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ABSTRACT

The Monashee refl ection is a major 
crustal-scale, crosscutting refl ection that 
appears on two mutually perpendicular 
Lithoprobe seismic profi les in the southern 
Omineca belt of the Canadian Cordillera. It 
has previously been interpreted as the down-
plunge extension of a regional ductile thrust 
fault, the Monashee décollement, which is 
said to separate the Monashee complex from 
the overlying Selkirk allochthon. We reinter-
pret the Monashee refl ection as a shear zone 
with modest, normal displacement based on 
recent mapping, geometric analysis of the 
seismic profi les, and existing geochronologi-
cal and metamorphic data.

Recent mapping has demonstrated that 
this boundary is not a shear zone with thrust 
geometry, but rather it is a gradational 
boundary that has resulted from mutual fold-
ing and transposition of rocks ascribed to the 
Monashee complex and Selkirk allochthon. 
Overprinting the transition zone in different 
areas are three high-strain zones: the Green-
bush Lake shear band zone, Slate Mountain 
shear zone, and a ductile shear zone associ-
ated with the Columbia River fault. We inter-
pret these high-strain zones as segments of a 
single, high-strain zone that wraps around 
the margins of the Thor-Odin culmination. 
This marginal zone is a complex, outward-
dipping, normal structure, which we name 
the Thor-Odin high-strain zone.

Three alternative three-dimensional geo-
metric models have been developed for the 
Monashee refl ection in order to project the 
refl ection to the surface. We favor a model 
in which the surface trace of the Monashee 
refl ection coincides with the Thor-Odin high-
strain zone.

Normal shear sense kinematics are inter-
preted for the Monashee refl ection based on: 
(1) the overall geometry and fault-drag–like 
relationship between the Monashee refl ection 
and refl ections in the hanging wall and foot-
wall; (2) offset of metamorphic and geochro-
nological gradients, which are consistent with 
an extensional zone rather than with a thrust 
fault interpretation; and (3) the crosscutting 
nature of the Monashee refl ection, which is 
consistent with normal structures through-
out the region.

Keywords: structure, Lithoprobe, seismic-refl ec-
tion profi les, Monashee complex, Cordillera.

INTRODUCTION

The Shuswap complex is a fault-bounded 
high-grade terrane within the southern Omin-
eca belt of the Canadian Cordillera (Fig. 1). It is 
defi ned by Eocene normal faults or shear zones 
that juxtapose low-grade, upper-crustal assem-
blages in the hanging walls with greenschist 
to amphibolite facies, middle-crustal and base-
ment-zone rocks in the footwalls (Brown and 
Read, 1983; Brown and Journeay, 1987; Carr, 
1991; Bardoux and Mareschal, 1994; Carr, 1995; 
Johnson and Brown, 1996; Johnson, 2006).

The Monashee complex is a structural culmi-
nation within the Shuswap complex that exposes 
Proterozoic North American basement rocks 
(Armstrong, 1982; Parrish and Armstrong, 1983; 
Armstrong et al., 1991; Crowley, 1999). It is 
composed of two smaller structural culminations, 
the northern Frenchman Cap culmination and the 
southern Thor-Odin culmination (Fig. 1).

Two mutually perpendicular Lithoprobe lines, 
composite line 7–8–9 and line 6 (Fig. 2A) were 
recorded south of the Thor-Odin culmination, 
which would allow for some three-dimensional 
(3-D) information to be inferred from refl ections 
that appear on both lines. The most prominent 
of these refl ections is the Monashee refl ection, 

a crustal-scale discontinuity that appears as a S-
plunging trace on profi le 6 and as a curved and 
both E- and W-plunging trace on composite pro-
fi le 7–8–9 (Fig. 2B). The traces intersect where 
the seismic lines cross, indicating that they rep-
resent a single surface.

The Monashee refl ection can potentially 
be interpreted as: (1) a shear zone with thrust 
geometry (Brown et al., 1992; Cook et al., 1992; 
McNicoll and Brown, 1995; Varsek and Cook, 
1994; Vasudevan et al., 1995); (2) the base of 
Mesozoic Cordilleran deformation; (3) an inher-
ited, Proterozoic structure or contact (Thomp-
son et al., 2002); (4) a folded extensional shear 
zone; or (5) a complex high-strain zone. In this 
contribution, we argue in favor of a complex 
high-strain zone origin, which would correlate 
the Monashee refl ection with the W-dipping, 
normal Greenbush Lake shear band zone in the 
west, the S-dipping Slate Mountain shear zone 
in the south, and the E-dipping, normal, ductile 
Columbia River fault in the east. These three 
zones outcrop around the margins of the Thor-
Odin culmination, lie on-strike of one another 
(Fig. 1), overprint a regional transposition folia-
tion, and are interpreted to form a single, com-
plex high-strain zone. We name this structure 
the Thor-Odin high-strain zone.

The Monashee refl ection has been correlated 
with the Monashee décollement (Brown et al., 
1992; Cook et al., 1992; Carr, 1995), which is 
a crustal-scale ductile shear zone with thrust 
kinematics that is said to separate the Monashee 
complex from the overlying middle and upper 
crustal zones (collectively known as the Selkirk 
allochthon) of Carr (1991). As interpreted, the 
Monashee décollement outcrops as an arcuate 
shear zone that is approximately coincident with 
our Thor-Odin high-strain zone. The Monashee 
décollement is also interpreted as linking to 
the basal detachment that lies below the Rocky 
Mountain fold-and-thrust belt (Brown et al., 
1992; Cook et al., 1992). The Monashee décol-
lement, as defi ned by McNicoll and Brown 
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Figure 1. Geology of the southern Omineca belt modifi ed from Carr (1991) indicating the positions of Lithoprobe seismic transects 6 and 
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(1995) in the Thor-Odin culmination, is said to 
project into the trace of the Monashee refl ection 
on profi les 6 and 7–8–9. In Frenchman Cap, 
the Monashee décollement has been projected 
parallel to the W-dipping seismic fabric from its 
interpreted surface position, down onto Litho-
probe profi le 19, where it is indistinguishable 
as a discrete structure (Cook et al., 1992). The 
Monashee décollement is described as having a 
top-to-the-NE sense of displacement (Brown et 
al., 1986; Lane et al., 1989; Brown et al., 1992; 
Cook et al., 1992; McNicoll and Brown, 1995; 
Gibson et al., 1999; Crowley et al., 2001) and an 
estimated magnitude of displacement between 
80 and 100 km (Brown et al., 1986, 1992).

Varsek and Cook (1994) reinterpreted the 
Lithoprobe data to correlate the Monashee 

refl ection with the Monashee décollement, but 
suggested that it is the upper boundary of a 20-
km-thick, W-dipping, crustal-scale thrust ramp 
that correlates with the Priest River ramp inter-
preted from Consortium for Continental Refl ec-
tion Profi ling (COCORP) lines in Washington 
State. The Monashee ramp is described as a 
contractional structure that has been relatively 
unaffected by subsequent extensional deforma-
tion (Varsek and Cook, 1994).

An alternative hypothesis is that the Monashee 
refl ection represents a pre-Cordilleran, Protero-
zoic structure. Thompson et al. (2002) argued that 
semicontinuous stratigraphy across this portion 
of the southern Omineca belt precludes structures 
with large displacements, such as the Monashee 
décollement. Consequently they suggested that 

the deep crustal structure, inferred from Litho-
probe seismic profi les, predates the Proterozoic 
Belt-Purcell and younger sedimentary succes-
sions (Thompson et al., 2002). In our interpreta-
tion, the Monashee refl ection is an Eocene high-
strain zone with modest displacement, and thus it 
is not in confl ict with the stratigraphic observa-
tions of Thompson et al. (2002).

In addition to the Monashee refl ection, we 
discuss a second important refl ection, the Val-
halla refl ection. Above the Monashee refl ection, 
in profi les 6 and 7−8−9, there are gently undu-
lating refl ections with a horizontal enveloping 
surface (Fig. 2B). These have been interpreted 
as representing a single surface that correlates 
with the Valhalla refl ection from Lithoprobe 
profi le 5 (Carr, 1995). The Valhalla refl ection, 
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Figure 2A. Migrated and coherency fi ltered Lithoprobe seismic refl ection profi les. Acquisition and processing parameters are given in Cook 
et al. (1988) and Cook et al. (1992). (i) Merged Lithoprobe seismic profi les of east-west–trending lines 7–8–9. (ii) North-south–trending 
Lithoprobe seismic section 6.
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in turn, has been correlated with the Gwillim 
Creek shear zone in the Valhalla complex (Cook 
et al., 1988; Eaton and Cook, 1990; Cook et al., 
1992; Carr, 1995).

Geology

The Monashee décollement was fi rst mapped 
in Frenchman Cap and later extended to the 
Thor-Odin culmination (Read and Brown, 
1981; Brown and Read, 1983; Journeay, 1986; 
Bosdachin and Harrap, 1988; Harrap, 1990; 

Carr, 1991; Brown et al., 1992; McNicoll and 
Brown, 1995). In agreement with earlier map-
ping (Jones, 1959; Craig, 1966; Reesor and 
Moore, 1971; Mutti, 1978), our mapping (John-
ston, 1998; Johnston et al., 2000; Spark, 2001; 
Kruse et al., 2004; Williams and Jiang, 2005) has 
failed to reveal a shear zone with thrust geom-
etry or other sharp separation of the Monashee 
complex and the Selkirk allochthon (Fig. 3).

As stated already, we do recognize a high-
strain zone, the Thor-Odin high-strain zone, 
which wraps around the culmination from the 

west fl ank to the east fl ank, approximately coin-
cident with the inferred Monashee décollement. 
However, this high-strain zone is not the bound-
ary between the Monashee complex and the Sel-
kirk allochthon, nor does it have the kinematics 
of a thrust.

The transition from the basement zone to 
middle-crustal zone is characterized by isocli-
nal infolding (at all scales from microscopic to 
regional) of basement-zone Monashee complex 
rocks with overlying middle-crustal zone rocks 
of the Selkirk allochthon (Fig. 3), such that no 
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sharp break exists between the two (Johnston 
et al., 2000; Spark, 2001; Kruse et al., 2004). 
Thus, if the Monashee décollement ever existed 
in the Thor-Odin culmination, it must have been 
an early structure that is now totally obscured by 
transposition.

A penetrative transposition fabric (S
T
) is pres-

ent not only in the transition zone but through-
out the Thor-Odin culmination and much of the 
middle-crustal zone. It is a product of penetra-
tive noncoaxial fl ow with a consistent top-to-
the-NE sense of shear in the Monashee complex 
and the lower part of the middle-crustal zone 
and a top-to-the-SW sense of shear at higher 
structural levels (Johnston et al., 2000; Williams 
and Jiang, 2005; Kuiper et al., 2006).

This transposed transition between basement 
and middle-crustal zones is subsequently over-
printed by the ductile, complex Thor-Odin high-
strain zone (Fig. 4). Late brittle structures sub-
sequently overprint both the early transposition 
fabric (S

T
) and the Thor-Odin high-strain zone 

(Kruse and Williams, 2005).
We have linked the previously mapped 

Greenbush Lake shear band zone (Johnston, 
1998; Johnston et al., 2000), the Slate Mountain 
shear zone (Carr, 1991), and the ductile Colum-
bia River fault (Brown and Murphy, 1981; Read 
and Brown, 1981; Lane et al., 1989) to form 
the Thor-Odin high-strain zone. We divide the 
Thor-Odin high-strain zone into three segments 
that differ from the original segments. The pre-
viously mapped arcuate Slate Mountain shear 
zone (Carr, 1991) includes three domains with 
different kinematics. The western end is on-
strike with the Greenbush Lake shear band zone 
and contains fabrics consistent with W-side-
down noncoaxial shear (Fig. 4). Therefore, we 
link this portion of the Slate Mountain shear 
zone and the Greenbush Lake shear band zone 
and refer to the combined normal structure as 
the Thor-Odin detachment (Fig. 4).

The southern, approximately east-west–
trending, middle portion of the Slate Mountain 
shear zone (Fig. 4) is characterized by a fabric 
that indicates horizontal coaxial extension. We 
refer to this domain of E-W stretching as the 
Slate Mountain high-strain zone.

The east fl ank of the Thor-Odin culmina-
tion is bounded by the Columbia River fault 
(Read and Brown, 1981). Within the fault zone, 
ductile fabrics with E-side-down kinematics 
(Brown and Murphy, 1981; Read and Brown, 
1981; Lane et al., 1989) are overprinted by late 
brittle normal and strike-slip faulting (Lane, 
1984). In the northern Thor-Odin culmina-
tion, shear bands identical to those found in the 
Thor-Odin detachment are E-dipping. To distin-
guish between the ductile and brittle fabrics, we 
restrict the term “Columbia River fault” to the 
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late brittle overprint, which extends beyond the 
boundaries of the Monashee complex (Read and 
Brown, 1981; Lane, 1984). The older, ductile 
E-side-down high-strain zone, previously inter-
preted as the Monashee décollement (Brown 
and Murphy, 1981; Read and Brown, 1981; 
Brown et al., 1986; Lane et al., 1989; Brown et 
al., 1992), is interpreted here as the continua-
tion of the Thor-Odin high-strain zone (Fig. 4), 
and is referred to as the Columbia River detach-
ment. It incorporates the east end of the old 
Slate Mountain shear zone. Lane et al. (1989) 
observed overprinting down-to-the-east ductile 
fabrics in the Columbia River valley, which they 
interpreted as related to thrust displacement on 
the Monashee décollement. They concede, how-
ever, that these fabrics may also be the result of 
Eocene ductile extension.

The Thor-Odin detachment is not a sharply 
defi ned zone. It does not obviously cut across 
S

T
, but rather, reactivates it. The reactivation 

may be manifested as a ductile shear parallel to 
S

T
, or it may occur as discrete slip on S

T
 surfaces 

(Fig. 5A). There is commonly a well-developed 
sillimanite lineation on S

T
, within the zone, which 

plunges downdip in a westerly direction (Fig. 5B). 
Outside the zone, there is a sillimanite lineation 
on S

T
 that generally plunges approximately SW. 

It differs from the sillimanite lineation within the 
zone, not only in orientation, but also in that it 
commonly is composed of sillimanite after large 
(centimeter-scale) prismatic kyanite, with kyanite 
preserved locally (Fig. 5C). The boundary of the 
zone is diffuse. Alternating, foliation-parallel, 
millimeter- to decimeter-wide domains exhibit 
either the SW-plunging sillimanite after kyanite 
lineation, a foliation-parallel random sillimanite 
fabric, or a sillimanite lineation oriented some-
where between the kyanite lineation and the 
downdip sillimanite lineation (Fig. 5D). Shear 
bands and displaced markers (Fig. 5A) consis-
tently indicate normal, W-side-down kinematics 
overprinting the top-to-the NE S

T
 fabric.

Fabrics in the Slate Mountain high-strain 
zone are different from both the Thor-Odin 
detachment and Columbia River detachment. 
We recognize the Slate Mountain high-strain 
zone as a broad, diffuse zone (2−4 km wide) 
characterized by reactivation and modifi ca-
tion of the transposition fabric (S

T
). Folds are 

 unusually cylindrical, trend horizontally E-W, 
and have moderately steep to vertical envelop-
ing surfaces. The late sillimanite lineation on S

T
 

is horizontal and E-W trending (Fig. 6A). There 
are ubiquitous shear bands, which form a conju-
gate pair that is symmetrical about the lineation 
and intersects in an axis that lies within the folia-
tion plane (Fig. 6B). This symmetrical relation-
ship indicates that deformation in this part of the 
Thor-Odin high-strain zone was coaxial with E-
W−directed stretching. Along strike toward the 
east, the sillimanite lineation becomes progres-
sively more E-plunging, and shear bands indi-
cate E-side-down noncoaxial deformation.

The Slate Mountain high-strain zone is kine-
matically linked to the two normal shear zones 
(Thor-Odin detachment and Columbia River 
detachment). It represents a zone of coaxial 
extension, which commonly develops at the 
intersection of opposing shear zones (Fig. 7). 
The overall kinematics of the Thor-Odin high-
strain zone indicate movement of material from 
above the culmination toward its fl anks.

Timing constraints on the various segments of 
the Thor-Odin high-strain zone are incomplete 

Greenbush Lake
shear band zone

Thor–Odin detachment Columbia River detachment
Slate Mountain high-strain zone

Slate Mountain shear zone

Figure 4. Relationship between the Thor-Odin detachment, Slate Mountain high-strain zone, and Columbia River detachment, collectively 
referred to as the Thor-Odin high-strain zone. The Thor-Odin detachment is a zone with a diffuse boundary, and it is characterized by 
down-to-the-W reactivation of the ST foliation, a downdip sillimanite lineation, and shear bands (C′) consistent with overall W-side-down 
displacement. The central Slate Mountain high-strain zone is characterized by a horizontal sillimanite lineation and conjugate shear bands 
that intersect in the foliation plane and are normal to the sillimanite lineation. These observations together are interpreted as being the 
result of E-W coaxial extension. The Columbia River detachment (ductile Columbia River fault) is characterized by E-side-down shear 
bands (C′), a downdip lineation, and mylonitic fabrics (Brown and Murphy, 1981; Read and Brown, 1981; Lane et al., 1989).
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Figure 5. Kinematics of the Thor-Odin detachment. Pen knife (~10 cm) is 
for scale. (A) Photograph and line drawing of pegmatite dike crosscutting 
the ST foliation. Vergence of folds in pegmatite is consistent with early 
top-to-the-NE noncoaxial fl ow (transposition). This pegmatite was sub-
sequently deformed by SW-side-down reactivation of the transposition 
foliation (ST). (B) Downdip sillimanite lineation characteristic of a folia-
tion surface reactivated by the normal shear. (C) ST transposition fabric 
plane just outside the shear zone unaffected by extensional reactivation. 
Kyanite grains (partially altered to sillimanite) in the foliation are lineated 
toward the SW (blue line). (D) Same outcrop as in C. Reactivated foliation 
surface is parallel to, but separated from, the surface shown in C by 2 cm. 
Lineation is defi ned by sillimanite (red line) with an orientation interme-
diate between the downdip lineation in B and the SW-pitching lineation in 
C (blue line). Pen knife for scale is outlined in yellow.
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but consistent with coeval Eocene extension. 
Johnston et al. (2000) reported shear bands from 
the Greenbush Lake shear band zone that are cut 
by 50.2 ± 0.5 Ma (monazite U-Pb age) pegma-
tite dikes. Parrish et al. (1988) suggested that 
top-to-the-E mylonites are also early Eocene in 
age. Lane et al. (1989) stated that ductile top-to-
the-E mylonites could either be related to Late 
Cretaceous to Paleocene thrust movement on 
the Monashee décollement, or to Eocene nor-
mal displacement on the Columbia River fault 
(Columbia River detachment in this contribu-
tion). No geochronological data are available 
for the age of the Slate mountain shear zone, 
but Carr (1991) suggested that fabrics within the 
Slate Mountain shear zone are similar to ductile 
fabrics in Eocene normal shear zones elsewhere 
in the region. Further geochronological work 
would provide a valuable test of the correlations 
proposed here.

Seismic Data

Profi le 6 and merged profi le 7–8–9 (Fig. 1) 
were recorded south of the Thor-Odin culmina-
tion (Cook et al., 1988, 1992). Acquisition and 

processing parameters are described in Cook et 
al. (1988, 1992). True 3-D seismic data were 
collected and interpreted in a restricted area at 
the intersection of lines 6 and 7−8−9 (Vasude-
van et al., 1995). The 3-D data show a SW-dip-
ping refl ection consistent with the projections of 
the Monashee refl ection developed here; how-
ever, the interpreted area is too restricted to test 
for possible surface correlations.

All of the seismic profi les are characterized by 
a penetrative, parallel, and curvilinear seismic-
refl ection fabric (Fig. 2A), which is consistent 
in appearance and orientation with the transpo-
sition fabric (S

T
) seen on the present topographic 

surface. On profi le 6, the Monashee refl ection is 
a clear discontinuity, the trace of which plunges 
south at ~24°S (Fig. 2B). The Valhalla refl ection 
discontinuity occurs only in the hanging wall of 
the Monashee refl ection (Fig. 8). The Valhalla 
refl ection is curved and truncates penetrative 
fabric below but appears approximately paral-
lel to the fabric above. Curvature of the latter 
is consistent with east-west−trending kilome-
ter-scale folds known throughout the Thor-Odin 
culmination and in the region to the south (Carr, 
1991). The trace of the Valhalla refl ection ends 

E                                                     W

E                                                     W E                                                     W

A

B B

Figure 6. Fabrics from the coaxially deformed Slate Mountain 
high-strain zone. Compass (~10 cm) is for scale. (A) Horizontal 
sillimanite lineation on the stretched ST surface, consistent with 
E-W coaxial extension. (B) Photograph and line drawing of the 
same outcrop perpendicular to ST containing symmetrical boudins 
and minor conjugate shear bands. The intersection defi ned by the 
conjugate shear bands is orthogonal to the horizontal sillimanite 
lineation and lies within ST.

1 cm
Figure 7. Experimentally produced shear 
bands (modifi ed from Means and Wil-
liams, 1972). The layers in this specimen 
were originally of constant thickness, and 
their boundaries are planar and parallel. 
Imposed layer-parallel extension (160%) 
is accommodated by conjugate, noncoaxial 
shear. At the crossover zone between conju-
gate shears bands, a zone of coaxial thinning 
has developed.
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at the Monashee refl ection and has previously 
been interpreted to merge with the Monashee 
refl ection (Carr, 1995). Geometrically, however, 
this relationship is equally consistent with trun-
cation of the Valhalla refl ection by the Mona-
shee refl ection if the Valhalla refl ection is now 
above ground level on the footwall side of the 
Monashee refl ection.

On profi le 7–8–9 (Fig. 2), the trace of the 
Monashee refl ection plunges ~27°W at the 
west end of the profi le. The Monashee refl ec-
tion is clearly curved, and its trace changes 
from W-plunging to shallowly E-plunging 
(20°) near the eastern end of the profi le. The 
penetrative seismic fabric in the hanging wall 
curves into the discontinuity and has a concave 
upward sense of curvature. In the footwall, the 
presence of concave-up refl ections, which are 
considered to be a processing artifact (Cook 
et al., 1992) near the gap between profi les 7 
and 8, makes interpretation diffi cult. It appears, 
however, that the Monashee refl ection is both 
parallel to and crosscutting with respect to 
footwall refl ections in different locations. 
There is a poorly defi ned second discontinuity 

in the hanging wall of the Monashee refl ection 
at a similar level to the Valhalla refl ection on 
profi le 6. This discontinuity is curved and cuts 
across the underlying penetrative fabric, but it 
appears approximately parallel to the overlying 
penetrative fabric. We interpret it as the trace of 
the Valhalla refl ection (Fig. 8).

The Bevan and Cherryville faults are known 
from surface mapping, but they do not appear 
as refl ections on the seismic profi les (Fig. 2B). 
Interpretation of these structures is unchanged 
from existing published interpretations (cf. 
Cook et al., 1988; Carr, 1991; Brown et al., 
1992; Cook et al., 1992).

Surface Projections and Correlations

Central to the arguments concerning the 
origin of the Monashee refl ection is the corre-
lation of the Monashee refl ection with surface 
features. Based on different sets of geometric 
assumptions, three 3-D structural models of the 
Monashee refl ection (Fig. 3) were constructed 
using commercially available software (FLE-
DERMAUS by IVS Inc.).

The seismic profi les were projected as geo-
referenced vertical panels. Since the Lithoprobe 
acquisition lines made use of crooked mountain 
roads, treating profi les as planes introduced 
apparent dip errors. Major bends in the acqui-
sition line were honored in the projection to 
correct for this as much as possible. X, Y, and 
Z points on the Monashee refl ection were then 
manually selected and contoured. Digital eleva-
tion models (DEMs) were generated from the 
structure contours and intersected with a digi-
tal terrain model (DTM) of the southern Thor-
Odin region. The Thor-Odin DTM is based on 
1:20,000 British Columbia Terrain Resource 
Information Mapping (BC-TRIM) data and is 
draped with a recent geological compilation 
map (Kruse et al., 2004).

The accuracy of these 3-D projections 
is unavoidably constrained by geophysical 
sources of error, including depth-time rela-
tionship, out-of-profi le dipping structures, 
and choice of datum, all of which can lead to 
error in the apparent dip of refl ections in their 
respective profi les. A detailed analysis of the 
velocity structure of the crust would improve 

Monashee reflection

Valhalla reflection

Line 6

Line 7

Line 8

Line 9

347672,
5517100

449384,
5517100

-35000 m

0 m

-25000 m

-15000 m

-5000 m

347672,
5650861

Figure 8. Relationship between the Valhalla refl ection (VR, green trace) and Monashee refl ection (MR, red trace). The Valhalla refl ection 
is truncated by the Monashee refl ection and does not appear on the seismic section in the footwall of the Monashee refl ection. Horizontal 
coordinates are in UTM, and vertical axis is in meters.
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the precision of the projections, but not neces-
sarily the accuracy, due to the inherent geomet-
ric assumptions.

Model 1 (Animation 1) is a construction 
based on purely geometrical interpretation of 
the seismic refl ections, and it incorporates no 
geological knowledge or interpretation. The 
straightness of the Monashee refl ection on 
profi le 6 (Fig. 2B) and curvature above 6 s on 
profi le 7–8–9 are consistent with a S-plunging 
cylindrically folded surface (Hobbs et al., 1976), 
with the axis parallel to the trend of profi le 6. 
Assuming cylindricity, structure contours were 
generated by projecting down- and up-plunge 
from the trace of the refl ection onto horizontal 
surfaces representing different relative levels 
above and below the present topographic sur-
face (Fig. 9A). Below 6 s, the apparent dip of 
the refl ection becomes progressively shallower 
as it approaches the Moho at 12 s, and the 
plunging cylindrical surface model no longer 
approximates the refl ection.

Model 2 (Animation 2) also assumes a plung-
ing cylindrical surface, but with an axis trending 
parallel to the overall elongation direction of the 
Monashee complex (340°, Fig. 9B). This inter-
pretation is not necessarily in confl ict with the 
straight-line trace of the Monashee refl ection 
above 6 s on section 6. The radius of curvature 
of the southern end of the culmination is large, 
and the difference between this plunge direc-
tion and that assumed for model 1 is fairly small 
(28°). Thus, the trace of the new surface above 
6 s on section 6 can still approximate a straight 
line within the limit of detection.

Model 3 (Animation 3) is a forced fi t of the 
refl ection to the southern Thor-Odin detach-
ment and the Slate Mountain high-strain zone 
(Fig. 9C). Data do not extend far enough to 
include the Columbia River detachment. A 
triangulated irregular network (TIN) was con-
structed using manually selected X, Y, and Z 
points on the traces of the refl ections and on 
the surface position of the high-strain zone. 
Intermediate points were linearly interpolated 
on the surface of the TIN. Because the model 
assumes a correlation and interpolates a sur-
face, it has no predictive value. Model 3, how-
ever, is useful for testing such a correlation for 
geological veracity. A weakness of this tech-
nique is that equal weight is given to geologi-
cal or geophysical noise, such as perturbations 
on the surface caused by minor (at the scale of 
a crustal-scale profi le) faults, folds, refl ections 
from igneous bodies, or processing artifacts. 
Statistical surface fi tting techniques, such as 
regression or moment-of-inertia analysis, are 
a poor choice in this case because data points 
on the seismic sections are nearly collinear 
(Fernández, 2005).

All three surfaces mimic the mapped geol-
ogy of the Thor-Odin culmination in that they 
indicate southerly plunging antiformal struc-
tures (Fig. 10). However, they vary consider-
ably in detail. The model 1 trace closes too 
far south and cuts markedly across S

T
 in the 

southwest. It is close in orientation and posi-
tion to the Thor-Odin high-strain zone along 
the western fl ank of the culmination (Fig. 10). 
The model 2 surface is the poorest fi t. It closes 
too far north and west of the mapped closure 
and cuts across S

T
 everywhere (Fig. 10). Since 

it is so constructed, the model 3 surface trace 
fi ts the Thor-Odin high-strain zone well, except 
where smoothing of the surface, inherent in 
DEM construction, causes minor deviation 
(Fig. 10). Its angular appearance, due to the 
linear interpolation of data points between the 
two profi les during construction of the TIN, is 
not consistent in style with the observed curva-
ture of the Thor-Odin culmination. The model 
can be smoothed (Fig. 9D) to produce a real-
istic periclinal structure that is consistent with 
the observed structure of Thor-Odin (a pericli-
nal culmination) and honors all surface (trace 
of Thor-Odin high-strain zone) and subsurface 
(Monashee refl ection) data points. The main 
difference between model 1 and the smoothed 
model 3 is that model 1 is cylindrical, whereas 
the plunge of model 3 decreases gently to the 
north. Thus, the Thor-Odin high-strain zone 
and Monashee refl ection can be joined by a 
structure that is geologically reasonable and 
refl ects the overall geometry of the Thor-Odin 
culmination and is consistent with the interpre-
tation of the Monashee refl ection as a normal 
structure overprinting the transitional zone 
between the transposed basement and middle-
crustal zone.

Evidence for Normal Displacement

Geometry of the Monashee Refl ection
The geometry of the refl ection and its hanging 

wall and footwall are consistent with a normal 
shear zone rather than a thrust ramp. If the hang-
ing wall had been displaced to the northeast over 
a thrust ramp (Brown et al., 1992; Cook et al., 
1992; McNicoll and Brown, 1995; Varsek and 
Cook, 1994; Carr, 1995), the refl ections above 
the ramp should all be parallel to it (Fig. 11A). 
Instead, the hanging-wall refl ectors are nearly 
fl at-lying except very near to the Monashee 
refl ection, where they curve progressively into 
the discontinuity, analogous to a down-to-the-
SW shear band (Fig. 12). In addition, refl ections 
in the hanging wall are convergent (Fig. 2B) 
toward the crest of the Monashee refl ection 
on line 7−8−9, suggesting an attenuated zone 
over the top of the footwall block analogous to 

the thinned zone over the crest of a boudin (cf. 
Davis and Coney, 1979; Jolivet et al., 2004) and 
consistent with the shear sense variation in the 
Thor-Odin high-strain zone.

Metamorphic Pressures
Recorded pressures west of the Thor-Odin 

detachment are lower than those to the east of 
it, which is consistent with normal displacement 
of isograds (Fig. 11B). Pressure estimates from 
amphibolite boudins in the Selkirk allochthon 
(Three Valley Gap assemblage, immediately 
west of Thor-Odin) are 6–7 kbar (Ghent et al., 
1977). In the southern Thor-Odin culmination, 
Norlander et al. (2002) reported maximum met-
amorphic pressures of 8−10 kbar. Metamorphic 
pressures should increase toward the footwall in 
extensional-detachment−type core complexes 
and decrease toward the footwall in thrust-type 
culminations (Yin, 2004) (Fig. 11).

The Monashee refl ection is traceable on line 
7–8–9 as a discrete surface to a depth of 10 s or 
~30 km (Fig. 2B). In the Monashee décollement 
interpretation (see Brown et al., 1986, and refer-
ences therein), the Monashee refl ection repre-
sents a ductile thrust ramp that places middle- 
and upper-crustal rocks (Selkirk allochthon) on 
top of the Monashee complex rocks with 80–
100 km of transport. To be consistent with the 
seismic section, the base of the Selkirk alloch-
thon must have come from a depth of ~25 km 
greater than the crest of the Monashee complex. 
Given this situation, it is to be expected that the 
highest pressures recorded in the Selkirk alloch-
thon would be signifi cantly higher than the high-
est pressures in the Monashee complex.

If the Monashee décollement was initially a 
thrust fl at, or a lower-amplitude ramp that was 
arched during late extension (see Brown et al., 
1992, and references therein), then pressures 
across the surface expression of the Monashee 
refl ection could be the same. Neither version 
of the Monashee décollement model addresses 
why metamorphic pressures in the Selkirk 
allochthon are lower. In addition, if the Mona-
shee refl ection had been signifi cantly arched 
late in its evolution, then it would require that 
the now approximately horizontal refl ection 
fabric (Fig. 2A) below the Monashee refl ection 
was originally concave upward, and would also 
require considerable relief on the Moho, which 
has subsequently been removed.

Geochronological Argument
The Monashee complex and surrounding area 

are characterized by a younging of peak meta-
morphic and deformational ages with increas-
ing structural depth (see Carr, 1991; Carr, 1995; 
Parrish, 1995; Gibson et al., 1999; Crowley et 
al., 2001; Johnston et al., 2000; Kuiper et al., 
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Animation 1. Monashee refl ection model 1: Cylindrical plunging sur-
face with an axis parallel to section 6 (plunging 24° toward 188°). 
Surface trace roughly coincides with the shape of the Thor-Odin high-
strain zone but is offset geographically. Lithoprobe seismic profi les 6 
and 7–8–9 are projected as bent surfaces to honor major bends in the 
acquisitions lines. The surface compilation map (Kruse et al., 2004) 
is draped over a digital terrain model (DTM created from 1:20,000 
British Columbia Terrain Resource Information Management Pro-
gram topography data). The digital elevation models of the Monashee 
refl ection are projected up-plunge to intersect the surface geology. If 
you are viewing the PDF, or if you are reading this offl ine, please visit 
http://dx.doi.org/10.1130/GES00049.S1 to view the animation.

Animation 2. Monashee refl ection model 2: Cylindrical plunging 
surface with an axis parallel to the trend of the Monashee complex 
(plunging 13° toward 160°). Surface trace of the Monashee refl ec-
tion cuts across regional fabric (ST). Lithoprobe seismic profi les 6 
and 7–8–9 are projected as bent surfaces to honor major bends in the 
acquisitions lines. The surface compilation map (Kruse et al., 2004) 
is draped over a digital terrain model (DTM created from 1:20,000 
British Columbia Terrain Resource Information Management Pro-
gram topography data). The digital elevation models of the Monashee 
refl ection are projected up-plunge to intersect the surface geology. If 
you are viewing the PDF, or if you are reading this offl ine, please visit 
http://dx.doi.org/10.1130/GES00049.S2 to view the animation.

Animation 3. Monashee refl ection model 3: Triangulate irregular 
network (TIN) digital elevation model (DEM) of an arbitrary sur-
face containing the two seismic traces of the Monashee refl ection and 
the surface trace of the southwestern portion of the Thor-Odin high-
strain zone (TOHZ). The overall surface is slightly angular, and there 
is no single well-defi ned axis due to the linear interpolation between 
data points. Lithoprobe seismic profi les 6 and 7–8–9 are projected 
as bent surfaces to honor major bends in the acquisitions lines. The 
surface compilation map (Kruse et al., 2004) is draped over a digital 
terrain model (DTM created from 1:20,000 British Columbia Terrain 
Resource Information Management Program topography data). If 
you are viewing the PDF, or if you are reading this offl ine, please visit 
http://dx.doi.org/10.1130/GES00049.S3 to view the animation.
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2006). Johnston et al. (2000) and Kuiper (2003) 
documented a hiatus in the U-Pb age of F

3
 folds 

across the Thor-Odin detachment. To the west, 
on Joss Mountain, F

3
 folds are Late Cretaceous 

in age, whereas at Blanket Mountain, east of the 
Thor-Odin detachment, F

3
 folds are Eocene in 

age (Johnston, 1998; Johnston et al., 2000; Kui-
per, 2003). This hiatus is consistent with normal 
offset of a downward-younging strain pattern 
(Fig. 11), but it is not consistent with thrusting.

Regional Extension
Regionally the southern Omineca belt is 

characterized by Mesozoic to early Eocene 
contractional structures overprinted by Eocene 
extensional structures (Brown and Journeay, 
1987; Parrish et al., 1988; Johnston et al., 
2000; Kruse and Williams, 2005; Williams and 

Jiang, 2005). The Monashee refl ection cross-
cuts refl ections, which appear to represent the 
transposition foliation and large-scale folds. 
The observation that the Monashee refl ection 
appears to crosscut all earlier structures and 
fabrics is consistent with extensional structures 
throughout the region.

Mesoscopic shear bands are ubiquitous in the 
Thor-Odin culmination, and like the Monashee 
refl ection, individual shear bands may simply 
defl ect the pre-existing foliation in one place 
while truncating it elsewhere (compare Figs. 2A 
and 12). The shear bands are self-similar struc-
tures, and they occur at all scales, from micro-
scopic to fully exposed examples with strike 
lengths of several kilometers. Based on the prin-
ciple of self-similarity of structures (Pumpelly 
et al., 1894; Turner and Weiss, 1963, p. 188; 

Hobbs et al., 1976, p. 368), it is reasonable to 
expect orogen-scale shear bands as well.

DISCUSSION

The Monashee refl ection is one of the largest 
and most prominent refl ections recorded by the 
Lithoprobe program in the southern Cordillera. 
As such, it could be argued that it must have 
a large displacement. However, analogous to 
mesoscopic shear bands (Fig. 12), the displace-
ment need not be large in order to defl ect the 
foliation in the host rock into fl anking fault-drag 
folds (Means and Williams, 1972). In addition, 
the maximum pressure difference between the 
Monashee complex basement and middle-crustal 
zone rocks (1−4 kbar, corresponding to a throw 
of 3.1−15.4 km) suggests that displacement, 

Model 3 Model 3 - smoothed

Model 1 Model 2BA

DC

Figure 9. Projection method. 
Seismic-profi le planes are 
illustrated as planar for the 
sake of clarity. In actuality, the 
lines have been projected as a 
series of vertical planes closely 
approximating the sinuous 
transect line. (A) Model 1: 
The relative straightness of the 
trace of the Monashee refl ec-
tion above 21 km (7 s) suggests 
that the trend of section 6 is 
close to the trend of the axis 
of curvature of a cylindrical, 
plunging surface. Projecting 
this axis of curvature to a hori-
zontal datum produced a con-
tour that can be interpolated at 
any position on the trace of the 
refl ection. (B) Model 2: Simi-
lar to model 1, but the axis of 
curvature is assumed to trend 
parallel to the overall trend of 
the Monashee complex (160°). 
(C) Model 3: A triangulate 
irregular network (TIN) digi-
tal elevation model (DEM) of 
an arbitrary surface contain-
ing the two seismic traces of 
the Monashee refl ection and 
the surface trace of the Thor-
Odin high-strain zone. (D) 
Realistically smoothed, peri-
clinal version of model 3 that 
joins the seismic traces of the 
Monashee refl ection and the 
surface trace of the Thor-Odin 
high-strain zone.
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and thus shear strain on the Thor-Odin detach-
ment, is relatively low (γ = 3.12−15.3), assum-
ing a mean dip of 30°, simple shear, and a true 
thickness of 2 km. This is consistent with quali-
tative estimates of the strain in the Greenbush 
Lake shear band zone. Mesoscopic shear bands 
(Fig. 12) with clear offset markers record shear 
strains of γ = 3.8−20, with a mean of γ = 9.8, 
within the same order of magnitude as estimated 
for the Monashee refl ection from the surface-
pressure differential. The estimation of displace-
ment is complicated by several late brittle faults 
that outcrop close to the Thor-Odin detach-
ment and have a similar strike. They are inter-
preted as transcurrent faults, but they generally 
appear to have been reactivated by W-side-down 

 displacement. In the northern Thor-Odin culmi-
nation, one such fault, the Victor Creek fault, has 
minimum displacement of at least 1.3 km (Kruse 
and Williams, 2005). The exact displacement 
vector is unknown, but considerable dip-slip dis-
placement on the Victor Creek fault is possible. 
Thus, a component of the offset of the pressure 
gradient could be due to late brittle displacement. 
The minimum displacement is also constrained 
by the absence of a Valhalla refl ection footwall 
trace. A normal throw of ~6 km would place the 
Valhalla refl ection above the current level of ero-
sion (Fig. 8). Thus, a fi nal estimate of throw on 
the Monashee refl ection is 6−15 km (discount-
ing the effect of brittle faults), although the simi-
lar structural style and lithological units on either 

side of the Greenbush Lake Thor-Odin detach-
ment suggest that the displacement is closer to 
the minimum value.

An alternative hypothesis is that the Mona-
shee refl ection represents the base of Cordille-
ran deformation, below which only Proterozoic 
fabrics are observed. If this is the case, then 
the Monashee refl ection must be exposed only 
in Frenchman Cap, where the base of Cordil-
leran deformation has been reported (Crowley 
et al., 2001; Gervais et al., 2005). This requires 
a much more rapid fl attening of the plunge of 
the Monashee refl ection than is suggested by the 
projection models (Animations 1−3) and does 
not account for the Thor-Odin high-strain zone 
observed around the margins of Thor-Odin.
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Figure 10. Geology of the southern Thor-Odin and Pinnacles area (Kruse et al., 2004) and the projected surface trace of the Monashee 
refl ection according to models 1, 2, and 3 (MR-1, MR-2, and MR-3, respectively), along with the locations of the Monashee décollement 
(MD) according to McNicoll and Brown (1995), Slate Mountain shear zone (Carr, 1991), Slate Mountain high-strain zone, and Greenbush 
Lake shear band zone (Johnston, 1998; Johnston et al., 2000).
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Plan view
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Figure 11. Geometric consequences of thrust fault (A) versus a normal shear zone (B) interpretation of the Monashee refl ection. Note that in 
the thrust ramp interpretation of the Monashee refl ection, the fabric above the thrust ramp is parallel to the detachment surface. Compare 
this geometry with the seismic sections in Figure 2. (A) Offset of prefaulting geochronological and metamorphic gradients along a thrust 
fault produces older ages and lower grades in the footwall block. (B) Offset of prefaulting geochronological and metamorphic gradients 
along a normal fault produces younger ages and higher metamorphic grades in the footwall block.

5 cm

Figure 12. Quartzite hand specimen containing a shear band from the 
northern Thor-Odin culmination. Note that the overall displacement 
is not great, but it is suffi cient to defl ect the surrounding foliation into 
fl anking fault-drag folds. Analogous with the seismic section, some layers 
are truncated while others curve gradually into the shear band.
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Another alternative interpretation of the 
Monashee refl ection is that it is a Proterozoic 
structure that predates and is below the level of 
Mesozoic Cordilleran deformation (Thomp-
son et al., 2002). There are no known candi-
dates for this kind of structure at the surface; 
thus, this hypothesis requires that the Mona-
shee refl ection not outcrop at all. In addition, 
given that the crust in the southern Cordillera 
thins from 45 to 36 km, east to west (Cook, 
1995a), it is unclear how this crustal thinning 
could be accommodated without affecting 
structures below ~6 km depth, unless the thin-
ning occurred during the Proterozoic as well 
(Cook, 1995b).

CONCLUSIONS

The Monashee refl ection is a major crustal-
scale, crosscutting refl ection that appears on 
Lithoprobe seismic profi les. It is interpreted as 
the subsurface representation of the Thor-Odin 
high-strain zone, which incorporates previously 
reported structures, including the Greenbush 
Lake shear band zone, Slate Mountain shear 
zone, and the ductile Columbia River fault. 
Kinematics of the Thor-Odin high-strain zone 
are consistent with E-W stretching or vertical 
movement of the complex resulting in transport 
of material away from the crest of the culmina-
tion toward its fl anks.

A normal shear sense on the Monashee refl ec-
tion is supported by: (1) the probable correlation 
of the Monashee refl ection with the Thor-Odin 
high-strain zone; (2) the fault-drag–like defl ec-
tion of refl ections into the Monashee refl ection 
and the convergence of refl ections over the crest 
of the Monashee refl ection; (3) higher peak met-
amorphic pressures in the Monashee complex 
than in the surrounding middle-crustal zone 
rocks; and (4) a hiatus in the age of deformation 
across the Thor-Odin high-strain zone.

Pressure differences across the zone and the 
absence of the Valhalla refl ection in the footwall 
of the Monashee refl ection provide an estimate 
of throw on the Monashee refl ection of 6−15 km. 
Similarity of lithological units and structural 
style across the Thor-Odin detachment leads us 
to favor a true displacement closer to the mini-
mum constraint.
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