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AbstractÐStructural, metamorphic and U±Pb geochronologic data reveal how a steep, crustal-scale shear zone
in¯uenced the evolution of the Paleogene Coast Mountains batholith during and since its emplacement. We
document two distinct stages of deformation (DCSZ

3 and DCSZ
4 ) that produced the Coast shear zone north of

Portland Inlet. Between 65 Ma and 57 Ma, deformation now preserved within the eastern side of the Coast
shear zone (DCSZ

3 ) produced a moderately to gently, north-northeast-dipping foliation and north-east-plunging
mineral lineations. DCSZ

3 involved dominantly east-side-up, top-to-the-southwest displacements during and
after the intrusion of tabular tonalite and granodiorite plutons. Widespread crustal thickening followed by
rapid exhumation, east-side-up tilting of the batholith, and decompression of rocks equilibrating at 5.620.4
kbars, 7102308C occurred at this time. Prior to DCSZ

3 , deformation (DWTB
1±2 ) now preserved west of the Coast

shear zone resulted in tectonic imbrication of lithologically distinctive crustal fragments at 8±9 kbars, and
west- to southwest-vergent ductile thrust faults before 092 Ma. From 057 Ma to 55 Ma, deformation in the
western Coast shear zone (DCSZ

4 ) produced a narrow, 1±2 km wide, zone comprised of a steeply-dipping to
subvertical foliation that overprints and transposes all DWTB

1±2 and DCSZ
3 structures. DCSZ

4 involved bulk east-
side-down displacements parallel to a steeply-plunging, down-dip sillimanite lineation and regional tilting of
the batholith. This east-side-down displacement may re¯ect a ®nal period of crustal readjustment and collapse
following an earlier period of crustal thickening during batholith construction. The variable history of motion
within the Coast shear zone appears to re¯ect a response to di�erent periods of batholith development within
a convergent to obliquely-convergent continental margin. # 1998 Elsevier Science Ltd. All rights reserved

INTRODUCTION

The Coast Mountains orogen of northern British
Columbia and southeast Alaska records the develop-
ment of a steep, crustal-scale, high-temperature (600±
7008C) shear zone that evolved concomitantly with lat-
est Cretaceous to Eocene emplacement of the Coast
Mountains batholith (Crawford and Crawford, 1991;
McClelland et al., 1992). High strain areas of the
Coast shear zone (Fig. 1) coincide with the western
boundary of the batholith for up to 800 km parallel to
the north-northwest strike of the orogen (Hollister and
Crawford, 1990; Rubin and Saleeby, 1992; McClelland
et al., 1992). West of the Coast shear zone, exhumed
middle to lower crust preserves evidence of mid-
Cretaceous west- and southwest-vergent ductile thrust
faulting (Crawford et al., 1987; Rubin et al., 1990;
Gehrels et al., 1990; McClelland et al., 1992) with little
intrusive activity between 090 Ma and the Miocene
(Cook et al., 1991). Multichannel seismic re¯ection

data collected along Portland Canal show contrasts in
crustal structure across the Coast shear zone
suggesting that it may retain its steep orientation to
the base of the crust (Hollister et al., 1994; Das et al.,
1996). These relationships provide an opportunity to
examine the role of a crustal-scale shear zone in con-
trolling the evolution of a major batholith and other
crustal fragments during and since their emplacement
onto the North American continental margin.

The tectonic signi®cance of the Coast shear zone
during and since the emplacement of the Coast
Mountains batholith has been the subject of much
debate. Between Portland Inlet and the Skeena River
(0548N latitude), Crawford and Hollister (1982) inter-
preted the Coast shear zone as a major crustal break
that separates areas of contrasting metamorphic his-
tories. Medium to high pressure (8±9 kbars) meta-
morphic rocks (Crawford et al., 1979) on the west
contrast with migmatites and assemblages indicating
higher temperatures (600±7008C) but lower pressures
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(4±5 kbars) on the east (Hollister, 1977; Selverstone

and Hollister, 1980). Selverstone and Hollister (1980)

and Hollister (1982) document textural relationships

and K/Ar and 39Ar/40Ar cooling ages indicating rapid

(2 mm/y) exhumation and decompression of the batho-

lith and its host rocks east of the Coast shear zone.

These observations suggested that the Coast shear

zone played a central role in accommodating the rapid

exhumation of the deep crustal portion of the Coast

Mountains batholith during bulk east-side-up (reverse)

displacement prior to 50 Ma (Hollister, 1982;

Crawford et al., 1987).

Ingram and Hutton (1994), in a study of the western

edge of the Coast Mountains batholith between 548N
and 598N latitude, concluded that contractional defor-

mation in the Coast shear zone controlled the ascent

and emplacement of numerous plutons of the

Paleogene batholith and led to regional east-side-up

tilting of the batholith. This interpretation was based

on observations of (1) contractional deformation in

the Coast shear zone involving northeast over south-

west senses of displacement parallel to a steep, down-

dip lineation, (2) close associations between the intru-

sion of numerous narrow, tabular plutons that concor-

dantly share Coast shear zone fabrics, and (3) evidence

that the fabrics within many of these plutons formed

prior to complete crystallization of magmas (Ingram

and Hutton, 1994).

McClelland et al. (1992) recognized a complex his-

tory of deformation within the Coast shear zone near

Petersburg (056.5±578N latitude) involving both east-

side-down and east-side-up, dip-slip displacements.

These observations introduced the possibility of east-

side-down tilting of the Paleogene batholith although

the signi®cance, locations and timing of the east-down

indicators (see also Crawford et al., 1989) remained

unclear. McClelland et al. (1992) also concluded that

deformation in the Coast shear zone accommodated

Paleocene and Eocene exhumation of the Coast

Mountains batholith but that this may have occurred

Fig. 1. Location map of the Coast shear zone near Portland Canal. Inset shows0800 km length of the shear zone within
the north Coast Mountains. Bold lines on main map are locations of transects shown in Figs 2 and 6. BHC is north
Behm Canal. Black dots represent location of new U±Pb isotopic dates on zircons from intrusive rocks across the trans-

ects. Bold dashed line represents western boundary of the western Coast shear zone.
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during a transition from a dominantly compressional
regime to one dominated by tension or transtension.
A ®nal interpretation postulated for the Coast shear

zone is that it could represent part of a major trans-
form system that accommodated up to several thou-
sand kilometers of northward motion along the
western margin of North America between 80 Ma and
60 Ma (Umhoefer, 1987; Umhoefer et al., 1989;
Cowan, 1994). This interpretation is based partly on
paleomagnetic data suggesting that large dextral strike-
slip motion occurred parallel to the margin of western
North America beween 80 Ma and 60 Ma (Beck et al.,
1981; Beck, 1989; Irving et al., 1985, 1993). Consistent
with this interpretation, the Coast shear zone has a
steep orientation, is parallel to the north-northwest
strike of the Coast Mountains orogen, and formed
during a period (060 Ma) when relative motion
between the Kula and North American plates appar-
ently was changing from near orthogonal convergence
to dextral strike-slip or obliquely convergent motion
(Engebretson et al., 1985; Stock and Molnar, 1988;
Lonsdale, 1988). Cowan et al. (1997, p. 161), however,
point out that much of the proposed orogen-parallel
displacement based on paleomagnetic data probably
occurred prior to 072 Ma and thus predates inter-
preted Paleocene ages for the Coast shear zone. Butler
et al. (1989) also point out that tilting of the batholith
may explain paleomagnetic data patterns rather than
the postulated large displacements. Nevertheless, the
accommodation of large orogen-parallel strike-slip dis-
placement within the Coast Mountains during the
development of the Coast shear zone is possible
(Hollister and Andronicos, 1997).
Much of this controversy surrounding the signi®-

cance of the Coast shear zone centers on apparently
disparate interpretations of the style, kinematics and
timing of deformation within the shear zone. Our
focus in this paper is to establish the style, timing,
sense-of-shear, and spatial distribution of di�erent
phases of deformation preserved within and adjacent
to the Coast shear zone using new structural, meta-
morphic and U±Pb geochronologic data from sections
located north of Portland Inlet. Studied localities
include North Behm Canal, Smeaton Bay, Very Inlet,
Boca de Quadra and Sitklan Passage (Fig. 1), all of
which contain sections oriented perpendicular to the
north-northwest strike of the Coast shear zone.
The signi®cance of the studied localities, especially

Sitklan Passage and Boca de Quadra, is twofold. First,
these sections contain relatively small amounts of
intrusive rock compared to other areas. This results in
well preserved regional structural and metamorphic re-
lationships within the shear zone with minimal local
interruption by plutons and large volumes of syntec-
tonic melt. At the same time, cross-cutting relation-
ships involving intrusive rocks in these sections proved
useful for U±Pb dating of fabrics. A second signi®cant
feature of these localities is that near Sitklan Passage

and the north shore of Portland Inlet fabrics of the
mid-Cretaceous western thrust belt narrow into a 03
km wide zone at the western side of the Coast shear
(Figs 1 & 2). This relationship facilitates study of
cross-cutting and other structural relationships
between fabrics of the Coast shear zone and those of
the western thrust belt.

REGIONAL GEOLOGIC HISTORY

The Coast Mountains orogen experienced extensive
crustal shortening, pluton emplacement and high grade
metamorphism during Jurassic to mid-Cretaceous
accretion of tectonostratigraphic terranes onto the wes-
tern margin of North America (Monger et al., 1982).
West of the Coast shear zone, these include, from west
to east, the Alexander, Taku, and Nisling terranes
(Berg et al., 1978; Gehrels and Berg, 1988). Exposed
areas of the Alexander and Taku terranes are separ-
ated by rocks of the Late Jurassic to Cretaceous
Gravina belt (Inset Fig. 1), comprising basinal turbi-
dite sediments and ma®c volcanic rocks that overlie
the eastern margin of the Alexander terrane (Berg et
al., 1972; Gehrels and Berg, 1984; Cohen and
Lundberg, 1993). Most workers (e.g. Monger et al.,
1982; Crawford et al., 1987; Rubin and Saleeby, 1992)
agree that the mid-Cretaceous tectonic assembly of the
orogen occurred in a convergent setting dominated by
a crustal-scale thrust belt and associated tabular syn-
tectonic 100±90 Ma tonalitic plutons. The prior history
of this terrane remains speculative. Plate motion recon-
structions (e.g. Engebretson et al., 1985) and geological
investigations elsewhere in British Columbia and
Alaska (Gehrels and Saleeby, 1987; Rusmore and
Woodsworth, 1988; McClelland and Gehrels, 1990)
suggest the Alexander and other terranes outboard of
the North American craton were transported consider-
able distances along the craton margin prior to initial
accretion in the Middle Jurassic.

In the Ketchikan and Prince Rupert quadrangles,
rocks west of the Coast shear zone comprise the mid-
Cretaceous western thrust belt, where greenschist to
amphibolite facies metamorphism and deformation of
the Gravina belt, and Taku and Nisling terranes pro-
duced kilometer-scale thrust sheets that verge to the
southwest and west (Cook et al., 1991). The Alexander
terrane forms the structural basement for the thrust
stack (Gehrels et al., 1990; Crawford and Crawford,
1991). The highest grade metamorphic rocks of the
western thrust belt lie just west of the Coast shear
zone or are found in narrow aureoles adjacent to the
plutons.

By the interval 65±55 Ma, high P±T kyanite and
staurolite-bearing schists and paragneisses west of the
Coast shear zone had cooled to <2508C (Crawford et
al., 1979, 1987). Contrastingly, within and east of the
Coast shear zone rocks record intense heating (600±
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7008C) associated with emplacement of the Paleogene
Coast Mountains batholith during convergence
(Crawford and Hollister, 1982; Hollister, 1982). Many
of these plutons are either steep or gently-dipping tab-
ular bodies with margins and internal fabrics that par-
allel country rock foliations (e.g. Brew and Ford,
1981; Ingram and Hutton, 1994). East of the Coast
shear zone latest Cretaceous to Eocene plutons intrude
high grade metasedimentary and metaigneous rocks of
the Central Gneiss Complex (Hutchison, 1982;
Hollister and Crawford, 1990). Exhumation, decom-
pression and cooling of the batholith and host rocks
occurred prior to 50 Ma (Hollister, 1977; Selverstone
and Hollister, 1980; Hollister, 1982; Crawford and
Hollister, 1982).

STRUCTURAL DOMAINS AND DEFORMATION
EVENTS ACROSS THE COAST SHEAR ZONE

In this paper, we describe four deformational events
that a�ect di�erent regions of the crust between
Portland Inlet and North Behm Canal. The events are
distinguished on the basis of overprinting relationships,
distinctive foliation orientations, sense of shear, meta-
morphism, and fabric ages. The ®rst two events
(DWTB

1±2 ) characterize parts of the mid-Cretaceous wes-
tern thrust belt (cf. Cook et al., 1991; Rubin and
Saleeby, 1992; McClelland et al., 1992) located at the
western end of transects along Sitklan Passage, Very
Inlet, Boca De Quadra and Smeaton Bay (Fig. 1).
Di�erences in fold and fabric geometries and mineral
assemblages suggests a subdivision of the western
thrust belt into three domains (Fig. 2). Domains Ia
and Ib occur only in the region surrounding Sitklan
Passage (Fig. 2). Outside the study area, structures
similar to those in domains Ia and Ib are found in the
west metamorphic belt of southeast Alaska (Crawford
and Crawford, 1991). Domain II represents parts of
the western thrust belt traceable in a continuous belt
from the south shore of Sitklan Passage to Smeaton
Bay (Fig. 3).
Between Portland Inlet and North Behm Canal

structural, metamorphic and geochronologic evidence
presented below suggests a regional division of the
Coast shear zone into western and eastern parts.
Marking the western side is a narrow, 1±2 km wide,
zone comprised of a steep to subvertical, intensely
developed foliation that approximately coincides with
the Coast Ranges megalineament of Brew and Ford
(1978) and the Work channel lineament (Hutchison,
1982). This steep zone coincides with domain III
(Fig. 2) and maintains its steep orientation in all of the
studied transects (Fig. 3). This steep foliation was pro-
duced by a regional event (DCSZ

4 ) that accommodated
dominantly east-side-down shear between 057 and 55
Ma. Contrasting with the west side, the eastern Coast
shear zone contains a moderately to gently, north-

northeast-dipping to east-dipping foliation that was
produced by an event (DCSZ

3 ) involving east-side-up,
top-to-the-southwest transport between 65 Ma and 57
Ma. Structural domain IV coincides with the eastern
Coast shear zone and includes parts of the Tertiary
tonalite intrusive complex and migmatites.

THE WESTERN THRUST BELT (DWTB
1±2 )

Mid-crustal, west- and southwest-vergent thrust faulting
and folding

Adjacent to the Coast shear zone, DWTB
1±2 fabric ele-

ments are best exposed along western Sitklan Passage
where the western thrust belt between the Alexander
terrane and the Coast shear zone is very well exposed
and narrows to03 km. Here, west- and southwest-ver-
gent thrust faults are marked by narrow, 10±15 m
wide, zones of chaotically deformed quartz veins and
semi-brittle disruption of ductile fabrics. S±C fabrics,
en eÂ chelon quartz veins, C' shear bands, and asym-
metric tails (s-type) on garnet porphyroblasts consist-
ently indicate east over west displacement within these
zones.

Inverted metamorphic gradients and changes in bulk
composition across east-dipping thrusts strengthen in-
terpretations of west- and southwest-directed transport
and imbrication of lithologically distinctive crustal
packages. East of Tingberg Island (Fig. 2), biotite
grade meta-graywackes (domain Ib) lie below
deformed garnet-bearing amphibolites and quartz-mus-
covite schists on Kanagunut Island (domain II, Fig. 2).
These rocks are, in turn, tectonically overlain by high
P±T kyanite + staurolite schists (domain II, Fig. 2)
that formed at pressures of 08 kbars at roughly
30 km depth (cf. Crawford et al., 1979, 1987; Cook
et al., 1991).

Abrupt changes in fold and foliation geometries
across thrust zones also support tectonic imbrication
west of the Coast shear zone. Within Triassic marbles
and calcareous metasediments of structural domain Ia
(Fig. 2), a composite foliation (S0/S

WTB
1 ) de®ned by

primary compositional layering, the preferred shape
orientation of elongate calcite and quartz aggregates,
and the alignment of minor platy minerals is deformed
by doubly-plunging, tight inclined folds (FWTB

2 ). These
folds display Type 1 interference patterns in outcrop
(Figs 4a & 5a). The folds are overturned to the west
and southwest in a manner consistent with west
and southwest directions of tectonic transport during
DWTB

1±2 . Boudinage of some quartz veins near the con-
tact between marbles and rhyolite suggests that a
northeast-plunging (0608) extensional direction
occurred sometime during deformation despite the lack
of a strong mineral lineation in these rocks.

In meta-greywacke turbidites within domain Ib
(Fig. 2), second generation structures (FWTB

2 ,
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LWTB
2 and SWTB

2 ) form the dominant fabric elements.
In addition to compositional variations, the occurrence
of a steeply north- to northeast-dipping cleavage
(SWTB

2 ) and gently inclined, overturned, west- and
southwest-vergent folds (FWTB

2 ) distinguish domain Ib
from domain Ia (Fig. 5b). FWTB

2 folds deform a

composite fabric (S0/S
WTB
1 ) de®ned by alternating silty

and sandy layers and a bedding-parallel cleavage.
FWTB
2 axes and an intersection lineation (LWTB

2i ) de®ned
by the intersection between SWTB

2 and S0/S
WTB
1 , plunge

moderately to the east (Fig. 4), slightly obliquely to
the orientation of FWTB

2 fold axes in the underlying

Fig. 2. Structural and lithologic map and structural cross section showing fabric elements and structural variations across
the Coast shear zone along Sitklan Passage. See Fig. 1 for section location. Inset shows location of structural domains.
Structural domains Ia, Ib and II correspond to the western thrust belt (DWTB

1±2 events), domain II corresponds to the wes-
tern Coast shear zone (DCSZ

4 event), and domain IV corresponds to the eastern Coast shear zone (DCSZ
3 event). T is

Tingberg Island, KI is Kanagunut Island, SI is Sitklan Island. Cross section location is shown as A±A'. Bold lines are
thrusts, dashed where location is approximate. Boxed ages are U±Pb isotopic dates on zircons from a pegmatite (samples

94-31 and 94-32) from the western boundary of the western Coast shear determined in this study.
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marbles. SWTB
2 is oriented approximately axial planar

to the FWTB
2 folds (Fig. 4b) and is refracted across

sedimentary layers of di�erent composition.
East and structurally above biotite-grade supracrus-

tal rocks of domains Ia and Ib, the main fabric of
domain II, is composed of two subparallel foliations
that maintain moderately to gently-dipping orien-
tations between Sitklan Passage and Smeaton Bay
(Fig. 3). The ®rst foliation is a gneissic foliation
(SWTB

1 ), recognizable as discontinuous compositional

layering (from <1 cm to >0.5 m thick), that is folded
into tight to isoclinal, reclined to recumbent minor
folds (FWTB

2 ). FWTB
2 fold axes and LWTB

2i intersection
lineations plunge gently north-northwest and southeast
(Fig. 3). Many of the FWTB

2 folds are intrafolial, almost
all are overturned, asymmetric and southwest-vergent.
Along the axial planes of FWTB

2 folds, a second foli-
ation (SWTB

2 ) is de®ned by the preferred shape orien-
tation of lenticular mineral aggregates and aligned
biotite and hornblende. In meta-pelitic layers, SWTB

2 is
a coarse schistosity subparallel to compositional layer-
ing that cuts through FWTB

2 fold hinges.
On SWTB

2 foliation planes, a weak, moderately east-
to east-southeast-plunging mineral lineation (LWTB

2 m )
is de®ned by streaks of white mica, quartz and
plagioclase aggregates, and quartz and biotite strain
shadows on garnet porphyroblasts. Down-dip exten-
sion parallel to LWTB

2 m is evidenced by boudinaged
amphibolite layers in some localities. Where both
LWTB
2i and LWTB

2 m are present, they typically are not
parallel (Fig. 3). The direction of extension indicated
by LWTB

2 m parallels the direction of extension inter-
preted for domains Ia and Ib along western Sitklan
Passage. These geometric relationships imply that
DWTB

1±2 deformation in domains Ia, Ib and II may
have been progressive and/or occurred within similar
kinematic displacement ®elds.

THE EASTERN COAST SHEAR ZONE (DCSZ
3 )

Structure of DCSZ
3 fabric elements

East of the steep western part of the Coast shear
zone, three main structural features form the dis-
tinguishing characteristics of structural domain IV.
The ®rst feature is the gently to moderately northeast-

Fig. 3. Compilation of lower-hemisphere, equal-area stereoplots that
show structural data from the ®ve transects of the Coast shear zone
examined in this study. North Behm Canal (top row of stereoplots)
is the northernmost locality studied, Sitklan Passage (bottom row
of stereoplots) is the southernmost locality. See Fig. 1 for transect
locations. The left column contains data from the western thrust
belt (domain II) including poles to SWTB

2 foliations (white circles),
LWTB
2 m mineral lineations (®lled squares) and LWTB

2i intersection linea-
tions and FWTB

2 fold axes (white squares). The center column con-
tains data from the western Coast shear zone (domain III) including
poles to SCSZ

4a (black circles), LCSZ
4 m mineral lineations (black squares)

and LCSZ
4i intersection lineations (white squares). The right column

contains data from the eastern Coast shear zone (domain IV) includ-
ing poles to SCSZ

3 (crossed circles), LCSZ
3 m mineral lineations (black tri-

angles) and LCSZ
3i intersection lineations (white triangles). See text for

discussion.

Fig. 4. Lower-hemisphere, equal-area stereoplots of structural data
from structural domain Ia (a) and domain Ib (b) on Tingberg Island,
western Sitklan Passage. See Fig. 2 for location of structural
domains. Stereoplot (a) shows FWTB

2 fold axes and LWTB
2i intersection

lineations associated with doubly plunging folds, southwest-vergent
folds of the western thrust belt. Great circle represents the average
northeast-dipping axial plane of the FWTB

2 folds. Stereoplot (b)
shows girdle pattern of poles to the composite S0/S

WTB
1 fabric. Great

circle is the best ®t plane to the girdle. The pole to this great circle
parallels the orientation of east-plunging FWTB

2 fold axes (boxes). See
text for discussion.
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to east-dipping orientation of the main foliation (SCSZ
3 )

contained in migmatitic gneisses and schists (Figs 2

& 3). The second feature is a gently to moderately

north- to east-plunging mineral lineation (LCSZ
3 ). The

third feature is the occurrence of tabular tonalite and

granodiorite plutons ranging from strongly deformed

to largely undeformed. Deformation that produced

the LCSZ
3 ±SCSZ

3 fabric of domain IV constitutes the

Fig. 5. (a) Type I interference fold pattern from Tingberg Island (structural domain Ia) in western Sitklan Passage. Folds
(FWTB

2 ) deform a composite S0/S
WTB
1 foliation in interlayered marbles and turbidites; view is to northeast. (b) Southwest-

vergent (to the upper right) FWTB
2 folds of a composite S0/S

WTB
1 foliation in meta-graywackes (in domain Ib) on

Tingberg Island, in western Sitklan Passage. (c) Tight to isoclinal, steeply-plunging FCSZ
4a folds and axial planar SCSZ

4a foli-
ation in domain III of the western Coast shear zone. View is perpendicular to LCSZ

4 m mineral lineations and perpendicular
to the SCSZ

4a foliation on a horizontal surface; circle shows 10 cm scale. (d) Weakly deformed pegmatite at the western
edge of the western Coast shear zone (domain III) that is discordant to, but also contains, the SCSZ

4a foliation of the
western Coast shear zone. Pegmatites displaying this relationship yield057±55 Ma zircon dates. (e) Strongly foliated and
folded (FCSZ

4b ) pegmatites within the center of the western Coast shear zone. Note alignment of pegmatites parallel to the
SCSZ
4a foliation. (f ) Asymmetric boudinage of amphibolite layer within subvertical SCSZ

4a foliation of western Coast shear
zone. West is to the right. (g) Minor DCSZ

4 shear zone from domain IV of the eastern Coast shear zone, Boca de Quadra.
See text for discussion.
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DCSZ
3 event of the eastern Coast shear zone. East of

domain IV in the studied transects (Fig. 6) migmatites,

large volumes of orthogneiss and complex fabric orien-

tation changes occur. Here, foliations generally dip

moderately to steeply north and northeast, and linea-

tions are poorly developed.

LCSZ
3 mineral lineations in domain IV are de®ned by

coarse prismatic sillimanite, coarse-grained hornblende,

and aligned biotite and quartz±feldspar aggregates.

Boudinage of amphibolite layers parallel to LCSZ
3 min-

eral lineations indicates that this lineation represents

a true stretching lineation. These mineral lineations,

Fig. 6. Structural and lithologic map and structural cross section across eastern Boca de Quadra showing variations in
the orientation of foliations across the western (domain III) and eastern (domain IV) sides of the Coast shear zone. See
Fig. 1 for transect location. Inset shows location of structural domains. Cross section location is shown as X±X'.
Foliation symbols are same as in Fig. 2. Boxed numbers refer to U±Pb isotopic dates from zircons. Ages are from this

study (samples 94-200, 94-236 and 94-237) except asterisked age which is from Saleeby and Rubin (1989).
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for the most part parallel intersection lineations,
are formed by the intersection between SCSZ

3 and
an older transposed foliation. In some localities
SCSZ
3 is deformed by gently north-plunging, upright

FCSZ
4 folds. Because these folds are most common

near the boundary between domains III and IV,
they are discussed below in the section on DCSZ

4 defor-
mation patterns.

Mineral assemblages, cordierite paragenesis and tex-
tures

Within metasedimentary rocks of domain IV in east-
ern Sitklan Passage, a well exposed section (locality
93-145) of garnet + sillimanite + cordierite-bearing
metapelites occurs adjacent to a deformed 65 Ma tona-
lite pluton. Here, SCSZ

3 comprised well-layered, grano-
blastic gneisses and schists interlayered with felsic
orthogneisses, migmatites and amphibolite layers.
Samples from this locality contain abundant sillimanite
pseudomorphs of kyanite grains aligned parallel to
LCSZ
3 on SCSZ

3 foliation planes and rare, highly
resorbed and broken staurolite grains. Deformed gar-
net porphyroblasts contain relatively inclusion-free
cores and rims that contain inclusions of non-aligned
coarse-grained prismatic sillimanite (Fig. 7). This

occurrence of sillimanite inclusions in garnet rims rep-

resents an initial phase of sillimanite growth (sil1).

Strongly aligned sillimanite in the matrix, including the

sillimanite pseudomorphs of kyanite and sillimanite

grains that are bent into parallelism with LCSZ
3 in

pressure shadows of garnets represents a second phase

of coarse-grained sillimanite growth (sil2).

Deformed garnet porphyroblasts at locality 93-145

display coronas of recrystallized cordierite that are

drawn out into strain shadows behind garnets (Fig. 7).

The cordierite coronas form semicontinuous rims

between garnet and sillimanite (sil2), biotite and feld-

spar. Some minor symplectitic intergrowths of cordier-

ite with quartz also occur. These textural relationships

between garnet, sillimanite (both sil1 and sil2) and cor-

dierite, and observations of embayed, irregular margins

on garnet in contact with cordierite (Fig. 7) strongly

suggest that the cordierite coronas were produced by a

garnet-consuming reaction involving both sillimanite

and quartz (2 grt + 5q + 4sil = 3 crd). In support of

this interpretation, ®ve core-to-rim step scans across

garnets displaying cordierite coronas (see Table 2)

yielded mineral chemistry that shows the following

trends: (1) garnets are mostly very homogeneous in

composition except at rims in contact with cordierite

and (2) garnet rims in contact with cordierite show

Fig. 7. Sketch showing metamorphic textures in a sample from locality 93-145 in the eastern Coast shear zone (domain
IV) of Sitklan Passage containing the assemblage grt + sil + crd + qtz + kfs + bt + pl. Note corona of cordierite
around garnet porphyroblast. Sil1 (located in rim of garnet) and sil2 (located in matrix) refer to two generations of silli-
manite growth discussed in the text. The foliation parallel to the length of the sketch is SCSZ

3 . View is perpendicular to
foliation and parallel to lineation (LCSZ

3 m ). Sample was used in calulation of P±T conditions during the DCSZ
3 event of the

eastern Coast shear zone and as evidence for a decompression reaction involving the production of cordierite at the ex-
pense of garnet and sillimanite (see Fig. 8). See text for discussion of textures and mineral assemblage.
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moderate decreases in Mg, moderate increases in Fe,
slight increases in Mn and very slight decreases in Ca.
Similar trends also are observed and documented by
Hollister (1977) and Selverstone and Hollister (1980)
for rocks located in equivalent portions of the Central
Gneiss complex east of the Coast shear zone near the
Skeena River. As in these previous works, we interpret
these mineral chemistry trends within garnets in con-
tact with cordierite as indicating that Mg is partially
incorporated into cordierite relative to garnet with a
back di�usion of Mn into the remaining garnet
(Selverstone and Hollister, 1980). The textural relation-
ships we describe and the alignment of the minerals
within SCSZ

3 also strongly suggest that cordierite
formed prior to and/or during DCSZ

3 deformation in
the eastern Coast shear zone.

Conditions of metamorphism, evidence for decompres-
sion and east-side-up displacement

Mineral chemistry of the major phases in samples
from locality 93-145 (e.g. Fig. 7) and textural relation-
ships involving the assemblage grt + sil + crd +
qtz + mcr + bt + pl (Fig. 7) allow us to calculate the
pressure±temperature conditions of metamorphism
during or before DCSZ

3 deformation in the eastern
Coast shear zone. Microprobe analyses (representative
analyses in Table 2) were obtained using Cameca
SX50 machines located at Virginia Polytechnic
Institute and Princeton University. The samples con-
tained no muscovite or chlorite, indicating that the
rocks have not been a�ected by rehydration and retro-
gression.
Conditions of metamorphism for sample 93-145

(Fig. 8) were calculated using TWQ version 2.02
(Berman, 1991) and thermodynamic data from Berman
(1988), Berman and Aranovich (1998), Aranovich and
Berman (1996) and Berman et al. (1995). Non-ideal
Ca±Na±K interactions are given by Fuhrman and
Lindsley (1988) and the position of the staurolite-out
reaction curve (Fig. 8) is from Holdaway et al. (1995).
We use the TWQ program to calculate P±T conditions
of stable curves for all possible reactions among the
minerals present in the rock (Fig. 8). If the minerals
are in equilibrium and the correct thermodynamic data
are used, the calculated curves should intersect at a
point. Our data for the intersections of the solid±solid
reactions, which are not sensitive to water activity,
result in a small scatter of intersection points. The
average intersection for the equilibria thus derived
suggests the metamorphic conditions for this sample
were: P = 5.620.4 kbars and T = 7102308C
(shaded oval in Fig. 8). These inferred pressure±tem-
perature conditions agree well with the observed pre-
sence of sillimanite pseudomorphs of kyanite and
staurolite in the sample. Using these P±T values we
obtained an estimate of the activity of water (aH2O) for
the rock of 0.75. This estimate was obtained by adjust-

ing aH2O for dehydration reactions until the curves for
those reactions passed through the area of the inter-
sections (shaded area in Fig. 8) of the solid±solid reac-
tion curves for the sample. We used this water activity
to plot the positions of the dehydration curves shown
in Fig. 8.

The sillimanite pseudomorphs after kyanite and
staurolite in this sample suggest that the observed
metamorphic assemblage represents a point along a P±
T path from higher pressure and lower temperature
conditions toward lower pressures and slightly higher
temperatures. Kyanite and staurolite assemblages that
characterize the rocks of the western thrust belt west
of the Coast shear zone formed at 8±9 kbar (Crawford
et al., 1979). We assume that the kyanite and staurolite
in this sample, now represented by the pseudomorphs,
originally formed at similar high-pressure conditions.
The breakdown of staurolite by the reaction
st + q = alm + sil + water (curve 4 in Fig. 8) docu-
ments a temperature. This reaction explains the
observed concentration of sillimanite inclusions in the
outer rim zones of the garnet grains (Fig. 7).

Fig. 8. Pressure±temperature diagram showing the metamorphic
conditions for rocks a�ected by the DCSZ

3 event of the eastern
Coast shear zone using mineral chemistry and textural data from
Sitklan Passage (sample shown in Fig. 7). The average intersection
of reaction curves for the equilibria in sample 93-145 (shaded
oval region) is 5.620.4 kbars, 7102308C. Not all the curves
used in calculating this average intersection are shown for pur-
poses of clarity. Solid line curves were calculated using mineral
compositions using TWQ version 2.02 (Berman, 1991); dashed
curves are additional mineral equilibria included for reference. For
the reaction curves labeled on the diagram, py is pyrope, q is
quartz, sil is sillimanite, crd is cordierite, fcrd is iron cordierite, gr is
grossular, mcr is microcline, alm is almandine, w is water, an is
anorthite, ann is annite, phl is phlogopite, ky is kyanite, and is
andalusite. Numbered reaction curves are (1) 2alm + 5q + 4sil =
3fcrd, (2) 2sil + q + gr = 3An, (3) mcr + py + w= phl + 2q +
sil, (4) st + q = alm + sil + w. Curve 4 is calculated for pure Fe
staurolite and thus indicates the maximum temperature for staurolite
stability. Mineral analyses used in this calculation are shown in
Table 2. See text for discussion. Note the addition of f to crd in

reaction 1 (the Fe end member reaction.)
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Additional evidence for decompression during or
slightly before formation of the SCSZ

3 foliation is the
presence of cordierite replacing garnet in the pressure
shadows around the garnet grains. This latter reaction
provides the main constraints for the calculated press-
ure±temperature estimates for this sample. The low
slope of the reaction producing cordierite at the ex-
pense of garnet and sillimanite with cordierite on the
low-pressure side makes this reaction an excellent indi-
cator of decompression. Hollister (1977, 1982) and
Selverstone and Hollister (1980) calculated similar P±T
conditions for a cordierite producing reaction during
decompression for samples east of the Coast shear
zone near the Skeena River. Our main additional con-
tribution to this observation is that (1) we observe the
production of cordierite during and/or before the for-
mation of the SCSZ

3 foliation and (2) this reaction is
consistent with decompression during DCSZ

3 in the east-
ern Coast shear zone. Evidence of decompression sup-
ports our interpretation of east-side-up, top-to-the-
southwest displacement for DCSZ

3 deformation based
on sense of shear indicators viewed parallel to down-
dip stretching directions (LCSZ

3 ). These form part of
the SCSZ

3 foliation in domain IV and include asym-
metric boudinage of amphibolite layers between meta-
pelitic layers, C' shear bands and asymmetric tails of
garnet porphyroblasts in metapelites.

THE WESTERN COAST SHEAR ZONE (DCSZ
4 )

DCSZ
4 fabric elements

Between Portland Inlet and North Behm Canal, a
steep, 1±2 km wide, zone of intensely developed,
steeply-dipping L±S tectonites lies between the less
steeply dipping foliations of structural domains II and
IV (Figs 2 & 3). Deformation that produced the steep
foliation of domain III constitutes the DCSZ

4 event of
the western Coast shear zone. We recognize two types
of foliations (SCSZ

4a and SCSZ
4b ) and two distinctive styles

of folds (FCSZ
4a and FCSZ

4b ) within domain III (Fig. 9).
The ®rst, and dominant, foliation (SCSZ

4a ) is a preferred
shape orientation of lenticular mineral aggregates and
aligned biotite, hornblende and sillimanite minerals.
On SCSZ

4a foliation planes are steeply-plunging to sub-
vertical mineral lineations (LCSZ

4 m , Fig. 3) de®ned by
®brolitic to coarse-grained, prismatic sillimanite in
meta-pelitic layers, elongate quartz±biotite strain sha-
dows on garnet porphyroblasts and coarse-grained
hornblende in amphibolite layers. Abundant boudi-
nage (e.g. Fig. 5f ) parallel to the LCSZ

4 m lineation indi-
cates that this direction is a true stretching direction.
The ®rst set of folds in domain III (FCSZ

4a ) are steeply
to moderately north- and south-plunging folds of an
older foliation that may represent either SWTB

2 or SCSZ
3 .

SCSZ
4a is aligned with the axial plane of the FCSZ

4a folds,
suggesting that these two structures probably formed

together. LCSZ
4 m everywhere exactly parallels both the

axes of FCSZ
4a folds and LCSZ

4i intersection lineations.
The latter are generated by intersections between
SCSZ
4a and older transposed foliations (SWTB

2 and SCSZ
3 ,

Fig. 3). This parallelism of fold axes and lineations
contrasts with the oblique fold-lineation relationships
that occur in domain II (Fig. 3).

The second style of folds (FCSZ
4b ) that occurs within

and near the boundaries of domain III are tight to
open asymmetric folds of SCSZ

4a (Fig. 9). We have not
delineated these folds as a distinct deformational event
because, as discussed later, the development of these
folds is consistent with progressive DCSZ

4 deformation
within domain III. FCSZ

4b folds display variable plunges
to the north and south within a plane that is approxi-
mately parallel to or at a low angle to SCSZ

4a (Fig. 10).
They are consistently upright with moderately north-
east-dipping axial planes and are non-coaxial with
FCSZ
4a folds. Parallel to the axial planes of FCSZ

4b folds is
a crenulation cleavage (SCSZ

4b ) de®ned by bent hornble-
nde grains in amphibolite layers. This cleavage and
their associated folds only occur within high strain
zones in domain III and the eastern side of domain
IV.

Textural relationships

Rocks in Boca de Quadra show textures that suggest
sillimanite crystallized from the breakdown of kyanite
and staurolite during formation of LCSZ

4 m ±SCSZ
4a

tectonites. Strongly deformed and resorbed kyanite
and staurolite grains mantle synkinematically
deformed garnet porphyroblasts that display S-shaped
patterns of quartz inclusion trails. Sillimanite mats
pseudomorph kyanite in the matrix and form large (up
to 2 cm long) symmetric strain shadows aligned sub-
vertically around these garnets, parallel to LCSZ

4 m .
Grain re®nement in micaceous quartzite and

quartzo-feldspathic layers involved dynamic recrystalli-
zation of older phases. Larger grain sizes of quartz in
strain shadows around surviving megacrysts of garnet
compared to matrix grains suggests a reduction of
grain size in these rocks by crystal-plastic processes.
Nevertheless, quartz in the matrix is still generally
much coarser than grains observed in domain II.
Matrix quartz contains abundant polygonal subgrains
with 1208 grain boundaries and much less evidence of
sutured grain boundaries than we observe in domain
II, suggesting that most of these grains experienced
almost full strain recovery. This assemblage and tex-
tures re¯ect a strong regional temperature gradient
from west to east across the western Coast shear zone.
Hollister (1982), Wood et al. (1991) and Crawford et
al. (1991) document a similar eastward increase in tem-
perature south of Portland Inlet. Subsequent retrogres-
sion of the high temperature assemblages on the west
side of domain III resulted in muscovite, chlorite and
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biotite rims around strongly deformed and resorbed
garnets.

Boundaries of the western Coast shear zone

The westernmost boundary of the western Coast
shear zone is de®ned by the following features that
occur within less than 0.5 km of one another: (1) A
reorientation and transposition of the DWTB

1±2 structures
of domain II into a steep to sub-vertical orientation by
DCSZ

4 in domain III. (2) The occurrence of down-dip
sillimanite and hornblende mineral lineations on steeply-
dipping SCSZ

4a planes. (3) The occurrence of SCSZ
4b and

FCSZ
4b structures. (4) The occurrence of undeformed to

weakly deformed trondhjemite pegmatites that share

the SCSZ
4a foliation at their edges. These pegmatites

become progressively more deformed and rotated into
parallelism with SCSZ

4a toward the center of domain III
(compare Fig. 5d with Fig. 5e). In some localities the
pegmatites are protomylonitic. Contrastingly, at the
Coast shear zone western boundary, pegmatites are
weakly deformed and highly discordant to the domi-
nant SCSZ

2 foliation (Fig. 5d). (5) An abrupt change in
fold axis±mineral lineation relationships from obli-
quely intersecting in domain II (FWTB

2 ±LWTB
2 m , Fig. 3)

to parallel in domain III (FCSZ
4a ±LCSZ

4 m , Fig. 3). These
structural features re¯ect an apparent eastward
increase in ®nite strain that is probably related to an
eastward increase in the temperature of deformation in
country rock across the transects. We place the eastern
boundary of the western Coast shear zone at the east-
ern edge of dominantly solid-state deformed tonalite
plutons. This eastern boundary displays a similar stee-
pening and transposition of fabrics as the western
boundary. Pegmatites that are strongly discordant
with, and crosscut, SCSZ

3 also become progressively
reoriented and more intensely deformed from east to
west toward the center of domain III.

Evidence for east-side-down displacement during DCSZ
4

A range of di�erent types of sense-of-shear indi-
cators occur within domain III of the western Coast
shear zone. All indicate bulk east-side-down motion
during DCSZ

4 deformation. The ®rst indicators are stee-
ply dipping to sub-vertical minor shear zones that
occur near the eastern boundary between domains III

Fig. 9. Block sketch summarizing the main DCSZ
4a and DCSZ

4b fabric elements of the western Coast shear zone (domain
III). Note dominant steeply-dipping to subvertical SCSZ

4a foliation, steeply-plunging sillimanite and hornblende mineral
lineations (LCSZ

4 m ) and parallel intersection lineations (LCSZ
4i ), FCSZ

4a folds of amphibolite layers (shaded), FCSZ
4b folds of the

SCSZ
4a foliation and a SCSZ

4b crenulation cleavage paralleling FCSZ
4b axial planes. SCSZ

4a a�ects the056±55 Ma pegmatite.

Fig. 10. Lower-hemisphere, equal-area stereoplots of structural data
from domain III, western Coast shear zone. Poles to the SCSZ

4b crenu-
lation cleavage (stars) and FCSZ

4b fold axes (crosses) are shown. See
text for discussion.
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and IV (Figs 5g & 11). These shear zones represent
areas of high DCSZ

4 strain. SCSZ
3 is visible in low strain

areas between the high strain zones where it is over-
printed and transposed to subvertical parallel to SCSZ

4a

(Fig. 11). An east-side-down sense of motion parallel
to a LCSZ

4 m lineation within the DCSZ
4 shear zones is indi-

cated by the de¯ection of the SCSZ
3 foliation into high

strain zones, C' shear bands and asymmetric tails
(both sigma and delta types) on feldspar porphyro-
blasts (e.g. Fig. 5g). At the regional scale, the
SCSZ
4a foliation of the western Coast shear zone, shows

a matching development and rotation of older foli-
ations into the center of domain III. Near the center
of domain III, asymmetric boudins (Figs 5f & 11) and
C' shear bands indicate east-side-down shear parallel
to LCSZ

4a . Asymmetric tails on garnet and feldspar
grains viewed parallel to LCSZ

4a also suggest east-side-
down shear senses although some west-down shear
senses are also visible.
An analysis of FCSZ

4b and SCSZ
4b structures a�ecting

the main SCSZ
4a foliation in domain III also suggests

east-side-down motion during DCSZ
4 . The following ob-

servations are used to model the progressive develop-
ment of FCSZ

4b and SCSZ
4b . (1) The folds are associated

with steeply-dipping, minor DCSZ
4 shear zones that dis-

play east-side down senses of motion parallel to LCSZ
4 m

and shear out the FCSZ
4b fold limbs (Fig. 12a & b). (2)

SCSZ
4b is an asymmetric crenulation cleavage that is

restricted to gently-dipping FCSZ
4b fold limbs and has

only been found in high DCSZ
4 strain zones. (3)

Conjugate sets of crenulations do not develop and
SCSZ
4b does not occur on steeply dipping FCSZ

4b fold
limbs. (4) SCSZ

4b forms a high angle with respect to
SCSZ
4a planes (>458to 0858) and is penetrative with

sharp boundaries. (5) SCSZ
4b also shows varying degrees

of development, becoming more penetrative as it aligns
with SCSZ

4a . The work of Price and Cosgrove (1990)
and Jiang and White (1995) suggests that the develop-
ment of this type of cleavage is related to contraction
initiated at a high angle to a strong anisotropy formed
by a pre-existing (in this case SCSZ

4a ) foliation.
Price and Cosgrove (1990, p. 488) have described a

shear couple model that explains the relationships
between SCSZ

4b and FCSZ
4b and observations of east-side-

down shear zones that shear out limbs of FCSZ
4b folds.

We adapt this model as follows: during FCSZ
4b folding,

one limb of the asymmetric fold rotated into approxi-
mate parallelism with the direction of maximum in-
stantaneous contraction and the other near normal to
it. The limb oriented at a high angle to the direction of
maximum instantaneous shortening preferentially
formed the SCSZ

4b crenulation cleavage which then
tracks the rotation of the fold. The asymmetry of the
SCSZ
4b cleavage and discrete east-side-down shear planes

that o�set fold limbs con®rm an east-side-down shear
sense during FCSZ

4b fold development (Fig. 12d).
A ®nal indication of east-side-down shear sense

during DCSZ
4 is a regional-scale progressive rotation of

FCSZ
4b axial planes into the sub-vertical plane of

SCSZ
4a with increasing fold tightness across domains III

and eastern domain IV. Along Boca de Quadra, open
FCSZ
4b chevron folds display moderately east-dipping

axial planes and steeply east-plunging sillimanite
lineations. Further west near domain III, FCSZ

4b folds
are tighter and fold axial planes are much more steeply
dipping to the east and northeast. The progressive
change from larger angles (up to 478) between SCSZ

4a

and FCSZ
4b axial planes in domain IV to small angles

Fig. 11. Cross section constructed for an outcrop located at the boundary between domains IV and III at the eastern-
most end of the eastern Coast shear zone along Boca de Quadra. In low strain areas (center of section), a gently north-
east-dipping SCSZ

3 foliation is preserved and a�ects a tonalite sill that yielded a U±Pb zircon date of073 Ma (sample 94-
200). The SCSZ

3 foliation is reoriented and transposed by steep, high strain DCSZ
4 shear zones that show east-side-down

shear senses. The lower-hemisphere, equal-area stereoplot shows the orientation of DCSZ
4 shear zones measured near the

boundary between domains III and IV. The dashed circle on the stereoplot outlines the orientations of steeply-plunging
stretching directions measured in these shear zones.
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(00±278) in domain III suggests an east-side-down
rotation of fold axial planes toward SCSZ

4a orientations.

AGE OF DEFORMATION EVENTS

DWTB
1±2 deformation

By association with mid-Cretaceous plutonism
(Cook et al., 1991; Rubin and Saleeby, 1992;
McClelland et al., 1992), a regional correlation of dis-
tinctive high P±T kyanite-grade metamorphic assem-
blages, and west- to southwest-directed thrust faults
across the western thrust belt suggests that DWTB

1±2 fea-
tures in domains Ia, Ib and II are mid-Cretaceous
(100±90 Ma) or older. In support of this view, we ob-
serve at the eastern end of domain II a weakly
deformed pegmatite (sample 94-31, Sitklan Passage)
oriented discordantly with respect to the main SWTB

2

foliation. Zircons collected from this sample are very
clear with few inclusions and fractures; most are color-
less, small (<145 m) bipyramidal rods with from 6:1
to 8:1 elongation. Five fractions of variable size were
analyzed using standard isotope dilution techniques

and thermal ionization mass spectrometry (Table 1)
(Gehrels et al., 1991). All yielded concordant ages
(Fig. 13a). We interpret the crystallization age as
9222 Ma. The high discordance and weak state of
deformation exhibited by this pegmatite suggests that
much of DWTB

1±2 predates092 Ma.

DCSZ
3 and DCSZ

4 deformation

Within structural domain IV, we collected and dated
zircons from several tonalite and granodioritic intru-
sives that display key structural relationships with
respect to the SCSZ

3 foliation. Within a low DCSZ
4 strain

zone in domain IV of Boca de Quadra, we dated an
intensely solid-state deformed tonalite intrusive sill
(sample 94-200) that shares the northeast-dipping
SCSZ
3 foliation of adjacent country rock (Fig. 11). This

sample yielded zircons that are generally yellowish-
orange in color, free of inclusions, and not highly
elongate. Broken and fractured grains are common.
Five size fractions were analyzed, all of which are
analytically concordant at 72.521.0 Ma (Fig. 13b).

Other tonalite intrusives collected from domain IV
along Boca de Quadra (sample 94-236) and Sitklan

Fig. 12. Photograph (a) and interpretation (b) of FCSZ
4b minor folds and SCSZ

4b crenulation cleavage of the Coast shear zone
(domain III). (c) Shows FCSZ

4b folds a�ect pegmatites with interpreted ages of 057±55 Ma. (d) East-side-down displace-
ment during DCSZ

4 explains the development of FCSZ
4b and SCSZ

4b structures (modi®ed from Price and Cosgrove, 1990).

K. A. KLEPEIS, M. L. CRAWFORD and G. GEHRELS896



Passage (samples 94-33) yielded zircons with inter-

preted ages close to 65 Ma. Sample 94-236 yielded a

large number of zircon grains, which have a wide

range of colors (colorless, yellow, tan) and shape
(stubby to highly elongate). Most grains have abun-

dant inclusions. Four fractions of variable size yielded

concordant analyses, with an age of 64.820.8 Ma

(Fig. 13c). Zircons in sample 94-33 (Fig. 13d) are

slightly pinkish or tan in color and not highly elongate

(generally from 2:1 to 3:1). Dark inclusions are abun-

dant in most grains. Six size fractions were analyzed,

of which ®ve are analytically concordant and indistin-

guishable. These grains yield an interpreted age of
6521 Ma. A sixth grain yields slightly older U±Pb

ages, presumably due to the presence of a small inher-

ited component.

Both samples 94-33 and 94-236 are from plutons

that are a�ected by the dominant SCSZ
3 foliation in

domain IV. Near the western boundary of domain IV

sample 94-236 is cut by minor DCSZ
4 shear zones. In

some localities within the interiors of these plutons

aligned hornblende and tabular plagioclase grains, and
little evidence of dynamic recrystallization in quartz

and plagioclase provide evidence of a magmatic ¯ow
foliation. These relationships indicate that these plu-
tons intruded prior to or during DCSZ

3 and prior to
DCSZ

4 . As such the dates from these plutons give us a
065 Ma lower limit on the age of DCSZ

3 .
At the eastern edge of domain IV, an undeformed

tonalite pluton exposed in eastern Sitklan Passage
(sample 94-35) crosscuts the SCSZ

3 foliation. This
sample yielded a large quantity of zircons that are
slightly pinkish or tan in color and highly translucent.
Most grains have few inclusions and are moderately
elongate (from 3:1 to 5:1). The ®ve size fractions ana-
lyzed are all concordant and yield an interpreted age
of 55.521.5 Ma (Fig. 13e). This age places an upper
limit on the duration of DCSZ

3 deformation. In support
of this upper limit, a pluton from domain IV that is
una�ected by DCSZ

4 and crosscuts DCSZ
3 in Boca de

Quadra (sample 94-237) yielded a crystallization age of
57.023 Ma based on three concordant grains
(Table 1). This sample contained a small number of
grains that ranged from clear and colorless to tan/
brown and cloudy. We analyzed 12 fractions of vari-
able size. However, because most grains from this
sample contain inherited components with an average
of 0181 Ma we omit this sample from our presen-
tation.

Near the boundaries of the steep western zone of
the Coast shear zone (domain III) are numerous
weakly deformed swarms of trondhjemitic pegmatites.
These pegmatites are part of the swarm that marks the
western limit of a Tertiary intrusive complex
(Paleogene batholith) of dominantly tonalitic compo-
sition north of the Skeena River. In domain IV, along
Sitklan Passage, strongly discordant pegmatites of this
swarm cross-cut the SCSZ

3 foliation. These pegmatites
also cross-cut the SWTB

2 of the western thrust belt.
Toward the center of domain III, these pegmatites
become progressively more intensely deformed into
strong concordance with SCSZ

4a .
At the easternmost side of domain III in Sitklan

Passage (Fig. 2) we collected a representative pegmatite
(sample 94-32) that cross-cuts the SWTB

2 foliation of
domain II and weakly shares the SCSZ

4a foliation of
domain III. This sample yielded a small number of
highly elongate (from 6:1 to 8:1) rods, most of which
are generally colorless and free of inclusions and frac-
tures. Seven size fractions from this sample were ana-
lyzed, ®ve of which are apparently concordant at
5623 Ma; two grains have inherited components
(Fig. 13f). Similar pegmatites dated at 057±55 Ma by
Saleeby and Rubin (1989) from within domain IV con-
®rm our age determination for these pegmatites.

Together, our analyses indicate that DCSZ
3 of the

eastern Coast shear zone occurred during the interval
65±57 Ma and DCSZ

4 of the western Coast shear zone
occurred during the interval 57±55 Ma (Fig. 14).
Supporting our interpretation for the western Coast
shear zone, parts of the Quottoon pluton located

Fig. 13. U±Pb concordia plots of zircon fractions from six intrusive
samples collected along Sitklan Passage and Boca de Quadra. (a)
Sample 94-31 from western Sitklan Passage, (b) sample 94-236 from
Boca de Quadra, (c) sample 94-33 from western Sitklan Passage, (d)
sample 94-200 from low strain zone in Boca de Quadra, (e) sample
94-32 from Sitklan Passage, (f) sample 94-35 from Sitklan Passage.
See Figs 1±3 for sample locations. Interpreted ages shown in lower
right corners of plots. Tabulated data and analysis parameters are

shown in Table 1. See text for discussion.
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south of Portland Inlet (Fig. 1) yielded an age of 58.6
Ma (Gehrels et al., 1991). This pluton is a�ected by
steep solid-state, DCSZ

4 foliations at its western margin.
Further east it is mostly undeformed and appears
una�ected by DCSZ

3 structures. In central southeast
Alaska, McClelland et al. (1992) report U±Pb dates
from syntectonic and cross-cutting intrusives indicating
that deformation within the Coast shear zone in gen-
eral had evolved prior to 63.5 Ma, continued through
059.5 Ma and had ceased by050 Ma.

DISCUSSION

Structural data, metamorphic mineral assemblages
and textures, and U±Pb geochronologic data collected
across ®ve transects of the Coast shear zone north of
Portland Inlet de®ne a new two-stage (DCSZ

3 and DCSZ
4 )

model for deformation in the Coast shear zone (Figs 14
& 15). DCSZ

3 dominates the eastern side of the Coast
shear zone where the main foliation dips moderately to

the north and northeast, and stretching lineations
plunge northerly to easterly. DCSZ

3 involved east-side-

up, top-to-the-southwest displacements between 65 Ma
and 057 Ma during emplacement of tonalitic and
granodioritic plutons of the Coast Mountains
Batholith. Within a narrower, 1±2 km wide, zone com-
prised of a steep to subvertical foliation on the western
side of the Coast shear zone, DCSZ

4 deformation
involved down-dip east-side-down motion between
057 Ma and 55 Ma. DCSZ

4 in this narrow western

zone, overprints, reorients and transposes both
DCSZ

3 structures of the eastern Coast shear zone and
pre-90 Ma DCSZ

1±2 structures of the mid-Cretaceous
western thrust belt (Figs 14 & 15).

The two-stage history for the Coast shear zone
described here both expands and signi®cantly changes

previously proposed single-phase styles of deformation
for the Coast shear zone north of Portland Inlet. East-
side-down displacement during DCSZ

4 di�ers with
models involving east-side-up motion in the Coast
shear zone and tilting of the batholith during the

Table 2. Representative microprobe analyses, and step scan (bottom) across garnet (rim on left) with cordierite corona

Grtr Grtc Crd corona pl mrc bta

SiO2 37.96 38.19 47.08 59.56 64.40 34.80
TiO2 4.98
Al2O3 22.29 22.32 32.73 26.25 18.99 18.31
FeO 34.52 31.35 7.68 0.70 0.05 17.66
MnO 1.79 1.58 0.13 0.03
MgO 4.96 6.45 9.07 10.16
CaO 1.38 1.46 7.45 0.03
Na2O 7.40 1.81
K2O 0.22 12.98 8.80
BaO 0.02 1.50 0.27
Total 102.90 101.35 96.70 101.60 100.21 95.01
Si 2.94 2.96 4.92 2.63 2.98 2.63
Ti 0.28
Al 2.04 2.04 4.04 1.36 1.03 1.63
Fe 2.24 2.04 0.67 0.03 1.12
Mn 0.12 0.10 0.01
Mg 0.57 0.75 1.41 1.14
Ca 0.12 0.12 0.35
Na 0.63 0.16 0.02
K 0.01 0.76 0.85
Ba 0.03 0.01
O, OH 12 12 18 8 8 12

r = rim, c = core, a = adjacent.
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Paleocene (Hollister, 1982; Crawford et al., 1987;
Ingram and Hutton, 1994). Nevertheless, it is consist-
ent with the observations of McClelland et al. (1992)
indicating a complex history of motion in the
Petersburg segment of the Coast shear zone where de-
formation continued through 059 Ma and terminated
prior to 50 Ma.
Resolving the apparent discrepancy between pre-

vious models and our newly proposed two-stage
model, we assert that the early east-side-up, top-to-the-
southwest transport (DCSZ

3 ) documented in this study
for the interval 65±57 Ma is consistent with interpret-
ations of reverse, east-side-up motion in the Coast
shear zone proposed by Crawford et al. (1987),
McClelland et al. (1992) and Ingram and Hutton

(1994). In accordance with relationships reported in
these older studies, our data indicate that east-side-up
displacements during DCSZ

3 accompanied and, in some
cases, outlasted the intrusion of numerous tabular plu-
tons that thickened the crust during widespread batho-
lith construction within and east of the Coast shear
zone. Strain localization at the western margin of the
batholith resulted in an abrupt change in structural
level across the Coast shear zone with high-tempera-
ture, low-pressure migmatitic crust of the batholith to
the east and the relatively colder, high-pressure rocks
of the mid-Cretaceous western thrust belt to the west.
Once developed, deformation could have facilitated the
ascent and emplacement of large tabular plutons
during east-side-up displacements within the eastern
Coast shear zone (cf. Ingram and Hutton, 1994). The
coincidence in location between the western boundary
of the batholith and the location of the Coast shear
zone is also consistent with suggestions that large
strains within the Coast Mountains are associated with
areas dominated by melt and/or plutons because of the
low strength of these zones (Hollister and Crawford,
1986; Davidson et al., 1992; Hollister, 1993).

East-side-down displacements during DCSZ
4 may

re¯ect several processes that were occurring within the
orogen during the Eocene and Paleocene. First,
DCSZ

4 may be related to the collapse of an overthick-
ened welt created by voluminous pluton emplacement,
convergence and east-side-up displacements during
DCSZ

3 . A similar explanation for deformation in the
Coast shear zone was ®rst proposed by McClelland
et al. (1992) although their interpretation invoked the
collapse of a crustal welt produced by mid-Cretaceous

Fig. 14. Time±space diagram summarizing the spatial distribution of
deformation events DWTB

1±2 , DCSZ
3 , and DCSZ

4 across the transects.
Note division of the Coast shear zone into western and eastern sides,

each of which preserves di�erent styles and ages of fabrics.

Fig. 15. Three-dimensional diagram showing the regional structure of the Coast shear zone and the adjacent crust it
a�ects. Thin, curved black lines represent foliation trajectories. Diagram illustrates the changing geometry of fabrics, age

and kinematics across the shear zone. See text for discussion.
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thrusting and east-side-up tilting. This explanation
implies that the Coast shear zone and batholith may
record a ®nal period of crustal readjustment and col-
lapse following an earlier period of crustal thickening
that accompanied construction of the batholith.
Alternatively, the two distinctive phases of defor-

mation in the Coast shear zone may result from
changes in mantle ¯ow patterns and plate interactions
during emplacement of the Coast Mountains batholith.
Tobisch et al. (1995) describe ¯uctuating extensional
and contractional strain patterns during emplacement
of the Cretaceous Sierra Nevada batholith (Tobisch et
al., 1995). They proposed that mantle corner ¯ow and
a gradual change form orogen-normal convergence to
orogen-parallel translation could lead to ¯uctuating
strain ®elds that a�ect deformation patterns during
batholith emplacement. A similar model where crustal
relaxation and collapse of a welt are linked to chan-
ging plate conditions could also apply to the northern
Coast Mountains although the angle of convergence
and history of Kula plate motion is not well known
(e.g. Sisson and Pavlis, 1993). It seems clear, at least,
that the variable history of motion within the Coast
shear zone re¯ects a changing response of the crust to
di�erent periods of batholith development along a con-
vergent to obliquely-convergent margin.
Finally, with regard to strike-slip models for the

Coast shear zone, we suggest that DCSZ
3 deformation in

the eastern Coast shear zone may be kinematically
compatible with structures interpreted to result from
dextral transpressional east of the Coast shear zone
near the Skeena River (Andronicos et al., 1996). The
east-side-up, top-to-the-southwest sense of motion
results in a component of orogen parallel displacement
during DCSZ

3 and may have formed concomitantly with
zones interpreted as resulting from transpression in the
Central Gneiss complex.

CONCLUSIONS

West of the Coast shear zone north of Portland
Canal, deformation (DWTB

1±2 ) produced penetrative S-
tectonites, a tectonic imbrication of lithologically dis-
tinctive crustal fragments, and west to southwest-ver-
gent thrust faults prior to 92 Ma. Thrust faults are
marked by inverted metamorphic gradients, abrupt
changes in fold and foliation geometries, and narrow,
10±15 m wide, zones that display east over west senses
of displacement.
New structural, metamorphic and geochronologic

data indicate that the western and eastern sides of the
Coast shear zone record di�erent structural styles, foli-
ation orientations, senses of displacement and fabric
ages. The western Coast shear zone is de®ned by a
narrow, 1±2 km wide, high strain zone containing a
steeply-dipping to subvertical foliation (SCSZ

4 ) that
overprints high-pressure (8±9 kbars) DWTB

1±2 structures

of the western thrust belt. This foliation also a�ects
059 Ma plutons at the western boundary of the Coast
Mountains batholith south of Portland Inlet. SCSZ

4a was
produced during a phase of deformation (DCSZ

4 ) that
involved bulk east-side-down displacements parallel to
a steeply-plunging, down-dip sillimanite and horn-
blende mineral lineation (LCSZ

4 ) during the interval
057±55 Ma. Other structures produced during DCSZ

4

include two styles of non-coaxial folds (FCSZ
4a and

FCSZ
4b ) and a crenulation cleavage (SCSZ

4b ) that parallels
the axial planes of FCSZ

4b folds.
The eastern side of the Coast shear zone contains a

moderately to gently, north-northeast-dipping to east-
dipping foliation (SCSZ

3 ) and a gently to moderately
north- and east-plunging mineral lineation. These
structures were produced during deformation (DCSZ

3 )
that involved east-side-up, top-to-the-southwest dis-
placements between 065 Ma and 57 Ma. Deformation
during DCSZ

4 , reoriented and transposed SCSZ
3 into

a subvertical orientation. Garnet + sillimanite +
cordierite assemblages, and textural evidence indicating
decompression of rocks equilibrating at 5.620.4
kbars, 7102308C during or slightly prior to DCSZ

3 sup-
ports east-side-up displacement during DCSZ

3 prior to
DCSZ

4 . DCSZ
3 corresponds to a period of widespread

batholith construction by the syntectonic intrusion of
numerous tabular plutons, crustal thickening by tec-
tonic and magmatic processes, east-side-up tilting, and
rapid exhumation of the deep-seated roots of the
Coast Mountains batholith. DCSZ

4 east-side-down
transport appears to represent a period of crustal
relaxation and possibly tectonic collapse following a
period of intense crustal thickening and pluton em-
placement. This multistage displacement history
appears to re¯ect a changing response of the crust to
di�erent periods of batholith development during
overall convergence or oblique-convergence.
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APPENDIX

U±Pb isotope methodology

All U±Pb samples were processed using a jaw crusher, roller crusher,
Wil¯ey table, heavy liquids, and Frantz magnetic separator.
Analytical techniques are described in more detail by Gehrels et al.
(1991). The non-magnetic zircons were sieved into size fractions and
then selected for analysis based on optical properties using a binocu-
lar microscope. We selected grains with few fractures, inclusions, and
cores, and highly elongate rods where possible. Selected zircons then
were dissolved in HF>HNO3 in 0.01 ml Te¯on microcapsules within
a 125 ml dissolution chamber during a period of 30 h at 2458C. The
solutions were evaporated to dryness, a 205Pb/235±233U spike was
added, and the precipitate was dissolved in the dissolution chamber
in 3.1 N HCl for 8 h at 2258C.
Isotope analyses were conducted with a VG-354 mass spectrometer

equipped with six Faraday collectors and an axial Daly detector.
The measurements were made in computer-controlled dynamic
mode, with the Daly detector used simultaneously with the Faraday
collectors to measure 204Pb. The gain factor of the Daly detector was
determined continuously by comparing 206Pb(Faraday)/

207Pb(Faraday)
with 206Pb(Faraday)/

207Pb(Daly). Finally, isotopic data were processed
utilizing data reduction and plotting programs of Ludwig (1991a, b).
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