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Abstract

Exhumed middle crustal rocks of the hinterland of the southeastern Canadian Cordillera were deformed and metamorphosed
during Mesozoic and Tertiary progressive crustal thickening. High structural levels were transported to the northeast relative to
lower levels through a combination of thrusting and ductile non-coaxial flow. Progressive growth of the orogen and advance of
hinterland rocks toward the foreland are revealed through analysis of diachronous metamorphism and associated deformation.
At the deepest exposed level, allochthonous rocks of the orogen (Selkirk allochthon) structurally overlie Early Proterozoic
basement and younger cover rocks (Monashee complex) that are correlated with autochthonous North American crust
underlying the eastern Foreland Belt. The crustal zone, which marks the boundary between the Selkirk allochthon and
Monashee complex, exhibits an inverted metamorphic field gradient. New data presented in this paper refute previous
interpretations, which asserted that the metamorphic inversion is a result of the downward transfer of heat from the allochthon
to the underlying Monashee complex. Rather, the inversion is attributed to synmetamorphic non-coaxial progressive
deformation. A model is proposed in which substantial northeastward directed shear strain and attendant attenuation led to
lateral transfer of rocks thereby preserving evidence of strongly diachronous deformation and an apparent inverted
metamorphism. © 1999 Elsevier Science Ltd. All rights reserved.

1. Introduction

Inverted metamorphic isograds are common features
in the footwalls of crustal-scale thrust sheets; under-
standing the mechanisms responsible for their develop-
ment is essential for thermotectonic modeling. Some
explanations for inversion argue for transmission of
heat into the footwall from above. These include
mechanisms such as shear heating along thrust faults
(e.g. England and Molnar, 1993) and/or heat transfer
to a cool footwall from a hot overlying thrust sheet
(e.g. Le Fort, 1975; Royden, 1993; Ruppel and
Hodges, 1994) causing inversion of thermal gradients
with an upward decrease in metamorphic pressures
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resulting in the inversion of metamorphic gradients
(e.g. Hubbard, 1989; England and Molnar, 1993;
Royden, 1993). Alternatively, inversion may be the
result of mechanical repositioning of metamorphic iso-
grads. This could involve folding of pre-existing iso-
grads (e.g. Tilley, 1925; Bhattacharya and Das, 1983;
Searle et al., 1992), post-metamorphic thrust stacking
of isograds from different structural levels (e.g. Bordet,
1961; Treloar et al., 1989), displacement along shear
zones (e.g. Brunel and Kienast, 1986; Jamieson, 1986;
Reddy et al., 1993; Hubbard, 1996), or synmeta-
morphic ductile inversion by progressive shear strain
of diachronous isograds (e.g. Grujic et al., 1996;
Jamieson et al., 1996).

Much attention regarding this issue has been focused
on the Main Central thrust zone (MCT) of the
Himalayas (e.g. Le Fort, 1986; England and Molnar,
1993; Royden, 1993; Ruppel and Hodges, 1994; Grujic
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Fig. 1. (a and b) Morphogeologic belts and terranes of the Canadian Cordillera, modified from Wheeler and McFeely (1991). Box outlined within
(a) delineates the map location for (c) within British Columbia and the Omineca Belt. (c) Tectonic map of southeastern Omineca belt, located in
the hinterland of the Canadian Cordillera (modified from Scammell and Brown, 1990; Wheeler and McFeely, 1991) showing the footwall litholo-
gies of the Monashee complex, surrounded by the hanging wall lithologies of the Selkirk allochthon. The ages of map units, where known, are

provided.
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Fig. 2. Generalized geologic compilation map of Frenchman Cap dome, modified from Journeay (1986, 1991) and Brown and Journeay (1987).
Box inset outlines field area for this study. Lithologies of Frenchman Cap dome are as follows. Monashee core gneisses: 1 =Bt—Hbl paragneiss,
Bt—Qtz—Fsp paragneiss, amphibolite, pelitic and semi-pelitic schist; 2 = granitic to tonalitic orthogneiss, pegmatite, amphibolitic gneiss. Monashee
cover gneisses: 3 = (lower assemblage) quartzite, pelitic and semi-pelitic schist; 4= (lower and middle assemblage) quartzite, pelitic and semi-pelitic
schist, minor marble; 5=syenitic and granitic orthogneiss; 6= (middle assemblage) white marble with a carbonatite horizon occurring a few
metres below and the Pb—Zn ‘Cotton belt’ horizon occurring a few metres above; 7= (upper assemblage) pelitic and semi-pelitic schist, quartzite,
amphibolite, calc-silicate gneiss. Selkirk allochthon: 8 = Bt—Qtz—Fsp—paragneiss, quartzite, amphibolite, pelitic and semi-pelitic schist, abundant

pegmatite.

et al., 1996; Hubbard, 1996; Jamieson et al., 1996). A
large quantity of stratigraphic, structural, meta-
morphic, and chronologic data have been collected,
but there remains little agreement concerning the
mechanisms responsible for the inversion. Another

example of apparent metamorphic inversion is found
in the southern Canadian Cordillera in a diffuse zone
that straddles the boundary between the Selkirk
allochthon and its immediate footwall. This footwall is
the Monashee complex, which is exposed in a tectonic
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window through the basal zone of the thrust sheet
(Figs. 1c-3) (Brown, 1980; Read and Brown, 1981;
Journeay, 1986). Metamorphism within the region was
complex and quite likely involved multiple episodes of
mineral growth, as demonstrated by Journeay (1986,
1991) and Scammell (1986). Both authors describe in
detail complicated textural relationships among min-
eral phases within a given assemblage and have
assigned at least two episodes of prograde metamorph-
ism. In this study, we do not refute these findings but
do focus on the most important aspect of the two
mentioned studies, i.e. that within the uppermost foot-
wall and immediate hanging wall there is an apparent
inverted metamorphic field gradient. This conclusion is
based primarily on the observation (by all authors)
that at the highest structural level there is a zone of sil-
limanite—K-feldspar-melt that is structurally underlain
by a zone of kyanite plus stable muscovite (Figs. 2—4).
At deeper structural levels towards the core of the
complex, the metamorphic assemblages appear to exhi-
bit a normal gradient as demonstrated in Fig. 3.
However, at this depth it becomes difficult to separate
out the effects of Cordilleran metamorphism from a
Precambrian metamorphism that has affected base-
ment rocks (Armstrong et al., 1991; Crowley, 1999).
Sillimanite and andalusite within the latter zone have
only a localized occurrence and are typically absent.
Both Journeay (1986) and Scammell (1986) attribu-
ted the inversion to heat transfer from the Selkirk
allochthon. Parrish (1995) supported this conclusion
on the basis of geochronologic data. The purpose of
this communication is to present new structural and
geochronologic data from the Monashee complex
that appear to be incompatible with such a heat

transfer model. To reconcile these new results with
previous data and interpretations, we propose a
model that attributes the inversion primarily to dia-
chronous heating during burial of the footwall and
to progressive ductile deformation resulting in the
mechanical inversion of isograds. This model does
not exclude the probability of some degree of down-
ward heat transmission from the allochthon to the
complex but does imply that mechanical inversion of
isograds was the dominant process in this part of
the footwall.

2. Geological setting

The Monashee complex, exposed through a struc-
tural window within the metamorphic hinterland of
the southern Canadian Cordillera (Figs. 1-3) is an
exhumed basement complex of middle crustal rocks,
interpreted to be an inlier of the North American cra-
ton (Armstrong et al., 1991; Parrish, 1995 and refer-
ences therein). The Monashee complex consists of two
distinct polydeformed and metamorphosed assem-
blages. Coring the complex are Early Proterozoic crys-
talline orthogneiss and paragneiss rocks of North
American cratonic affinity (Armstrong et al., 1991);
these rocks are unconformably overlain by the
Monashee cover sequence, a 2-3 km thick, laterally
extensive assemblage of metasedimentary siliciclastic
and carbonate rocks interlayered with meta-igneous
rocks (Wheeler, 1965; Scammell and Brown, 1990 and
references therein). The cover sequence is thought to
have been deposited on the stable western continental
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margin of paleo-North America (Scammell and
Brown, 1990).

Bounding the Monashee complex to the north, west,
and south is a crustal-scale northeastward-directed
ductile shear zone termed the Monashee décollement
(Read and Brown, 1981; Journeay, 1986), which is
thought to be the western continuation of the sole
thrust of the Foreland Belt (Fig. la; Brown et al.,
1992; Cook et al., 1992). The shear zone separates the
basement and cover sequences of the complex from the
hanging-wall rocks of the Selkirk allochthon (Figs. 1c—
3). The eastern limit of the complex is defined by the
Columbia River fault (CRF) (Figs. 1c and 2), an east-
dipping Eocene normal-sense shear zone partly respon-
sible for the tectonic unloading of the complex
(Journeay and Brown, 1986; Parrish et al., 1988; Carr,
1991; Johnson and Brown, 1996).

Interpretation of the tectonic history of the complex
has evolved substantially over the past decade. It was
generally agreed that the complex was buried during
crustal thickening associated with the Cordilleran oro-
geny, but the timing of initial burial at pre-peak-meta-
morphic conditions was uncertain. Brown (1980) first
suggested that burial occurred as early as the Jurassic.
Journeay (1986) and Brown et al. (1986) modified this
idea by proposing a duplex model of crustal thickening
of the complex beneath the Selkirk allochthon. This
model implied that eastwardly displacement began in
the Jurassic and progressed into the Tertiary. The
complex was thought by Brown and Journeay (1987)
to have been exhumed initially during the late stages
of compression with final exhumation occurring as the
result of extension and tectonic denudation in the
Eocene.

Parrish (1995) reinterpreted the tectonic history of
the Monashee complex based on new geochronologic
data. He argued that the complex is autochthonous
and was not deeply buried until the Paleocene, on the
basis of early Tertiary metamorphic ages in the com-
plex. Parrish proposed that burial of the complex
beneath the hot Selkirk allochthon was rapid and was
quickly followed by exhumation in the Paleocene to
Eocene, which allowed for the inversion and preser-
vation of the present-day metamorphic isograds.

3. Structural setting of the northern Monashee complex

The northwest portion of the Monashee complex is
dominated by a regional-scale isoclinal fold system
that includes, from south to north, the Mount Grace
syncline, the Kirbyville anticline, and the Sibley Creek
syncline together with a locally preserved complemen-
tary anticline (Figs. 1, 2 and 4). Axial surfaces of these
folds dip moderately away from the complex toward
the northwest and southwest (Brown, 1980; Hoy and

Brown, 1980). Both the basement and cover gneiss
sequences of the complex are involved in these struc-
tures which form kilometre-scale, eastward vergent iso-
clinal nappes. These structures are thought to be
coeval with the earliest stages of Cordilleran defor-
mation recorded in the complex (Journeay, 1986;
Scammell, 1986) and are therefore important to the
overall understanding of its thermotectonic evolution.

This study is focused on the northern flank of the
Monashee complex (Fig. 4) where the Sibley Creeck
syncline and its associated structures are found. Many
of the structural elements described herein have been
previously documented by Scammell (1986). Structural
data gathered during this study are presented in the
structural map of Fig. 5. Ascribing of structures to a
‘generation” has been based on superposition of one
generation upon the other as observed at outcrop and
hand specimen-scale. As such, ‘generations’ have geo-
metric and sequential significance, but time corre-
lations (at the regional scale in particular) are not
implied. Indeed, data presented here demonstrate that
‘generations’ are diachronous.

The Sibley Creek syncline is a first generation struc-
ture (F;), a pre- to early-metamorphic (Journeay, 1986;
Scammell, 1986), kilometre-scale, overturned, and non-
planar fold that controls map-scale geometry (Fig. 4).
Its axial surface is periclinal and moderately dipping
(~20-30°), and the hinge line plunges shallowly at
~10-25° towards the west-southwest (Scammell,
1986). The trend and plunge of the hinge line are
based on stereonet calculations using strike and dip
measurements of compositional layering in opposing
limbs (Scammell, 1986) and direct measurement of
hinge lines of minor folds (this study, Fig. 6c).
Journeay (1986) also measured shallow south-plunging
hinge lines for this generation of folding along the wes-
tern flank of the complex. The mechanism that caused
the variation in the orientation of these hinge lines is
discussed below. The Sibley Creek syncline is well-
defined by a distinctive lithology that can be walked
around major closures. Stratigraphic facing directions
have been determined from cross-bedding found in
competent quartzites in the hinge zone of the syncline
(this study; Scammell and Brown, 1990).

The Sibley Creek syncline has highly attenuated
limbs that thicken dramatically towards its hinge (Fig.
4). This is especially true for unit 5 quartzite, which
increases from less than 1 m in thickness in the lower
limb to greater than 1 km in the hinge zone, suggesting
that transposition occurred during folding causing
lithologic layering to become subparallel to the axial
plane of the syncline. The trend of the hinge line for
the syncline varies between a shallow western plunge
in the east and a southwestern plunge in the west
(Scammell, 1986; Fig. 6¢). This is likely attributable to
subsequent doming of the complex, bending the syn-
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cline around the northwest corner of the dome
(Brown, 1980). The interpretation is also supported by
the change in direction of the axial surface trace of the
syncline from east—west in the east to northeast—south-
west in the west (Figs. 4 and 5).

The Sibley Creek syncline and its related macro-
scopic folds (i.e. Mount Grace syncline, Kirbyville
anticline) do not appear on the eastern side of the
complex (Psutka, 1978; Hoy and Brown, 1980); thus
the development of overturned stratigraphy due to this
generation of folding is restricted to the west flank of
the complex. The proximity of these structures to the
basal zone of the Selkirk allochthon suggests that their
formation is a result of its emplacement.

In the hinge zone of the Sibley Creek syncline, para-
sitic folds and associated fabrics are sparse and are
only clearly identified in the eastern portion of the
field area in competent lithologies such as the unit 5
quartzite (Fig. 4). The minor folds are close to tight
and vary between Class 1C and Class 2 similar folds
(Ramsay and Huber, 1987). They are usually 1-2 m in
scale, symmetric in the hinge zone to strongly asym-
metric towards the limbs. Hinges plunge shallowly to
the west and west-southwest, and axial planes dip
moderately to the north and northwest. In the highly

attenuated limbs of the Sibley Creek syncline these as-
sociated minor structures become completely isoclinal
and boudinaged and are rarely preserved.

Penetrative second generation structures (F,) domi-
nate the deformation observed at the outcrop scale
where they overprint F; structures. F, folds locally
vary between northward and southward vergent but
do not systematically change vergence across the hinge
of the Sibley Creek syncline (Fig. 5). They are asym-
metrical, tight to isoclinal, overturned, reclined, and
locally disharmonic. The axial planes (S,) dip moder-
ately to the west and northwest, parallel to the pen-
etrative foliation found throughout most of the field
area (Figs. 5 and 6d), and for the most part are paral-
lel to sub-parallel to the compositional layering.
Stereonets in Fig. 6 (e) and (f) demonstrate that the
hinges of F, plunge shallowly to the west and are co-
linear with a regional lineation defined by elongated
quartz and feldspar aggregates and by the alignment
of prismatic metamorphic minerals such as kyanite, sil-
limanite, and amphibole (Journeay, 1986; Scammell,
1986).

The geometry of these F, folds indicates that they
are products of both passive and flexural flow folding
(Scammell, 1986), suggesting high temperatures during
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Fig. 7. Generalized cross-sections of (a) the Sibley Creek syncline (SCS) and (b) the Sibley Creek anticline (SCA) constructed using best fit
between orthographic projection and projection of data off line of section along strike or down dip, and plotting apparent dip. Geochronology

sample localities (with 2°*Pb/**2

Th ages) have also been projected into section. Lines of section (A-B, C-D) are constructed at an acute angle to

each other using data from this study and from that published by Scammell (1986); the lines are chosen to be approximately perpendicular to the
trend of the SCS and SCA axial surface traces. Scales are approximately the same. Location of lines of section A-B and C-D and descriptions

of lithologic units (i.e. 3 through 7) are found in Fig. 4.

their formation. This is confirmed by the observations
at the outcrop, hand sample, and thin section-scale,
which indicate that the growth of peak mineral assem-
blages both pre-dated and outlasted the F, fabrics.
These observations and interpretations are supported
by those made by Journeay (1986), who attributed the
colinearity between hinge-line orientation of F, folds
and the regional trend of mineral lineations to high-
temperature passive rotation of fold hinges during
non-coaxial flow associated with the east-northeast-di-
rected overthrusting of the Selkirk allochthon. If so, it
is apparent that the Sibley Creek syncline and its as-
sociated fabrics were significantly modified during gen-
eration of F, structures.

Within the study area no significant ductile struc-
tures have been recognized that post-date F,.
Regionally, however, post-F, deformation includes
folding that is particularly well-developed along the
eastern flank of the complex (cf. Brown and Psutka,
1979; Journeay, 1986). Large-scale open folds are also
recognized and are thought to be related to the for-
mation of the structural dome present in the northern
part of the complex. Late structures in the vicinity of
the Sibley Creek syncline consist of brittle north-trend-
ing and generally steeply dipping faults and fractures
with minor displacements. These structures are thought
to be associated with the Eocene extensional denuda-
tion of the complex, which was facilitated by normal-
sense shearing along the Columbia River and
Okanagan—Eagle River fault systems (Journeay, 1986;

Parrish et al., 1988; Parrish, 1995; Johnson and
Brown, 1996). Although most of these late features
appear to be brittle in this part of the complex, to the
west near the base of the Selkirk allochthon, Journeay
(1986) described discrete west-dipping ductile normal-
sense shear zones that are most likely also related to
regional Eocene extension.

4. Timing constraints on deformation and metamorphism
4.1. Summary of geochronology

Dual Pb/U and ***Pb/**?Th chronometry was car-
ried out on monazite and zircon from six localities.
Analytical data and interpretations made with regard
to all aspects of the geochronology (e.g. mineral ages,
timing of peak metamorphism, U-Th-Pb systematics)
are presented in detail in Gibson (1997) and Gibson
and Parrish, (in review). An overview of the pertinent
information (location, mineralogy, textures and fab-
rics, 2%*Pb/?**Th ages) regarding the rocks sampled for
geochronologic analyses is provided in Table 1.

The 2°*Pb/**?Th ages for this study are interpreted
to be the most accurate approximation of the time of
crystallization because the “**Pb/***Th isotopic system
has proven to be more robust than the Pb/U system.
The 2°*Pb/**?Th isotopic system does not appear to be
affected by troublesome complexities such as unsup-
ported 2°°Pb or U loss that have been demonstrated to
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affect the Pb/U system (Keppler and Wyllie, 1990;
Barth et al., 1994; Gibson, 1997; Gibson and Parrish,
in review). Furthermore, all **®Pb/***Th ages are con-
cordant (cf. Gibson and Parrish, in review). Thus, the
ages referred to are those produced using *°*Pb/***Th
chronometry. Of particular significance are 16 mona-
zite fractions extracted from four pelitic schist samples
containing peak-metamorphic mineral assemblages of
kyanite + sillimanite, garnet, biotite + muscovite,
quartz, plagioclase + K-feldspar. These samples were
taken from systematically deeper structural levels
beneath the Monashee décollement (Figs. 7a,b and 8).
Additionally, three of the four pelitic samples were
taken from the same lithologic unit which occurs in
both the upper and lower limbs of the Sibley Creeck
syncline (unit 3 pelitic schist, Fig. 4). These data
enable examination of the relative timing of defor-
mation and metamorphism with increasing depth. The
zircon Pb/U ages for this study (one sample) agree
well with the monazite data but are not included in
this communication because their ages from the pre-
ferred 2°*Pb/>**Th isotopic system included very large
errors resulting from uncertainties introduced by the
common Pb correction due to low concentrations of
radiogenic 2°*Pb. For a more detailed examination of
the zircon data, readers are referred to Gibson (1997)
and Gibson and Parrish, in review.

The monazites described herein have been deter-
mined to be metamorphic based on morphology and
textural evidence observed in thin section analyses
(Table 1), which demonstrated an intimate intergrowth
of monazite with peak-metamorphic minerals in all
samples (e.g. Fig. 9). Zoning was not observed in any
of the monazites analysed when examined using a
polarizing microscope, and therefore, they were inter-
preted not to have inherited older cores representing
an earlier metamorphic event. Inheritance cannot be
completely ruled out without conducting a more
detailed micro-analytical examination (e.g. S.E.M.,
micro-probe, SHRIMP) in a follow-up study.
However, based on the available data from this study
(cf. Gibson, 1997; Gibson and Parrish, in review) and
on compelling evidence presented by Parrish (1995),
Crowley (1997), and Crowley and Parrish (in press) in
a study further south in the complex within rocks of
similar composition and metamorphic grade, we inter-
pret the monazite as having grown during a diachro-
nous metamorphic event beginning in the Late
Cretaceous.

Additionally, the U-Th—Pb ages produced are con-
sidered to represent the timing of monazite crystalliza-
tion during high-temperature (minimum > 500°C,
Smith and Barreiro, 1990) prograde metamorphism as
opposed to the time when the monazites cooled
through their closure temperature (Dodson, 1973).
This is based partly on the results described below but
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also on new data presented by Spear and Parrish
(1996) which suggest that the monazite closure tem-
perature is >750°C. Although the peak-metamorphic
temperatures for this area are not well constrained,
plotting of the peak-metamorphic assemblages on a
petrogenetic grid (Spear, 1993) suggests that tempera-
tures did not exceed 700°C (cf. Scammell, 1986).
Monazite growth during retrograde cooling of the
complex is considered unlikely for two reasons: (1)
There is no textural evidence in thin section that sup-
ports this notion; (2) based on palinspastic reconstruc-
tions and post-thermal peak cooling histories gleaned
from accessory minerals (e.g. titanite, hornblende,
muscovite, biotite) other studies in and around the
complex have concluded that immediately following
the culmination of tectonic burial (Late Cretaceous to
Paleocene) the complex was rapidly exhumed (e.g.
Parrish, 1995 and references therein; Johnson and
Brown, 1996; Crowley, 1997). Accordingly, peak min-
eral assemblages are thought to have quenched before
they had a chance to re-equilibrate at lower meta-
morphic grades.

4.2. Sample DG 105, unit 3, highest structural level,
~510 m below the Monashee décollement

Sample DG105 was taken from pelitic schist of unit
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3, found within the upper, overturned limb of the
Sibley Creek syncline (Figs. 4 and 7a). DG105 rep-
resents the highest structural level of all the analyses
performed in this study (Fig. 8) and the sampling clo-
sest to the Monashee décollement of all rocks taken
from the Monashee complex. The ***Pb/***Th ages for
this sample range from 77.7 + 0.3 to 66.8 + 0.3 Ma,
which is interpreted to be the minimum age range of
prograde metamorphism and deformation (F5) at this
level based on textural and fabric relationships
observed in thin section and hand sample (Table 1).
These monazites are interpreted to have suffered
noticeable amounts of U loss (~0.5-7%), based on dis-
crepancies found in the U-Th—Pb isotopic data and
the pattern of U-Th—Pb data in concordia diagrams
(Gibson, 1997; Gibson and Parrish, in review).
Therefore, monazite crystals in this sample are inter-
preted to have grown during a thermal history which
involved a prolonged duration of elevated tempera-
tures (at least as long as the range of isotopic ages) ac-
companied by deformation. The isotopic age for an
individual crystal is inferred to be the cumulative aver-
age of variable contributions from older through
younger monazite growth in this period of time (i.e.
77.7 Ma through 66.8 Ma).

4.3. Sample DG 136, unit 3, ~600 m below the
Monashee décollement

This sample was also taken from unit 3 within the
upper, overturned limb of the Sibley Creek syncline
but at a slightly lower structural level than DG105
(Figs. 4, 7 and 8). The *°*Pb/**?Th ages, ranging from
73.6 + 0.3 to 63.4 + 0.3 Ma, are similar to those pro-
duced for DG105 and are interpreted to be a minimum
duration for prograde metamorphism and deformation
(F>), consistent with thin section and hand sample
analysis. As for DGI105, the interpreted environment
was one of prolonged peak thermal conditions at this
level. Additionally, U loss (~3.6-5.0%) is interpreted
to be significant for all fractions analyzed.

4.4. Sample DG122, unit 7, ~2200 m below the
Monashee décollement

An intermediate structural level is represented by
sample DG122, unit 7 pelitic schist, taken from a lo-
cation within the overturned limb of the Sibley Creek
syncline immediately proximal to the hinge (Fig. 4).
The ***Pb/>**Th ages, ranging from 61.8 +0.3 to 57.6 +
0.2 Ma (Figs. 7a and 8), are substantially younger and
more closely grouped at this locality than at higher
structural levels and suggest a shorter duration of crys-
tallization at a later time. Additionally, the U loss
(~0.2-3.3%) for the fractions in this sample is inter-
preted to be minor at this level.

4.5. Sample DG 167, unit 3, lowest structural level,
~3010 m below the Monashee décollement

Located within the lower, upright limb of the Sibley
Creek syncline at the structurally lowest level sampled
in this study, DG167 was taken from a pelitic schist of
unit 3. The 2**Pb/***Th ages are tightly clustered, ran-
ging from 59.9 +0.3 to 59.4 + 0.2 Ma, and are signifi-
cantly younger than the ages produced at the highest
structural levels. The data for this sample are inter-
preted to indicate a closed-system environment where
crystallization of monazite was of short duration and
U loss was insignificant (i.e. ~0.5-0.7%), suggesting a
much simpler thermal history than at higher structural
levels.

4.6. Age of the Sibley Creek syncline and its
modification by F»

The time of initiation of the Sibley Creek syncline
and related F; structures is not well-constrained since
these structures appear to have been initiated prior to
peak-metamorphic  conditions  (Journeay, 1986;
Scammell, 1986). Presumably the folding did not
develop until some time after initial burial related to
northeastward migration of the orogenic front.
Palinspastic restoration and stratigraphic constraints in
the Foreland Belt suggest that this did not occur
before the Cretaceous (Price and Mountjoy, 1970;
Brown et al., 1993). At outcrop scale, syn-peak-meta-
morphic F, structures penetratively overprinted the
macroscopic-scale Sibley Creek syncline and, through
ductile deformation, modified the pre-existing structure
of the Sibley Creek syncline. Thus, the important con-
straints are the times at which the Sibley Creek syn-
cline was modified by superposition of syn-peak-
metamorphic F> structures. From the previous section
it is apparent that this modification progressed from
the upper limb to the lower limb over a minimum
period of approximately 18-20Ma in the Late
Cretaceous to Paleocene.

5. Thermotectonic models
5.1. Apparent metamorphic age inversion

The monazite data are interpreted to reflect the tim-
ing of high temperature prograde metamorphism at
each locality based on petrography which displays
monazite crystals intergrown with the peak mineral
assemblages (Fig. 9). Furthermore, the fact that all
four pelitic localities exhibit the same general bulk
composition and metamorphic assemblage indicates
that the causes for monazite crystallization (i.e. heating
and chemical reactions) were approximately the same
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Fig. 9. Plain light photomicrograph of thin section from sample
DG105 demonstrating textural relationship between a monazite crys-
tal and the surrounding peak metamorphic mineral assemblage. The
monazite crystal is located in the upper-mid section of the photo-
graph (small, high relief crystal). The monazite grain boundaries are
in contact with those of kyanite and biotite. This textural relation-
ship is found in all the analyzed samples and is interpreted to indi-
cate that the monazite grew approximately coeval with the peak
metamorphic mineral assemblage (e.g. kyanite and biotite). Width of
photomicrograph is 0.42 mm.

for each sample, regardless of structural level. Two
cross-sections have been constructed at an acute angle
to each other (Fig. 7a and b), which show the esti-
mated position of the sample localities with respect to
the Sibley Creek syncline and the projected position of
the Monashee décollement. Additionally, Fig. 8 illus-
trates the relationship of monazite ages to depth below
the Monashee décollement. From these figures, it is
clear that the age of prograde metamorphism decreases
with increasing structural depth. Accepting that the
monazite ages represent the time of heating associated
with prograde metamorphism for their respective struc-
tural levels, this age profile appears to be inverted
compared to the expected distribution of prograde
metamorphic ages for a normal, ‘right-way-up’ meta-
morphism in which age should increase with structural
depth. This inversion is consistent with the results pro-
duced further south within the Monashee complex
(Crowley, 1997; Crowley and Parrish, in press), where
zircon, monazite, titanite, and hornblende ages illus-
trate a younging of peak thermal conditions at pro-
gressively lower structural levels beneath the Monashee
décollement.

Another observed trend is the decrease in the spread
of ages for each sample with increasing structural
depth beneath the Monashee décollement (Fig. 8). The

greatest range is found closest to the décollement
(DG105, ~10 Ma), whereas the tightest clustering is
found at the deepest structural level (DG167,
~0.5Ma). This trend was also noted by Crowley
(1997), who interpreted this to reflect a decreasing dur-
ation of peak thermal conditions at structurally deeper
levels. Within the limits of this study and the data gen-
erated, there is not sufficient evidence to test this in-
terpretation. Nevertheless, based on the observations
made above one can conclude that monazites from
rocks sampled closest to the Monashee décollement ex-
perienced a more protracted thermal history and grew
at an earlier time than those located deeper in the tec-
tonic pile.

5.2. Rapid Paleocene burial and Eocene denudation

Parrish (1995) argued that the Monashee complex
was rapidly underthrust beneath the hot Selkirk
allochthon during the Paleocene, causing a thermal
inversion which resulted in an inverted Barrovian
metamorphism. This was followed immediately by
rapid exhumation of the complex and the allochthon
during Eocene extension. Parrish based these con-
clusions on petrographic evidence presented by
Journeay (1986) and on geochronologic data produced
within and around the complex that suggested a brief
thermal peak of 600-700°C at approximately 60—
55 Ma.

5.3. Problems with the heat transfer model

The geochronologic and structural data presented in
this study are incompatible with a model which pro-
poses that the observed inverted metamorphic field
gradient was the result of a crustal thermal inversion.
The monazite °*Pb/>**Th ages, which are considered
to be the best approximation for the time of prograde
metamorphism, are not consistent with rapid burial
and heating of the complex initiating in the Paleocene.
Monazite from sample DG105 began to crystallize by
at least 77.7+ 0.3 Ma, suggesting that elevated thermal
conditions, presumably due to substantial tectonic bur-
ial beneath the overriding Selkirk allochthon (batho-
zone 5 of Carmichael, 1978, ca. 6.4-7.1 kbar or ~22—
25 km depth; cf. Scammell, 1986), were reached prior
to the Paleocene. Additionally, observations and in-
terpretations presented herein suggest that rocks clo-
sest to the overlying heat source (Selkirk allochthon)
were maintained at peak thermal conditions for at
least 10 Ma. This prolonged duration of elevated tem-
peratures is difficult to reconcile with model studies by
England and Thompson (1984) and Ruppel and
Hodges (1994), which indicate that a thermal inversion
can only be sustained for a few million years. The long
duration of elevated temperatures indicated by the
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data should have allowed for nearly complete thermal
relaxation of the isotherms, erasing any evidence of
inverted isograds within the Monashee complex.
Another limitation of the thermal inversion model is
that it does not consider the potential role played by
deformation. Without invoking a significant com-
ponent of mechanical modification, the distribution of
ages found in this study is difficult to explain. There is
at least an 18.3 Ma age difference between the in-
itiation of monazite growth for the highest and lowest
structural levels sampled (DG105 and DG167). If, as

assumed, the initiation of growth was coeval with the
timing of high-temperature prograde metamorphism at
these levels, and the structural distance between the
two levels was ~1.7 km (Figs. 7 and 8), then thermal
inversion would require an extremely slow rate of con-
ductively driven heat diffusion from the overlying
allochthon. A first-order approximation of the vertical
distance (Z) that would be penetrated in 18.3 Ma (¢)
by heat conducted from the overthrust Selkirk alloch-
thon has been calculated using the following equation
(modified from Oxburgh, 1981):

(a) >~7West —East. (D) ~West —_progressive burial and ~East
heating leads to @
pre-77 Ma ~77 Ma flow folding
N ) __—~internal defa mation
direction of transport Selkirk allochthon ///e/of allochthén
- otential thrust plane >
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g —
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Fig. 10. Schematic thermotectonic model for northern Monashee complex; (a—d) illustrates the progressive burial and deformation of the
Monashee complex with time. Cordilleran deformation and burial of the Monashee complex beneath the Selkirk allochthon is initiated prior to
77 Ma (a) and progresses diachronously until ca. 59 Ma (d) when the tectonic load is maximum (at a depth of ~20-25 km); extensional unloading
immediately follows (Parrish et al., 1988 and references therein). The Sibley Creek syncline (SCS) originates prior to 77 Ma (a) as a buckle fold
in a relatively cool environment but evolves into a thermally aided passive flow fold with increased heat and tectonic load (b—d). Rocks initially
located to the west are buried and heated first (e.g. DG105 with minimum age range of ~77-67 Ma) and are laterally transported over rocks to
the east, which reach peak temperatures and depths at a later time (~59 Ma). Based on the concepts proposed in the general model illustrated in
(a—d), (e) incorporates a scaled cross-section of the Sibley Creek syncline and the flow lines of the rocks initially found to the west as they are
transported eastward in a passive-flow fashion resulting in the present-day geometry of the Sibley Creek syncline and in the distribution of
inverted and strongly diachronous peak-metamorphic ages.



H.D. Gibson et al. | Journal of Structural Geology 21 (1999) 751-767 765

7 = Jxt (1)

where x is thermal diffusivity in continental crust,
which is estimated to be between ~6.0 x 107’ m?s~!
and 1.2 x 107*m?s™! (England and Thompson, 1984).
As a result, a vertical separation of ~18.6-26.3 km
between the highest and lowest sample localities is
required, equal to at least 10 times the actual observed
distance. Additionally, the above calculation does not
consider the heat input from radioactive decay within
the thickened crust which would further increase the
distance penetrated by conducted heat. Conversely, if
it had taken 18.3 Ma for the heat to penetrate the
restricted vertical distance of ~1.7 km, an inexplicably
low heat diffusivity value of approximately 5.0 x
107" m?s~! would be required. However, it should be
noted that the present 1.7 km distance between the
samples may be considered a minimum value of the
original thickness and that deformation may have
played a significant role in thinning the tectonic pile.
These thermomechanical processes are considered
below.

5.4. Conceptual thermomechanical model

Thermochronologic and structural data presented in
this paper indicate that the Sibley Creek syncline,
which began to develop prior to the onset of pre-peak-
metamorphic conditions (F)), was modified by diachro-
nous penetrative syn-peak-metamorphic deformation
(F,) from approximately 78 to 59 Ma. At pre-peak
conditions, the initiation of folding would have taken
place when the rocks exhibited a high ductility con-
trast. Therefore, in the earliest stages the Sibley Creek
syncline is presumed to have been an open fold with
little or no limb attenuation (Fig. 10a). As the east-
ward advancing Selkirk allochthon buried the
Monashee complex (Fig. 10b—d) the fold tightened and
stratigraphy became transposed. Strong eastward ver-
gent deformation placed more deeply buried western
strata over less deeply buried eastern strata (Fig. 10a—
e). Fig. 10(e) diagrammatically illustrates how rocks
now found in the overturned limb of the Sibley Creek
syncline may have been translated eastward. By way of
example, point (A) is displaced 11 km from its initial
position along passive flow lines at a rate of approxi-
mately 0.6mmy~' for approximately 18 Ma, as
suggested by the geochronologic constraints and the
geometry of the syncline. Rocks located in the lower
limb (B) travelled significantly smaller distances (B—B’
approximately 1.5 km) for a shorter period of time
(possibly 0.5-1 Ma). Since the western parts of the
fold were buried and heated earlier than the eastern
parts, peak metamorphism developed first in the west
and then migrated to the east; eastward vergent pro-
gressive deformation placed these western rocks over

the eastern rocks as the fold evolved to its present geo-
metry. This scenario would give rise to the presently
preserved distribution of diachronous peak-meta-
morphic ages at the present time and to the inverted
metamorphic field gradient. At approximately 59 Ma
the Monashee complex was rapidly exhumed as nor-
mal-sense shearing on the Columbia River and
Okanagan—Eagle River fault systems removed much of
the crustal cover (Johnson and Brown, 1996 and refer-
ences therein), thus facilitating rapid cooling of the
complex and preservation of the inverted metamorphic
field gradient and peak-metamorphic ages.

6. Discussion

To overcome the apparent difficulties in applying a
simple thermal inversion scenario to explain the occur-
rence of an inverted metamorphic field gradient, the
model presented above combines both thermal and
mechanical processes; diachronous burial leads to dia-
chronous peak metamorphism, and progressive defor-
mation places the early peak-metamorphic rocks
structurally above the late peak-metamorphic rocks. It
is reasonable to assume that heat from the overlying
Selkirk allochthon contributed to the heating of the
underlying rocks, but this is not essential to the model
and may have played an insignificant role.
Accordingly, the role of local heating or cooling due
to transmission of fluids during metamorphism is not
discounted but is not considered to be a significant
mechanism that would explain the systematic nature of
the ~I18.3 Ma decrease in age with the ~1.7km
increase in depth found in this study. Furthermore, the
same consistently downward younging trend is found
further south and deeper within the complex (Crowley,
1997; Crowley and Parrish, in press), adding at least
another 3-4 km depth to the overall profile of ages
and casting further doubt on fluid transmission as a
significant mechanism for an inversion of metamorphic
ages.

The deformation model, while serving to explain the
thermochronologic data, is not intended to be an exact
explanation of the structural kinematic history; it is
recognized that the flow was most likely complex and
three dimensional. For example, the F, structures are
reclined and display strong regional northward ver-
gence. A discussion of these complexities will be the
subject for future communications.

The implications of this study beyond the regional
context of the Monashee complex are worth consider-
ation. For instance, in recent years several models
have been proposed to explain the occurrence of an
inverted metamorphic sequence in the Main Central
thrust zone of the Himalayas (see Introduction). The
model presented in this paper agrees well with models
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that invert metamorphic field gradients via distributed
ductile processes (e.g. Hubbard, 1996; Grujic et al.,
1996; Jamieson et al., 1996) and casts further doubt on
models that argue inversion was caused primarily by
transmission of heat into the footwall from above. As
such, conducting a detailed geochronologic analysis
similar to the one carried out in this study may further
elucidate the cause of inverted metamorphic field gra-
dients observed in the Himalayas and in other orogens
where this phenomenon occurs. Furthermore, although
not attempted within the scope of this study, the
results indicate that such detailed geochronologic stu-
dies could constrain the rate of development of struc-
tures within a middle crustal setting during orogenic
processes.

7. Conclusions

The Sibley Creek syncline evolved over a period of
at least 18-20 Ma, during which time it was signifi-
cantly modified by syn-peak-metamorphic deformation
(F>); this deformation was initiated by at least ca.
77 Ma. The generations of deformation described in
this paper are local markers of progressive defor-
mation, but each evolved diachronously as a function
of the advance of the orogenic front and resulting
structural depth beneath the Selkirk allochthon. An
analysis of the structure and geochronology of the
area indicates that the pattern of dates relative to the
overlying allochthon is consistent with distributed duc-
tile deformation of isograd surfaces by substantial
east-directed shear strain and attendant attenuation in
the footwall, leading to relative lateral transfer of
rocks preserving evidence of inverted diachronous
metamorphism. Previous tectonic models of the region
that attribute the distribution of diachronous and
inverted peak-metamorphic assemblages solely to con-
ductive heating from a hot overthrusted allochthon are
rejected.
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