse shear zones, which contributed to the thickening phase, 
should be older than the normal shear zones, which exhumed the complex. 
Better distinctive criteria predicted by this model are listed in Figure 2C. 
In the gravitational collapse category, it is the type 2, sequential core com-
plex model (fi g. 5D in Tirel et al., 2009) that is most consistent with the 
overall geometry of the southeastern Canadian Cordillera. 

In this model, the ductile middle crust fl ows toward the necked upper 
crust to form a fi rst asymmetric dome that is then fl attened as a second 
dome develops in its footwall. The early-formed dome is bounded by 
reverse and normal shear zones at its base and roof, respectively. This 
is one of the rare models of this exhumation mode resulting in coeval 
oppositely verging shear zones.

TECTONIC SETTING

The ~900-km-wide southern Canadian Cordillera can be subdivided 
into fi ve morphogeological belts (Fig. 1A) that record a protracted tec-
tonic history from the Early Jurassic to the Eocene (e.g., Evenchick et 
al., 2007). The Insular, Intermontane, and Foreland belts consist of rocks 
of mainly low metamorphic grade, whereas the Coast and Omineca belts 
consist of variously deformed metamorphic and plutonic rocks (Monger 
et al., 1982). The study area is located within the southern part of the 
Omineca belt (Fig. 1A).

Four main periods led to the formation of the Omineca belt (Evenchick 
et al., 2007): the Jurassic, 145–135 Ma, 115–90 Ma, and 74–59 Ma. The 
Jurassic was a period of fi nal amalgamation of terranes that were thrust 
and obducted over North American pericratonic terranes and basement. 
The southwest-vergent deformation and exhumation that characterized 
the Jurassic (Colpron et al., 1996) was interpreted to have developed in a 
prowedge setting (Brown and Willett, 1993; Gibson et al., 2005). The two 
mid-Cretaceous periods involved thickening and regional uplift accompa-
nied by the formation of zones of penetrative northeast-verging deforma-
tion at midcrustal levels (Evenchick et al., 2007). The Late Cretaceous 
period (74–59 Ma) is critical for this study because it is during this period 
that ~200 of the ~250 km of net shortening took place in the Foreland 
belt at this latitude (Price and Sears, 2000). It is commonly accepted that 
the Paleogene (60–48 Ma) was a period of extension and gravitational 
collapse of the thickened orogenic welt (e.g., Coney and Harms, 1984; 
Parrish et al., 1988; Liu, 2001; Teyssier et al., 2005), a view partially con-
tested by the results of this study and that of Gervais et al. (2010).

ARCHITECTURE OF THE SOUTHEASTERN CANADIAN 

CORDILLERA

In order to critically test the three modes of exhumation (Fig. 2) and to 
improve the subdivision scheme of the southeastern Canadian Cordillera, 
we compiled plutonic, structural, metamorphic, and geochronologic data 
from 52 published papers and unpublished theses (Table 2). The striking 
differences in terms of names and spatial distribution of tectonometamor-
phic units on regional maps published in the past 10–15 yr (cf. Parrish, 
1995; Colpron et al., 1999; Teyssier et al., 2005; Brown and Gibson, 2006; 
Carr and Simony, 2006; Glombick et al., 2006a; Johnson, 2006) moti-
vated us to propose an updated subdivision scheme. We build on Read 
and Brown (1981), who divided the crust of the southern Omineca belt 
into two main units: the Selkirk allochthon and the Monashee Complex. 
The Selkirk allochthon includes variously deformed and metamorphosed 
rocks from accreted terranes, as well as sediments and mafi c sills depos-
ited/intruded on the attenuated western margin of the North American cra-
ton. It was thrust onto basement rocks of the craton and its cover sequence, 
which together form the Monashee Complex. These two units are clearly 
distinguished by the timing of their respective plutonic events. The Selkirk 
allochthon is composed of various plutonic suites of Devonian–Missis-
sippian, Jurassic, Early to Late Cretaceous, and Paleogene ages, whereas 
the underlying Monashee Complex contains only Paleoproterozoic (in the 
basement) and Paleogene intrusions (Table 2). Notwithstanding their dis-
tinct lithostratigraphic origins and tectonometamorphic histories (see fol-
lowing), their contrasting plutonic histories alone imply that the two units 
were not juxtaposed until the Late Cretaceous, at the earliest, and cannot 
be grouped into one unit, as has been done recently (e.g., Vanderhaeghe 
et al., 1999; Williams and Jiang, 2005; Teyssier et al., 2005; Glombick et 
al., 2006a). Our compilation further suggests that the Selkirk allochthon 
should be divided into an upper and a lower panel because they each have 
contrasting structural, metamorphic, and geochronologic characteristics. 
The upper Selkirk allochthon consists of greenschist- to lower-amphibo-
lite–facies rocks deformed by SW-verging folds in the Jurassic, whereas 
the lower Selkirk allochthon consists of upper-amphibolite–facies rocks 
that were strongly deformed by top-to-the-E/NE shearing for a protracted 
period in the Cretaceous to Paleocene (Table 2). The new subdivision is 
presented on a map (Fig. 1B) and on a cross section (Fig. 3A). The reader 
is referred to Gervais (2009) for an extensive discussion about the loca-
tions of the boundaries and other specifi c information concerning this 
subdivision scheme. The architecture of the exposed crustal section thus 
consists of a stack of three tectonometamorphic units, similar to the three 
crustal zones of Carr (1991).

SPATIAL DISTRIBUTION OF FINITE STRAIN PATTERNS AND 

METAMORPHIC FIELD GRADIENTS

This section describes the salient structural, metamorphic, and geo-
chronologic characteristics of each tectonometamorphic unit from lower 
to upper structural levels. The spatial distribution of fi nite strain pattern 
and metamorphic fi eld gradients derived from this description will be used 
to test the tectonic models of exhumation. The sources of data and related 
references are given in Table 2, unless otherwise cited.

Monashee Complex

The deepest unit is the Monashee Complex, which consists of two 
domes, Frenchman Cap in the north and Thor-Odin in the south (Fig. 1B). 
On its east fl ank, the Monashee Complex is bounded by the east-dipping 
Columbia River fault, a brittle-ductile normal fault that was active between 
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49 and 47 Ma (Mulch et al., 2006). On its west fl ank, it is bounded by the 
westerly dipping, Monashee décollement (Brown et al., 1992; McNicoll 
and Brown, 1995), a major ductile reverse shear zone. Recent studies in 
the Frenchman Cap dome (Crowley et al., 2008; Gervais et al., 2010) 
revealed a stepwise disappearance of pervasive Cordilleran deformation 
downward, with a 4–5-km-thick section of felsic basement gneisses pre-
serving a Paleoproterozoic migmatitic gneissosity, and with Cordilleran 
deformation limited to local upright folds and meter-scale shear zones. 
Above this orogenic base, an ~5-km-thick rock package records high fi nite 
general shear-strain characterized by a transposition foliation and a well-
developed W-plunging lineation (stretching and mineral), toward which 
minor fold axes have been rotated into near parallelism during top-to-the-
E shearing. Peak metamorphic assemblages in metapelites reached the 
kyanite–K-feldspar fi eld and were heterogeneously retrogressed in the sil-
limanite and andalusite fi elds. Ductile deformation and high-temperature 
metamorphism took place between 63 and 49 Ma, depending on structural 
level. Gervais et al. (2010) showed that the dome formed between 52 and 
49 Ma synchronously with the waning stages of top-to-the-E crustal shear-
ing and shortly after the underthrusting of a basement ramp.

Similar structural and metamorphic features were documented in 
the southern Thor-Odin dome. Top-to-the-NE noncoaxial fi nite strain is 
ubiquitous, and near parallelism between WSW-ENE–stretching linea-
tions and minor fold axes is also common. Peak metamorphic conditions 
reached conditions similar to those of the Frenchman Cap dome, but more 
melt was produced as a result of crossing the low-pressure biotite break-
down reaction, which produces cordierite and garnet as peritectic products 
(Norlander et al., 2002). The timing of top-to-the-NE shearing and high-
temperature metamorphism is also the same as that of the Frenchman Cap 
dome and occurred between 56 and 51 Ma. The main difference between 
the two domes is that the base of Cordilleran strain has not been identi-
fi ed in the Thor-Odin dome and that a body of Cordilleran diatexite with 
a subvertical lineation and a dome-up sense of shear was mapped (Van-
derhaeghe et al., 1999). The presence of this diatexite body, combined 
with the isothermal decompression path documented nearby, constituted 
the basic arguments in favor of the widely publicized model of doming 
by vertical fl ow (Vanderhaeghe and Teyssier, 1997; Vanderhaeghe et al., 
1999; Norlander et al., 2002; Teyssier and Whitney, 2002; Whitney et al., 
2004; Teyssier et al., 2005). However, the absence of a Cordilleran pen-
etrative fabric in the core of the Frenchman Cap dome combined with the 
continuity of lithologic markers across the domes (Read, 1980) rule out 
the vertical-fl ow model for the formation of the domes of the Monashee 
Complex (Gervais et al., 2010).

Lower Selkirk Allochthon

Overlying the Monashee Complex, there is the 8–10-km-thick lower 
Selkirk allochthon. All features described here are common to the con-
tinuous exposure of the lower Selkirk allochthon from the western fl ank 
of the Monashee Complex to the northern Monashee Mountains, where 
isograds and lithological contacts are continuous toward the SE in the Sel-
kirk Mountains (Fig. 1B). Along cross-section A–B (Fig. 3A), the panel 
is exposed in the footwall of the top-to-the-W Okanagan Valley fault sys-
tem (OVfs; as per Johnson, 2006) to the west of the Monashee Complex; 
it is domed above the complex, down-faulted under the surface by the 
Columbia River fault to the east of the complex, and surfaces again in the 
footwall of the Selkirk detachment system in the Selkirk Mountains. As 
suggested by Brown and Gibson (2006), the Okanagan Valley fault system 
and the Selkirk detachment system likely formed a single structure before 
being cut by the Columbia River fault.

The lower Selkirk allochthon is characterized by high fi nite general 
shear-strain like the upper part of the Monashee Complex. It has a trans-

position foliation dipping shallowly to the W-SW and a pervasive E-W to 
WSW-ENE stretching lineation, toward which minor fold axes have been 
substantially rotated during top-to-the-E shearing. Because such rotation 
by noncoaxial shearing alone requires a very high amount of strain, Scam-
mell (1993) concluded that deformation possessed a component of coaxial 
strain (i.e., general shear). The mixture of noncoaxial and coaxial struc-
tures observed in the structural center of the lower Selkirk allochthon sup-
ports this conclusion (Journeay, 1986; Scammell, 1993; Johnson, 1994; 
Glombick, 2005). In the southern part of the map (Fig. 1B), the lower Sel-
kirk allochthon is bounded at its roof by the top-to-the-W Okanagan Valley 
fault system, and at its base by the top-to-the-E/NE Monashee décolle-
ment. These two oppositely verging shear zones are several hundreds of 
meters thick and consist of mylonite intruded by large volumes of sheared 
leucogranite (Journeay, 1986; Scammell, 1993; Johnson, 1994; Glombick 
et al., 2006a). In the northern part of the map (Fig. 1B), the boundary 
between the lower Selkirk allochthon and the upper Selkirk allochthon 
was mapped as a gradational, SW-dipping metamorphic gradient (Simony 
et al., 1980; Raeside and Simony, 1983). In contrast to the southern part of 
the map, the lower Selkirk allochthon is therefore not bounded by a normal 
shear zone in the northern part of the study area (Fig. 1B).

The lower Selkirk allochthon is at the upper amphibolite facies. Rocks 
are highly migmatitic and intruded by leucogranite sills, dikes, and plu-
tons that together form between 30% and 60% of any outcrop (Journeay, 
1986; Carr, 1991; Scammell, 1993; Glombick et al., 2006a; Johnson, 
2006). Metapelitic schists contain sillimanite and K-feldspar, except 
near the boundaries with the upper Selkirk allochthon, where muscovite 
is commonly stable (Fig. 1B). At the latitude of the Thor-Odin dome, 
the muscovite-out and the kyanite-out isograds are exposed within an 
attenuated gradient less than ~3 km thick in the footwall of the Okana-
gan Valley fault system (Carr, 1991; Bardoux, 1993; Lemieux, 2006; 
Glombick et al., 2006a), whereas in the northern Monashee and Selkirk 
Mountains, these two isograds are also exposed, but within a thickness 
in excess of 7 km structurally above the upper Selkirk allochthon–lower 
Selkirk allochthon boundary (Simony et al., 1980; Raeside and Simony, 
1983; Digel et al., 1998).

A key characteristic of the lower Selkirk allochthon is a protracted his-
tory of high-temperature metamorphism and deformation. The emplace-
ment of numerous synkinematic leucogranites between 105 and 90 Ma 
throughout the lower Selkirk allochthon implies that it was deforming at 
high temperature at this time (Scammell, 1993; Johnson, 1994; Parrish, 
1995; Crowley et al., 2003), but crosscutting relationships of other leuco-
granite dikes further suggest that a substantial amount of strain was pro-
duced before ca. 135 Ma in the northern part of the area (between A and 
B in Fig. 1B; Scammell, 1993) and after 70 Ma in the southern part of the 
area. Furthermore, a major thermal event near area A (Fig. 1B) between 
105 and 90 Ma is indicated by the cluster of monazite dates in migma-
titic schists and of zircon ages in leucogranite. The temperature was also 
high enough for protracted growth of zircon in leucosomes in the Early 
Cretaceous and from 120 to 65 Ma in the hanging wall of the Monashee 
décollement near area C (Fig. 1B), and in the Jurassic and from 100 to 
57 Ma in the footwall of the Okanagan Valley fault system near Sicamous 
and Vernon (Fig. 1B). These observations suggest that the thermal peak 
was reached in the mid-Cretaceous throughout, but that the temperature 
remained high until the Paleocene in lower Selkirk allochthon rocks crop-
ping out west of the Monashee Complex.

Upper Selkirk Allochthon

The upper Selkirk allochthon includes all rocks deformed and meta-
morphosed prior to ca. 120 Ma. Most of these rocks are at the garnet 
grade or lower, but local areas reached the sillimanite-muscovite grade 
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(Fig. 1B). Except for rocks west of Blue River (Fig. 1B), sillimanite is 
post-tectonic and occurs in pluton aureoles or in the hanging wall of the 
Selkirk detachment system (Fig. 1B). Similarly, most of the upper Sel-
kirk allochthon was deformed by W- to SW-vergent Jurassic folds, but it 
locally records NE-vergent Jurassic structures, mostly in the NE part of 
the area shown in Figure 1B. These rocks cooled below the hornblende 
and mica closure temperature (350–550 °C) before ca. 120 Ma, except 
near the lower Selkirk allochthon–upper Selkirk allochthon boundary, 
where Late Cretaceous ages are recorded (Fig. 3B). Consequently, rocks 
of the upper Selkirk allochthon had been exhumed above the brittle-
ductile transition (300–400 °C) by the mid-Cretaceous and thus formed 
the upper-crustal lid of the southeastern Canadian Cordillera in the Late 
Cretaceous to Paleogene.

SPATIAL DISTRIBUTION OF COOLING AGES

Several studies have documented the distribution of cooling ages 
throughout the lower Selkirk allochthon. In our compilation (Table 2; 
Fig. 3B), we retained the original authors’ interpretations of U-Pb dates, 
but only retained 40Ar/39Ar hornblende, biotite, and muscovite plateau 
ages derived from >80% of the released 39Ar gas to avoid problems 
associated with excess argon and complex cooling/reheating histories. 
Several interesting features are derived from Figure 3B, which shows 
all cooling ages of the lower Selkirk allochthon projected onto cross-
section A–B. First, it highlights the contrast between the upper Selkirk 
allochthon, which records mainly Jurassic ages, and the lower Sel-
kirk allochthon, which records ages varying between 95 and 55 Ma. 
Rocks of the upper Selkirk allochthon located near the contact of the 
lower Selkirk allochthon, however, record younger hornblende Ar/Ar 
ages in the range 89–110 Ma, which coincide with the thermal peak 
recorded in the lower Selkirk allochthon (Table 2). Second, there is 
a trend of titanite and hornblende cooling ages that become younger 
southwestward in lower Selkirk allochthon rocks cropping out NE 
of the Monashee Complex (Figs. 3A and 3B), but not in those crop-
ping out west of the complex. Titanite ages decrease from 90–98 Ma 
at location A (Fig. 1B) to ca. 74 Ma at location B, to ca. 62 Ma at 
location C (see Table 2 and following section for data) and are then 
constant at 62–55 Ma throughout the lower Selkirk allochthon west of 
the Monashee Complex. Similarly, hornblende cooling ages decrease 
from ca. 75 to ca. 62 Ma between locations A and B, and are then con-
stant at 57–54 Ma throughout the lower Selkirk allochthon west of 
the Monashee Complex. As noted earlier, this trend is also refl ected 
in U-Pb zircon ages from leucosomes that range in age between 100 
and 90 Ma NE of the Monashee Complex, whereas those west of the 
complex extend to ages as young as ca. 57 Ma. Third, mica cooling ages 
are slightly younger NE of the Monashee Complex, where they range 
between 56 and 53 Ma, than west of it, where they cluster at 50–47 Ma. 
Consequently, there is no clear trend of cooling ages across structural 
levels of the lower Selkirk allochthon (as proposed by Parrish, 1995), 
but there is a lateral NE-SW trend. Because this trend is perpendicular 
to the axis of the autochthonous basement of the Monashee Complex 
(Armstrong et al., 1991; Crowley et al., 2001; Gervais et al., 2010), it 
implies that rocks of the lower Selkirk allochthon that were thrust above 
the complex cooled prior to rocks that were not.

PRESSURE-TEMPERATURE-TIME PATHS

In this section, P-T-t paths are presented for different localities of the 
lower Selkirk allochthon and of the Monashee Complex. Robust paths are 
available for the lower Selkirk allochthon NE of the Monashee Complex 

(locations A and B in Fig. 1B) and from the Frenchman Cap and Thor-
Odin domes in the complex itself. However, no such path is available for 
the lower Selkirk allochthon west of the complex (Table 2).

New Results from the Monashee Décollement

Two samples, less than 20 m apart, were collected at area C (Fig. 1B) 
to construct a P-T-t-deformation (P-T-t-d ) path. Rocks at this locality 
consist of interlayered semipelitic schists, quartzofeldspathic gneisses, 
and boudinaged amphibolitic layers. As for all rocks of the ~1-km-thick 
Monashee décollement, they are migmatitic, mylonitic, and record top-
to-the-E sense of shear in a variety of kinematic indicators (Fig. 4). 
Many observations indicate that melt was present during deformation 
(e.g., Fig. 4C). Migmatitic schists contain more than 40% of leucocratic 
material in the form of leucosome (15%–30%) and leucogranite intru-
sions (25%–40%). The minimum age of deformation is provided by the 
57.0 ± 0.2 Ma age of a suite of leucogranite that crosscuts the mylonitic 
foliation at right angles (Scammell, 1993).

Thermobarometry for Migmatitic Pelitic Schist Sample Fg-462a

Sample Fg-462a is one of the rare pelitic schist of this locality. It is mig-
matitic and contains the assemblage rutile-garnet-ilmenite-sillimanite–
K-feldspar–biotite. Prismatic and fi brolitic sillimanite is present in 
the matrix and is concentrated around resorbed garnet porphyroblasts, 
whereas no relict kyanite was observed. Garnet comprises only 3%–5% of 
the modal mineral assemblage and commonly shows preferential resorp-
tion of sigmoidal tails indicative of top-to-the-E sense of shear (Fig. 5A). 
The metamorphic paragenesis in these sigmoidal tails, which consists of 
sillimanite, biotite, ilmenite, plagioclase, and quartz (Fig. 5A), implies 
peak metamorphic conditions in the sillimanite fi eld above the muscovite-
dehydration reaction, but below the upper thermal stability of biotite (stip-
pled area in Fig. 6). Garnet cores exhibit little compositional zoning, with 
X

sps
 = 0.04–0.06, X

grs
 = 0.04–0.05, X

pyr
 = 0.21–0.24, and Fe/(Fe + Mg) = 

0.74–0.77 (Table 3), but margins show an increase in X
sps

 (0.09–0.17), and 
an increase in Fe/(Fe + Mg) = 0.79–0.85. Such compositional spikes at 
resorbed garnet margins are commonly interpreted as evidence for garnet 
breakdown in the presence of melt by the retrograde reaction (Spear et al., 
1999; Kohn and Spear, 2000):

 Grt + Liq + Kfs = Sil + Bt + Pl. (R1)

This reaction takes place continuously in the sillimanite + melt fi eld 
(stippled area on Fig. 6) and has near isothermal isopleths, which indi-
cate a cooling path (Spear et al., 1999; Kohn and Spear, 2000; Vielzeuf 
and Schmidt, 2001). The anorthite content of plagioclase increases from 
a uniform composition of ~0.20 in the matrix to ~0.23 in the embayment 
of resorbed garnet margins, which suggests that decompression accom-
panied R1 (e.g., Spear, 1993).

Conventional garnet-plagioclase-sillimanite-quartz (GASP) barometry 
yields an estimate of the pressure peak reached by sample Fg-462a. The 
uniform plagioclase and grossular composition in this sample justify the 
assumption of equilibrium necessary for the GASP calculations. However, 
garnet-biotite thermometry could not be used because it yielded P-T con-
ditions below the muscovite-dehydration melting reaction, likely because 
garnet and biotite composition were modifi ed by Fe-Mg exchange reac-
tion and by R1 (Kohn and Spear, 2000). The temperature input for the 
GASP calculations were therefore estimated through experimental and 
numerical phase equilibria modeling of the muscovite-out and biotite-out 
reactions for metapelitic schists (Vielzeuf and Schmidt, 2001; White et al., 
2007). Results (Table 4; Fig. 6) indicate a P-T fi eld located immediately 
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below the kyanite-sillimanite reaction between temperatures of 750 °C 
and 860 °C at pressures of 1200–800 MPa.

Thermobarometry for the Synkinematic Clinopyroxene-Bearing 

Leucosome Sample Fg-462d

The second sample, Fg-462d, is a leucosome cored by a clinopyroxene-
rich aggregate (Fig. 4D). The aggregate is an intergrowth of coarse-grained 
and euhedral to subhedral grains of clinopyroxene, titanite, plagioclase, 
K-feldspar, and quartz, whereas the host rock consists of aligned, medium-
grained and recrystallized feldspar, quartz, biotite, and hornblende grains 
(Fig. 5B). The intergrowth texture (Fig. 5C), the euhedral shape of grains 
(Fig. 5C), and the sharp adjacent crystal faces (Fig. 5D) are interpreted 
as evidence for growth of clinopyroxene and titanite in the presence of 
melt, whereas the microstructures in the host gneiss indicate solid-state 
deformation (cf. Vernon, 2004). The concentration of leucosome into the 

asymmetric pressure shadows of the aggregate (Fig. 4D) further suggests 
migration of the melt phase during top-to-the-E shearing, which promoted 
the pseudomorphism of clinopyroxene by hornblende (Fig. 5D).

Conventional thermobarometry was conducted on sample Fg-462d. 
Clinopyroxene, hornblende, and plagioclase are unzoned, and their com-
positions do not vary with textural setting (Table 3). Table 4 and Figure 6 
show the results of thermobarometry for sample Fg-462d using the aver-
age-pressure method of Thermocalc version 3.1 (Powell and Holland, 
1994), the SCAn barometer (McCarthy and Patiño-Douce, 1998), and the 
hornblende-plagioclase thermometer (Holland and Blundy, 1994). The 
uniform compositions of clinopyroxene, plagioclase, and hornblende in 
specimen Fg-462d, combined with the excellent σ

fi t
 = 1.0–1.1 for three 

independent reactions obtained by Thermocalc (see Powell and Holland, 
1994), indicate that equilibrium between these three minerals was reached. 
Inasmuch as hornblende is interpreted to have formed during crystallization 
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Figure 4. Field photographs from the northern segment of the Monashee décollement (location C on Fig. 1B). All photos show 

surfaces perpendicular to the foliation and parallel to the stretching lineation. (A) Mylonitic straight gneiss with boudinaged 

amphibolite layers. Three types of boudins observed on this photograph can be considered as reliable shear sense indicators 

(Goscombe and Passchier, 2003): (1) foliation-oblique shear-band boudins of a leucogranite dike; (2) foliation-parallel shear-band 

boudins of an amphibolite layer; and (3) foliation-parallel domino-boudins of an amphibolite layer. Shear sense is invariably top-

to-the-E. Compass for scale. (B) Foliation-oblique shear-band boudin in leucogranite indicating a top-to-the-E sense of shear. (C) 

The center of the photograph is an amphibolite boudin that contains clinopyroxene-bearing (Cpx) leucosome. Leucosome is 

preferentially located at the neck where amphibolite is broken into angular fragments. These relationships are interpreted as evi-

dence for melt-present deformation. Stair-step structures (Hanmer and Passchier, 1991) in this mylonitic gneiss above the boudin 

(ellipse) indicate top-to-the-E sense of shear. Pen for scale. (D) Sample FG-462d used for conventional thermobarometry and laser 

ablation–multicollector–inductively coupled plasma–mass spectrometry U-Pb geochronology of zircon and titanite (Tnt). It con-

sists of a sigma-type clinopyroxene aggregate. Notice preferential location of leucosome in the upper-right and lower-left pressure 

shadows where hornblende (Hbl) is preferentially crystallized. See text for further explanation. Eraser tip for scale.
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of a melt phase, the quartz-saturated hornblende-plagioclase thermometer 
(Fig. 6; Holland and Blundy, 1994) is preferred because it yields a tem-
perature closer to the wet-granite solidus (Fig. 6). The average pressure 
of ~270 MPa at 700 °C calculated with Thermocalc (Fig. 6) is consis-
tent with the pressure of ~285 MPa and 700 °C calculated by the SCAn 
barometer (Fig. 6). The preferred P-T conditions of equilibrium during 
hornblende formation in sample Fg-462d are thus estimated at ~700 °C 
and 300 MPa (Fig. 6).

U-Pb Geochronology

Zircon Results. Twenty-six U-Pb analyses were obtained from 18 zir-
con grains extracted from sample Fg-462d (for analytical methods, see 
Appendices). Zircon commonly consists of rounded cores surrounded by 

euhedral and elongated rims with sharp crystal faces (Figs. 7A–7C). Cath-
odoluminescence (CL) images reveal a sector to faint oscillatory zoning 
(Figs. 7A–7C; Corfu et al., 2003). Grain L02 (CL image in Fig. 7A) is 
interesting because it exhibits an euhedral core overgrown by an euhedral 
rim separated by a dark thin band spatially associated with minor resorp-
tion textures. U-Pb dates of rounded cores range in age from Archean to 
Devonian (Table 5) and are interpreted to refl ect xenocrystic inheritance. 
U-Pb dates of zircon rims that fall on, or near, concordia yield dates of 
ca. 120, 107, 83, and 62 Ma, with two clusters at ca. 83 Ma and ca. 62 Ma. 
The older cluster of rim dates, which represents four analyses from three 
grains including grain L02, yields a weighted mean average 206Pb/238U age 
of 82 ± 4 Ma (mean square of weighted deviates [MSWD] = 1.6; probabil-
ity of fi t (prob.) = 0.19; Fig. 7D). The younger cluster of rim dates, which 
represents fi ve analyses from four grains including grain L02, yields a 
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Figure 5. Photomicrographs for samples Fg-462a and Fg-462d. (A) One of the rare garnets in sample Fg-462a, a migmatitic 

pelitic schist. The long axis of this oblate garnet is inclined relative to the foliation (which is parallel to the length of the 

picture) and is oriented from bottom-left to top-right of the image. Notice that sillimanite-biotite-plagioclase (Sil-Bt-Pl) 

are concentrated in garnet pressure shadows, which is evidence for dynamic garnet resorption by R1 during top-to-the-E 

shearing (dextral on the picture). Thin section is cut parallel to the lineation and perpendicular to the foliation. (B) Con-

tact between host and leucosome of sample Fg-462d. Note the coarse grain size and euhedral shape of quartz (Qtz) and 

feldspar (Fs) grains forming the leucosome. (C) Core of the clinopyroxene (Cpx) aggregate of sample Fg-462d. Note the 

euhedral and faceted shape of clinopyroxene and titanite (Tnt), as well as the intergrowth texture between these two min-

erals. (D) Margin of the clinopyroxene aggregate of sample Fg-462d where clinopyroxene is directly pseudomorphed into 

hornblende (Hbl). Note the perfect crystalline shape of titanite and crystal faces of feldspar and quartz crystals. Observa-

tions in B–D are interpreted as evidence for the growth of clinopyroxene and titanite in the presence of a melt phase. Scale 

bar is 1 mm long on all photomicrographs.
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Figure 6. Pressure-temperature-time (P-T-t) path for the northern segment 

of the Monashee décollement (station C on Fig. 1B). Background shows 

lines of disappearance/appearance of key metamorphic assemblages for 

typical pelitic schists deduced from experimental (Vielzeuf and Schmidt, 

2001) and thermodynamic modeling (White et al., 2007). R1 takes place 

continuously along any cooling path within the stippled area. Also shown 

are P-T conditions estimated with conventional thermobarometry analy-

ses conducted on samples Fg-462a and Fg-462d. Curve 1 is the result of the 

average P mode in Thermocalc. Curve 2 is the SCAn barometer of McCar-

thy and Patiño-Douce (1998). Curve 3 is the quartz-saturated hornblende-

plagioclase thermometer of Holland and Blundy (1994). Stippled boxes are 

the uncertainties associated with thermobarometry. Explanation of the 

P-T-t path is given in the text. Mineral abbreviations are after Kretz (1983). 

GASP—Garnet-plagioclase-sillimanite-quartz barometer. Abbreviations: 

Ms—muscovite; Bt—biotite; Kfs—K-feldspar; Pl—plagioclase; Qtz—quartz; 

Fl—fl uid; Ky—kyanite; Sil—sillimanite; Als—aluminosilicates; Grt—garnet; 

Crd—cordierite; L—liquid; Cpx—clinopyroxene; Hbl—hornblende; Zrc—zir-

con; Tnt—titanite; And—andalusite.

TABLE 3. CHEMICAL COMPOSITION OF MINERALS USED FOR 
THERMOBAROMETRY

a264-gFd264-gF

Mineral Cpx Hbl Pl Grt 1 Pl

Average
(6)

Average
(5)

Average
(6)

Core 
(2)

Average
(5)

SiO2 53.03 48.66 65.89 37.41 64.18
TiO2 0.12 0.47 0.00 0.01 0.00
Al2O3 1.51 5.48 21.67 21.16 23.51
Fe2O3 2.51 2.15 0.19 0.52 0.00
FeO 8.05 12.60 0.00 31.21 0.00
MnO 0.59 0.44 0.00 2.74 0.22
MgO 11.38 13.07 0.00 5.35 0.00
CaO 21.65 10.96 2.31 1.47 4.31
Na2 12.982.0113.174.1O
K2 12.062.046.010.0O

Total 100.07 95.56 100.60 99.86 101.64

Oxygens 6.00 23.00 8.00 12.00 8.00

Si 1.98 7.27 2.88 2.98 0.00
Ti 0.00 0.05 0.00 0.00 2.03
Al 0.07 0.97 1.12 1.99 0.49
Fe3 0.07 0.24 0.01 0.00 0.37
Fe2 0.25 1.57 0.00 2.11 0.00
Mn 0.02 0.06 0.00 0.18 0.01
Mg 0.63 2.91 0.00 0.64 0.00
Ca 0.87 1.75 0.11 0.13 0.20

87.078.083.011.0aN
10.020.021.000.0K

Sum 4.00 15.41 5.00 8.00 5.00

97.098.011.0aC+aN/aN
77.053.043.0gM+eF/eF
12.0rypX
40.0srgX
60.0spsX

Note: Number in parentheses refers to the number of analyses used 
in the average calculation. Abbreviations: cpx—clinopyroxene; Hbl—
hornblende; Pl—plagioclase; Grt—garnet.

TABLE 4. RESULTS OF THERMOBAROMETRY FOR SAMPLES 
FG-462d AND FG-462a

Thermobarometer P (MPa) ±1σ T (°C) ±1σ

Fg-462d
Average P 

Thermocalc v. 3.1*
280–260# 130 650–750 n.a.

SCAn† 270–300# 100 650–750 n.a.
Hbl-Pl§ 0–500 n.a. 670–630** 40
Fg-462a
GASP†† 800–1200 80 750–860§§ 50

*Based on three independent equilibria; with the SCAn reactions discarded, it 
yields a σfi t

 = 1.0 (Powell and Holland, 1994).
†Ca-tschermak (cpx) + qtz = An (McCarthy and Patiño-Douce, 1998).
§Qtz saturated (Holland and Blundy, 1994).
#P calculated at specifi c temperatures listed under the “T ” column.
**T calculated at specifi c pressures listed under the “P ” column. 
††Garnet-plagioclase-sillimanite-quartz barometer of Holdaway (2001).
§§Temperature range between the muscovite-out and biotite-out reactions 

estimated from experimental (Vielzeuf and Schmidt, 2001) and thermodynamic 
modeling (White et al., 2007) studies.

Abbreviations: Hbl—hornblende; Pl—plagioclase; cpx—clinopyroxene; qtz—quartz.
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weighted mean average 206Pb/238U age of 62 ± 2 Ma (MSWD = 3.7; prob. 
fi t = 0.01; Fig. 7D). The morphology of zircon grains and the overgrowth 
relationship of grain L02, which is formed by a ca. 82 Ma core and a 
ca. 62 Ma rim, suggest the presence of a melt phase (Corfu et al., 2003) 
during the two main periods of zircon growth.

Titanite Results. Titanite in sample Fg-462d is ~300 × 600 μm, euhe-
dral, and in textural equilibrium with clinopyroxene and plagioclase 
(Figs. 5C and 5D). Titanite has dark cores surrounded by light rims when 
examined on backscattered electron images (Figs. 8A–8D). Regression 
of 21 of the 22 uncorrected analyses on a Tera-Wasserburg plot intersects 
concordia at 58 ± 9 Ma (MSWD = 18) and yields a y-axis 207Pb/206Pb 
intercept of 0.65 ± 0.13 (Fig. 8E). Using the y-axis for common Pb cor-
rection (Storey et al., 2006; Aleinikoff et al., 2007), we fi nd a corrected 
weighted mean average 206Pb/238U age of 57 ± 2 Ma (MSWD = 1.00; prob. 
= 0.46; Fig. 8F; Table 6). There is no difference in age between cores and 

rims, even if treated separately for common Pb correction. We interpret 
this ca. 57 Ma age as the time at which the sample cooled below the clo-
sure temperature for Pb diffusion in titanite (600–680 °C, depending on 
the cooling rate for grains of this size; Cherniak, 1993).

P-T-t Path for the Monashee Décollement. The data presented here 
allow the construction of the retrograde P-T-t path followed by rocks of 
the northern segment of the Monashee décollement. The record of zircon 
growth in leucosome sample Fg-462d (Fig. 7D) indicates protracted high-
temperature metamorphism between 120 and 62 Ma, typical of lower 
Selkirk allochthon rocks (Table 2). Peak metamorphic conditions were 
reached some time in this period and are estimated at 800–1200 MPa and 
750–860 °C from the migmatitic pelitic schist sample Fg-462a (Fig. 6). 
Thermobarometric results indicate that the synkinematic clinopyroxene-
bearing leucosome sample Fg-462d equilibrated at P-T conditions of 
~300 MPa and 700 °C (Fig. 6; Table 4). The retrograde P-T path, therefore, 
involved >500 MPa of decompression at high temperature. Top-to-the-E 
shearing was taking place during decompression because the shear fabric 
is formed by the product of the retrograde reaction R1. A key to deriving 
the timing of this path is the presence of a melt phase in sample Fg-462d. 
Indeed, evidence presented here indicates the presence of melt during: 
(1) the growth of zircon at ca. 82 and ca. 62 Ma (Fig. 7D); (2) the growth 
of the synkinematic clinopyroxene-titanite aggregate (Figs. 4D, 5C, and 
5D); and (3) the retrogression of clinopyroxene to hornblende in the top-
to-the-E asymmetric pressure shadow of the aggregate that equilibrated at 
~300 MPa and ~700 °C (Figs. 4D and 5D). However, melt was most likely 
crystallized at ca. 57 Ma when Pb ceased to diffuse in titanite. Hence, the 
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TABLE 5. U-Pb LASER ABLATION–MULTICOLLECTOR–INDUCTIVELY 
COUPLED PLASMA–MASS SPECTROMETRY SPOT ANALYSES OF ZIRCON 

GRAINS FROM LEUCOSOME SAMPLE 05-FG-462d

Analysis 
no.

207Pb/235U ±2σ 206Pb/238U ±2σ ρ 206Pb/238U age 
(Ma)

±2σ
(Ma)

Rims

S02-2* 0.1889 0.0060 0.0247 0.0017 0.45 157 11
S03-1 0.1112 0.0035 0.0167 0.0005 0.86 107 3
S05-2 0.1262 0.0040 0.0187 0.0007 0.96 119 4
L02-2 0.0814 0.0027 0.0130 0.0004 0.90 83 3
L02-3 0.0615 0.0022 0.0101 0.0003 0.85 65 2
L02-4 0.0806 0.0027 0.0132 0.0004 0.87 84 3
L02-5* 0.0668 0.0024 0.0131 0.0004 0.71 84 3
S05-1* 0.0853 0.0030 0.0164 0.0010 0.99 105 6
S12 0.0927 0.0041 0.0136 0.0016 0.36 87 10
S13 0.0599 0.0023 0.0093 0.0003 0.76 60 2
S13-2 0.0603 0.0025 0.0095 0.0003 0.64 61 2
S15 0.0634 0.0032 0.0097 0.0003 0.30 62 2
S15-2* 0.0405 0.0018 0.0100 0.0005 0.79 64 3
S16 0.0608 0.0029 0.0099 0.0003 0.36 63 2
S19-1 0.0813 0.0058 0.0125 0.0005 0.78 80 4

Detrital

02-1 4.5261 0.1359 0.2858 0.0107 0.96 1620 61
04-1 11.6970 0.3510 0.4400 0.0146 0.94 2351 78
08-1 0.5103 0.0154 0.0650 0.0021 0.92 406 13
09-1 0.6671 0.0201 0.0822 0.0027 0.94 509 17
11-1 0.8458 0.0254 0.0987 0.0033 0.95 607 20
L01-1 2.0724 0.0622 0.1920 0.0064 0.94 1132 38
L01-2 2.0084 0.0603 0.1893 0.0064 0.93 1118 38
S03-1 0.5549 0.0175 0.0718 0.0057 0.40 447 36
S07-1 0.6482 0.0198 0.0845 0.0045 0.58 523 28
S23-1 0.7095 0.0216 0.0805 0.0043 0.56 499 27

Note: Spot size is 40 × 40 µm except for analyses labeled with asterisk, for 
which the spot size was 20 × 20 µm.
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estimated P-T of equilibration (Fig. 6) is tightly bracketed between 62 
and 57 Ma (Fig. 6). This is consistent with the ca. 57 Ma age of the leuco-
granite suite crosscutting the foliation at this outcrop (Scammell, 1993). 
Consequently, the northern segment of the Monashee décollement was 
shearing along a high-temperature decompression path before ca. 62 Ma 
and the last increments of top-to-the-E shearing occurred between 62 and 
57 Ma at P-T conditions of ~300 MPa and 700 °C.

P-T-t Path for the Lower Selkirk Allochthon NE of the Monashee 

Complex

Scammell (1993) constructed a P-T-t path for lower Selkirk alloch-
thon rocks between locations A and B (Fig. 1B). Scammell was the fi rst 
to point out that a large amount of top-to-the-E shear strain accumulated 
along a cooling path by R1 because the foliation, lineation, and many 
kinematic indicators are formed by its products. From a detailed analy-
sis taking into account the effect of Fe-Mg exchange reactions between 
biotite and garnet, as well as the effect of R1, Scammell (1993) esti-
mated peak metamorphic conditions at 700–800 °C and 700–900 MPa 
and retrograde conditions at ~450 MPa and 600 °C. This 300–500 MPa 
of decompression at high temperature is consistent with our results for 
location C. The timing of this synshearing exhumation episode was 
bracketed between ca. 100 Ma, the U-Pb ages of transposed leuco-
granites and U-Pb monazite ages in schist, and ca. 90 Ma, the oldest 
U-Pb titanite age at location A (Fig. 1B). Scammell used this latter age 
rather than the ca. 74 Ma titanite age obtained at location B because he 
assumed that cooling was synchronous throughout the entire area. How-
ever, based on the trend of cooling ages reported in Figure 3B here, we 
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TABLE 6. U-Pb LASER ABLATION–MULTICOLLECTOR–INDUCTIVELY 
COUPLED PLASMA–MASS SPECTROMETRY SPOT ANALYSES OF 

TITANITE GRAINS FROM LEUCOSOME SAMPLE 05-FG-462d

Uncorrected isotopic ratios and errors Corrected age†

238U/206Pb ±2σ 207Pb/206Pb ±2σ Age 
(Ma)

±2σ

Cores

M01-1 67.227 2.173 0.25219 0.00522 63 7
M02-1 68.889 2.200 0.25796 0.00517 61 7
M04-1 65.200 2.174 0.30602 0.00630 56 9
M05-1 65.463 2.231 0.33842 0.00646 51 10
S01-1 53.912 1.739 0.32762 0.00451 64 12
S01-2* 40.464 1.241 0.33946 0.00416 82 17
S05-1 71.320 3.153 0.30644 0.00510 51 9
S05-2 58.735 2.008 0.31510 0.00402 61 11
S12 65.826 2.615 0.31145 0.00654 55 10

Rims

M01-2 73.874 2.532 0.25850 0.00730 56 7
M02-2 82.452 3.053 0.22303 0.00424 55 5
M02-3 82.378 2.952 0.23682 0.00717 53 6
M02-5 71.702 2.370 0.32755 0.00563 48 9
M02-6 68.875 2.814 0.32216 0.00576 51 9
M03-1 58.193 1.858 0.32234 0.00703 60 11
M04-2 60.583 2.077 0.30621 0.00532 60 10
M05-2 58.319 1.981 0.32900 0.00457 59 11
S01-3 77.718 2.892 0.21653 0.00276 59 5
S01-4 74.764 2.557 0.23432 0.00316 59 6
S01-5 72.543 2.814 0.26730 0.00303 56 7
S01-6 55.065 1.842 0.32163 0.00509 63 12
S05-3 61.637 2.015 0.32573 0.00556 56 11

*Discarded from calculations. 
†206Pb/238U age corrected for common Pb (see text for details).
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reinterpret these two different ages as indicative of this trend. Inasmuch 
as similar retrograde P-T paths and timing of high-temperature meta-
morphism were recorded at locations A, B, and C, the trend of cooling 
ages implies successive high-temperature decompression paths becom-
ing younger southwestward, as shown in Figure 9.

P-T-t Path for the Monashee Complex

Foster et al. (2004) derived a prograde P-T-t path for a migmatitic kya-
nite-bearing schist collected by Gibson et al. (1999) in the footwall of the 
Monashee décollement near location D in the northern Frenchman Cap 
dome (Fig. 1B). The path involves heating and burial in the kyanite fi eld 
between ca. 75 and 56 Ma and a peak pressure estimate of ~1000 MPa. 
These results are consistent with the ca. 58 Ma estimate for the timing at 
which migmatitic schists from a similar structural level, but on the west 
fl ank of the dome, reached the kyanite + melt fi eld (Crowley and Par-
rish, 1999; Crowley et al., 2001). The end of ductile deformation is con-
strained at ca. 55 Ma from the age of a crosscutting pegmatite and from 
a hornblende 40Ar/39Ar plateau age (Crowley and Parrish, 1999). Because 
kyanite in the ca. 58 Ma leucosomes is pseudomorphed by andalusite and 
because synkinematic andalusite has been observed nearby (Journeay, 
1986; Scammell, 1986), there must have been signifi cant decompression 
between ca. 58 and 55 Ma (Fig. 3C). Although slightly older, these results 
are consistent with the near-isothermal, high-temperature decompression 
path between 56 and 51 Ma documented in the Thor-Odin dome (Nor-
lander et al., 2002; Hinchey et al., 2006).

Timing of Motion of the Two Oppositely Verging Shear Zones 

Bounding the Lower Selkirk Allochthon

A key criterion for testing tectonic models of exhumation is the timing 
of shearing along reverse and normal shear zones (Fig. 2). The existence 
of the Monashee décollement has been questioned by Vanderhaeghe et 
al. (1999), Williams and Jiang (2005), and Kruse and Williams (2007). 
However, the contrast in plutonic history (Table 2) and the contrast in 
depth-time paths (Fig. 9) between the lower Selkirk allochthon and the 
Monashee Complex clearly demonstrate that the two units were not jux-
taposed until the Eocene. Furthermore, results presented herein for the 
northern segment agree with those obtained previously for the southern 
segment (Carr, 1992, 1995) and confi rm that the last increments of top-
to-the-E shearing along the reverse shear zone took place between 62 and 
57 Ma along its entire length. The contrast in lithologic units may be less 
striking in the south than in the north (but see McNicoll and Brown, 1995), 
but the similarities in structure, metamorphism, and timing of shearing 
demonstrate that the Monashee décollement bounds the west fl ank of the 
Monashee Complex along its entire length. It is not possible to determine 
if shearing started earlier than ca. 62 Ma, but the protracted high-temper-
ature conditions recorded by zircon growth in leucosomes and sheared 
leucogranites of this shear zone (continuous record from 100 to 58 Ma; 
Table 2) suggest that it did.

A general P-T-t trend for the Okanagan Valley fault system can be 
estimated from the metamorphic paragenesis in top-to-the-W microstruc-
tures combined with the timing of synkinematic intrusions and cooling 
ages. Top-to-the-W kinematic indicators are formed by: (1) the peak 
meta morphic minerals biotite–sillimanite-garnet-K-feldspar; (2) biotite-
sillimanite folia in pressure shadows of resorbed garnet (Bardoux, 1993; 
Glombick et al., 2006a; Johnson, 2006); (3) retrograde minerals mus-
covite and chlorite; and (4) brittle structures (Bardoux, 1993; Johnson, 
2006). This sequence indicates that shearing started at the thermal peak, 
continued along a cooling path, fi rst at high temperature during garnet 

breakdown by R1, and then at lower temperature during crystallization of 
hydrous minerals, and fi nally ended in the brittle fi eld. As for the Mona-
shee décollement, the record of zircon growth in leucosomes from 100 to 
57 Ma indicates protracted high-temperature conditions. Furthermore, the 
overlap between the intrusion of the synkinematic Ladybird leucogran-
ite and hornblende Ar/Ar cooling ages implies that the last increments 
of top-to-the-W ductile shearing along the Okanagan Valley fault system 
took place between 60 and 56 Ma (Table 2; Carr, 1992; Johnson, 1994; 
Vanderhaeghe et al., 1999). It is not possible to ascertain if shearing started 
earlier, but the protracted record of zircon growth in sheared leucosome 
between 100 and 57 Ma suggests that it did.

The two shear zones bounding the lower Selkirk allochthon therefore 
share the same structural, metamorphic, and geochronological character-
istics (Table 7). Combined with the high-temperature decompression path 
documented previously (Fig. 6), these similarities imply that the lower 
Selkirk allochthon was approaching the surface of Earth by coeval shear-
ing along the top-to-the-E Monashee décollement at its base and the top-
to-the-W Okanagan Valley fault system at its roof in the Paleocene.
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TABLE 7. COMPARISON MONASHEE DÉCOLLEMENT (MD) 
VS. OKANAGAN VALLEY FAULT SYSTEM (OVFs)

MD OVfs

W-eht-ot-poTE-eht-ot-poTesnes raehS
sfK-liSsfK-liSedarg cihpromateM

P-T path ↓T, ↓P ↓T, ↓P?
aM 75–021 aM 95–811TH gnimiT

Timing last increments HT shear strain 62–57 Ma* 60–56 Ma
Timing end of ductile deformation ca. 57 Ma Down to ca. 49 Ma
Timing cooling <500–600 °C 59–57 Ma 58–54 Ma

Note: HT—high temperature.
*New data.
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TESTING THE EXHUMATION MODELS

In this section, the newly devised test of exhumation processes in col-
lisional orogens (Fig. 2D) is applied to the area surrounding the Monashee 
Complex in the southeastern Canadian Cordillera. The three main modes 
of exhumation are ranked from least to most plausible based on a compari-
son of the data set described herein with the predictions of analogue and 
numerical models of collisional orogens (Fig. 2D).

Gravitational Collapse

Most studies have attributed the exhumation of midcrustal rocks in the 
southeastern Canadian Cordillera to the gravitational collapse of a thick-
ened welt following a reduction of convergence rate and/or delamination 
of the mantle lithosphere in the Eocene (Coney and Harms, 1984; Tempel-
man-Kluit and Parkinson, 1986; Parrish et al., 1988; Carr, 1992; Bardoux 
and Mareschal, 1994; Vanderhaeghe and Teyssier, 1997; Liu, 2001; Nor-
lander et al., 2002; Teyssier and Whitney, 2002; Price and Monger, 2003; 
Teyssier et al., 2005; Kruse and Williams, 2007; Rey et al., 2009). Our 
test could be partially compatible with the gravitational collapse model 
(Fig. 2D) if applied to the area south of the Frenchman Cap dome, where 
most of the aforementioned studies were conducted, but it would not be 
compatible if applied to the area surrounding the dome (e.g., cross section 
of Fig. 3A). However, the continuity of the lower Selkirk allochthon from 
west of the Thor-Odin dome to the northern Monashee Mountains (Fig. 1), 
which is well marked by similar lithological, structural, metamorphic, and 
geochronological characteristics, requires the incorporation of the entire 
area into the test. Hence, the absence of a major normal shear zone in the 
northern Monashee Mountains (Figs. 1 and 3A), the prevalence of fi nite 
strain indicative of general shear rather than horizontal fl attening, and 
moreover the synchronous exhumation of the lower Selkirk allochthon 
and burial of the Monashee Complex (Fig. 9) rule out gravitational col-
lapse as the preferred exhumation mode of the lower Selkirk allochthon. 
As for the Monashee Complex, the absence of a penetrative fabric of Cor-
dilleran age, the preservation of Paleoproterozoic Pb in titanite, as well as 
the 52–49 Ma contractional structures in felsic gneisses located 5 to 10 km 
structurally below the kyanite–K-feldspar migmatites of the upper part of 
the complex imply late basement underthrusting (cf. Gervais et al., 2010). 
This, in turn, implies that the exhumation of these kyanite-migmatites to 
the andalusite fi eld between 59 and 55 Ma occurred during convergence. 
A synconvergent mode of exhumation is therefore required for both the 
lower Selkirk allochthon and the upper part of the Monashee Complex.

Orogenic Wedge

The orogenic wedge mode was proposed mainly based on data col-
lected in and north of the Frenchman Cap dome (Brown and Journeay, 
1987; Parrish, 1995; Brown, 2004) and has not been tested against pre-
dictions from modeling studies (Fig. 2A). The fi rst prediction common 
to all models is that of reverse shearing localized at the retro-shear zone 
and steep fl attening in the wedge interior. In contrast, a shallowly dip-
ping transposition foliation formed by reverse shear strain is distributed 
through the 16–20-km-thick package of high-grade rocks consisting of 
the lower Selkirk allochthon and Monashee Complex. The sharp transition 
from migmatites to greenschist-facies rocks across the Okanagan Valley 
fault system, as well as the absence of a cooling age gradient in the lower 
Selkirk allochthon west of the Monashee Complex are both not compat-
ible with this exhumation mode. Furthermore, the coeval motion of major 
normal (Okanagan Valley fault system) and reverse (Monashee décolle-
ment) shear zones bounding the lower Selkirk allochthon is diffi cult to 

reconcile with an orogenic wedge model. The model of vertical normal 
shearing at the top of an uplifting duplex stack (Fig. 2A; Malavieille, 
2010) is not applicable either, because this model requires a systematic 
gradient in peak metamorphic and cooling ages across structural levels. 
Finally, theoretical considerations suggest that wedge geometry could not 
have been maintained for a low-viscosity middle crust inferred from the 
large volume of migmatitic rocks in the lower Selkirk allochthon (Vander-
haeghe et al., 2003a). Therefore, another synconvergent model is required.

Channel Flow and Ductile Extrusion

The fi rst model proposing that part of the exhumation of the lower Sel-
kirk allochthon occurred during convergence and involved crustal decou-
pling and ductile fl ow was the “dynamic spreading” model of Scammell 
(1993). A ductile extrusion model was later proposed by Johnston et al. 
(2000), and arguments in favor (Brown and Gibson, 2006; Glombick et al., 
2006a; Kuiper et al., 2006) and against (Carr and Simony, 2006) the chan-
nel-fl ow concept have recently been put forward. The coeval, but opposite 
motion of two shear zones bounding the migmatitic lower Selkirk alloch-
thon (Fig. 3A; Table 7), the lateral trend of cooling ages (Figs. 3B and 
9), the protracted residence time at high temperature of the lower Selkirk 
allochthon, and the synchronous exhumation of the lower Selkirk alloch-
thon and burial of the Monashee Complex in its footwall (Figs. 3C and 
9) are predicted features common to all channel-fl ow models (Fig. 2B; 
Table 2). The sharp transition from migmatitic to greenschist-facies rocks 
in the hanging wall of the Okanagan Valley fault system and the absence 
of a sharp metamorphic fi eld gradient in the footwall of the Monashee 
décollement are not. However, Jamieson et al. (2004) acknowledged that 
the incorporation of strain localization in the numerical code could lead to 
a sharper gradient in the hanging wall of a hot channel, which could be an 
explanation for the observations. The absence of a gradient in the footwall 
of the lower Selkirk allochthon is explained by the downward migration of 
fl ow, as explained in the following. In contrast to the other models, most of 
the requirements of this exhumation mode are thus met (Fig. 2B), and we 
argue that a channel-fl ow process similar to the HT111 model of Jamieson 
et al. (2006; Fig. 2B) led to the exhumation the lower Selkirk allochthon 
in the Late Cretaceous to Paleocene.

The extensive multidisciplinary data set compiled herein allows us to 
derive an internally consistent tectonic model (Fig. 10). Building on the 
model of Gibson et al. (2008), we propose that rocks of the Selkirk alloch-
thon (both the upper Selkirk allochthon and lower Selkirk allochthon) were 
deformed and metamorphosed in a SW-verging prowedge in the Jurassic. 
Whereas rocks of the upper Selkirk allochthon were exhumed to upper-
crustal levels (<10–15 km depth) in Jurassic to Early Cretaceous time, rocks 
of the lower Selkirk allochthon remained at depth and were transported in 
a retrowedge setting where they continued to be thickened and heated. 
This reconciles the record of Jurassic metamorphic ages in both the upper 
and lower panels, whereas Jurassic cooling ages are recorded only in the 
upper Selkirk allochthon (Table 2; Gibson et al., 2008). The thermal peak 
was reached at ca. 100–90 Ma, when a signifi cant portion of the middle 
crust reached partial melting conditions, as recorded by numerous zircon 
and monazite U-Pb ages in sheared leucosome, leucogranite, and schists of 
the lower Selkirk allochthon. Building on the models of Scammell (1993), 
Brown and Gibson (2006), and Glombick et al. (2006a), we propose that, 
at this moment, wedge dynamics ceased, and Poiseuille fl ow started to 
prevail in an ~10-km-thick channel that decoupled from its lid and base 
and fl owed toward the foreland. Between 90 and 70 Ma (Figs. 10A and 
10B), the frontal part of the channel (location A on Figs. 1B and 3) cooled 
below the titanite closure temperature (600–650 °C) at pressures of 400–
600 MPa as it fl owed above an underthrusting basement ramp. Flow was 
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décollement; PT—Purcell Thrust.
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accommodated by internal ductile deformation within the channel and by 
top-to-the-E and top-to-the-W shearing along the Monashee décollement 
and the Okanagan Valley fault system, respectively. The southwest lateral 
trend of cooling ages (Figs. 3B and 9) suggests that basement underthrust-
ing under a fl owing channel continued for at least 30 m.y., between 90 and 
60 Ma, while rocks of the Monashee Complex were progressively buried 
to a depth >35 km (1000 MPa; Fig. 3C). As mentioned already here and 
in Gervais et al. (2010), data from the Frenchman Cap dome indicate that 
basement underthrusting took place until 52–59 Ma. We propose a model 
similar to that of numerical model HT111 (Fig. 2B; Jamieson et al., 2006), 
in which the leading edge of the underthrusting indentor is expelled back 
above its stiffer part once it has been thermally softened. In the Monashee 
Complex, this would have occurred at ca. 58 Ma, when underthrusted cover 
sequence and basement rocks reached partial melting conditions (Figs. 3C 
and 10C). This model provides a mechanism to juxtapose rocks of the 
Monashee Complex and the lower Selkirk allochthon, which were then 
separated by more than 25 vertical km (compare Figs. 3C and 6). Postoro-
genic extension occurred at 50–47 Ma and was fi rst accommodated in the 
brittle-ductile regime by the development of the Columbia River fault and 
the reactivation of the Okanagan Valley fault system (Fig. 10D), and then 
in the brittle regime by the formation of N-S–striking normal faults and the 
intrusion of lamprophyre dikes. Regional extension is well recorded by the 
cluster of mica cooling ages (Fig. 3B) and the timing of late shearing along 
the two main normal brittle-ductile shear zones, Columbia River fault and 
Okanagan Valley fault system (Table 2). It is noteworthy that this model is 
compatible with the palinspastic restoration of Johnson and Brown (1996), 
which implies signifi cant exhumation of the lower Selkirk allochthon and 
Monashee Complex prior to 20%–25% extension.

In contrast with channel-fl ow models (Beaumont et al., 2001, 2004), 
erosion was most likely not a major driving force in the southeastern 
Canadian Cordillera. Low denudation rates in the Late Cretaceous are 
indicated by the study of Sears (2001), who coupled low-temperature 
thermochronology with palinspastic restoration, and are indicated by the 
large gap of ~20 m.y. between hornblende and mica cooling ages in the 
northern Monashee Mountains. We rather suggest that most of the exhu-
mation was due to structural decoupling at the top of a channel fl owing up 
an incline plane, and that part of the space was created by shortening in the 
foreland belt (Figs. 10B and 10C). This is supported by the synchronicity 
of the main shortening phase in the foreland belt and the exhumation of 
the channel between 75 and 59 Ma (Price and Sears, 2000; this study). 
With low denudation rates, we postulate that the main driving force was 
tectonic forcing by the underthrusting basement indentor, as reproduced 
in numerical models (Jamieson et al., 2006, 2010; Beaumont et al., 2010).

Consequently, a model of synconvergent channel fl ow and ductile 
intrusion above an underthrusting basement ramp reconciles all structural, 
metamorphic, and geochronological data available at the latitude of the 
Monashee Complex (Fig. 10). This region of the southeastern Canadian 
Cordillera thus constitutes a compelling natural analogue to the thermo-
mechanical numerical models of channel fl ow (Beaumont et al., 2001, 
2004, 2006; Jamieson et al., 2004, 2006, 2007, 2010).

CONCLUSIONS

1. We derived a test to distinguish among the main modes of exhuma-
tion in collisional orogens: orogenic wedge, channel fl ow, and gravita-
tional collapse. The spatial distribution of fi nite strain patterns, cooling 
ages, and P-T-t paths as well as metamorphic fi eld gradients and the tim-
ing of motion along reverse and normal shear zones can be used as a set of 
diagnostic criteria, whereas the shape of pressure-temperature (P-T) paths 
and absolute peak P-T conditions are not distinctive (Fig. 2).

2. Based on a new compilation of fi eld-based data (Table 2), we pro-
pose a tectonometamorphic subdivision for studies focusing on high-
grade rocks of the southeastern Canadian Cordillera. Hence, the crustal 
architecture consists of three main units stacked over each other (Figs. 1B 
and 3A) and includes, from upper to lower structural levels: the upper and 
lower Selkirk allochthon, and the Monashee Complex.

3. The commonly held view that exhumation of the high-grade core 
occurred by postconvergent gravitational collapse (Coney and Harms, 
1984; Parrish et al., 1988; Vanderhaeghe and Teyssier, 1997; Teyssier 
and Whitney, 2002; Teyssier et al., 2005; Rey et al., 2009) is rejected 
because it fails our test. Notably, the prevalence of reverse shear strain 
rather than the predicted horizontal fl attening (Fig. 3A), the exhuma-
tion of the lower Selkirk allochthon coeval with burial of the Monashee 
Complex in the Late Cretaceous to Paleocene (Fig. 9), the presence of 
52–49 Ma contractional structures in the lower part of the Monashee 
Complex, and the absence of a penetrative foliation in the core of com-
plex (Fig. 3A; Gervais et al., 2010) are strong arguments against this 
exhumation mode (Fig. 2C).

4. The absence of a steep fl attening fabric (Fig. 3A), the sharp meta-
morphic fi eld gradient between the lower Selkirk allochthon and the upper 
Selkirk allochthon across the Okanagan Valley fault system, and the coeval 
motion of major normal and reverse shear zones are characteristics dif-
fi cult to reconcile with the orogenic wedge mode of exhumation (Fig. 2A).

5. In contrast, all the key requirements of the synconvergent model of 
channel fl ow are fulfi lled (Fig. 2B). Notably: (1) the lower Selkirk alloch-
thon is an 8–10-km-thick panel consisting of >30%–50% leucocratic 
material (leucosome + sheared leucogranite) bounded by reverse-sense 
and normal-sense shear zones at its base and roof, respectively, both of 
which were active together from at least the Paleocene (62–57 Ma) and 
probably since ca. 100–90 Ma (Table 7); (2) rocks of the upper Selkirk 
allochthon that surround the lower Selkirk allochthon had been exhumed 
to upper-crustal levels by the Late Cretaceous (Fig. 3B); (3) the lower 
Selkirk allochthon records a lateral gradient of cooling ages that become 
younger from the front to the rear of the proposed channel (Fig. 3B); and 
(4) footwall rocks of the proposed channel (i.e., the Monashee Complex) 
were being buried during synkinematic exhumation of the lower Selkirk 
allochthon (Fig. 9).

6. The database presented in Table 2 is internally consistent with a 
model of exhumation by channel fl ow above an underthrusting basement 
(Fig. 10).

APPENDIX

Analytical Methods for U-Pb Geochronology

Zircon and titanite grains were isolated using standard mineral separation tech-
niques. Grains were mounted in epoxy and polished to reveal their centers. Cathodo-
luminescence (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 ampli-
fi er. 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, an accelerating voltage of 15 KeV, and beam current of 30 nA.

Isotopic data were acquired by laser ablation–multiple collector–inductively 
coupled plasma–mass spectrometry (LA-MC-ICP-MS) at the radiogenic isotope 
facility (RIF) of the University of Alberta, Edmonton. Instrumentation includes a 
Nu Plasma LA-MC-ICP-MS, coupled to a Nd:YAG UP213 laser ablation system. 
The LA-MC-ICP-MS instrument is equipped with a modifi ed collector block con-
taining 12 Faraday collectors and three ion counters (Simonetti et al., 2005). Raw 
data were normalized against the zircon standard FC-1 (ca. 1098 Ma) and titanite 
standard Khan (ca. 521 Ma; Simonetti et al., 2006). Additional analytical protocol 
and instrumentation are described in Simonetti et al. (2006). Errors are given at 
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2σ. Plots were made with Isoplot 3 (Ludwig, 2008). Using a 40 × 40 µm laser spot 
typically provided space for one or two analyses per grain. For a few analyses of 
small areas, labeled with asterisks in Tables 3 and 4, a 20 µm laser spot was used.

Because few studies have used LA-MC-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 analyzed 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., 2006). The fi rst 
regresses the uncorrected data on a Tera-Wasserburg 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 Isoplot 3 (Ludwig, 2008), 
using the y-intercept on the Tera-Wasserburg plot and its uncertainty for the com-
mon Pb 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 they yield better 
precision. After discarding one of the 11 analyses of BLR-1 standard, which was 
clearly off the regression line on the Tera-Wasserburg plot, we found an age of 1041 
± 110 Ma (MSWD = 0.79; prob. = 0.62) using the fi rst method and a weighted mean 
average of 1043 ± 35 Ma (MSWD = 0.09; prob. = 1.00) using the second method, 
both of which are in agreement with the true age.
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