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Abstract

Most numerical simulations of transpression zones predict a change in finite stretching direction from subhorizontal to subvertical for simple
shear-dominated zones. We provide a detailed description of a dextral transpression zone, the White Mountain shear zone (WMSZ), with a range
of lineation orientations and compare these natural data to numerical models. The WMSZ is characterized by steeply dipping foliations, with
dominant shallowly plunging lineations and coeval subordinate domains of steeply plunging lineations. Within shallowly lineated domains,
foliation geometry, shear sense indicators and quartz c-axis fabrics indicate a large component of simple shear, while microstructural and quartz
c-axis fabric data from steeply lineated domains indicate a large component of pure shear. Geometric relationships between foliations and
lineations and quartz c-axis fabrics demonstrate that lineation orientation has remained constant during much of the deformation history.
Comparison of numerical models with the data collected from WMSZ shows that the shear zone geometry and the observed strain path
partitioning do not match any of these models. We propose a conceptual kinematic model for the WMSZ involving stable segregated coeval
kinematic domains of simple shear-dominated fabrics and pure shear-dominated fabrics that accommodate the transcurrent and contractional
components of deformation respectively.
� 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

The term transpression was first used by Harland (1971) to
describe oblique convergence between tectonic plates, and it
has since been recognized that many active plate boundaries
are transpressive (e.g. Sumatra, central California and New
Zealand) and that many exhumed orogenic belts contain
geologic structures related to transpression (e.g. southern
Appalachians, North American Cordillera and Scottish Cale-
donides) (Holdsworth et al., 1998 and references therein).
Subsequently, Sanderson and Marchini (1984) used the term
transpression to describe homogeneous deformation zones
with orthogonal simple shear and pure shear components
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that accommodate both transcurrent and contractional
deformation at transpressional plate boundaries. Sanderson
and Marchini (1984) described this specialized case of trans-
pressional deformation mathematically, producing a numerical
model in which material is extruded freely in the vertical
direction in response to the pure shear accommodated contrac-
tional component of deformation, while the transcurrent
component of deformation is accommodated by progressive
simple shear across the zone. Such a model predicts a consis-
tent sense of fabric asymmetry, or shear sense indicators, on
the horizontal exposure plane coupled with either a vertical
maximum finite stretching direction or, for low angles of con-
vergence, a switch in the maximum finite stretching direction
from horizontal to vertical at some finite strain magnitude.

In the two decades since the introduction of the Sanderson
and Marchini (1984) model, numerous workers have modified
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this basic model or produced numerical simulations of their
own, and there exists in the literature an extensive body of
work dealing with numerical simulation of transpression zones
(e.g. Fossen and Tikoff, 1993; Tikoff and Teyssier, 1994;
Robin and Cruden, 1994; Jones and Tanner, 1995; Dutton,
1997; Jones et al., 1997, 2004; Jiang and Williams, 1998;
Jones and Holdsworth, 1998; Lin et al., 1998). All of these
numerical simulations involve steady state deformation with
incremental strains consisting of homogeneously distributed
coeval simple shear and pure shear components in various
combinations, and each of these models predict a different
strain path and resulting finite strain geometries. The architects
of most of these transpression models have compared their
models to natural deformation zones and shown, with varying
degrees of success, that the models can explain at least some
strain features found within natural deformation zones (Robin
and Cruden, 1994; Tikoff and Teyssier, 1994; Jones and Tan-
ner, 1995; Dutton, 1997; Jones et al., 1997, 2004; Lin et al.,
1998). A key element of all these numerical models (which
combine pure and simple shear strain components of different
orientations) is that while the orientation of the finite stretch-
ing direction changes with increasing strain magnitude due to
the different rates at which strain accumulates under pure and
simple shear, the externally imposed kinematic framework re-
mains constant during progressive deformation.

Subsequently, several authors have invoked these models to
explain fabric variations in steeply dipping high strain zones.
For instance, Green and Schweickert (1995) used the Sander-
son and Marchini (1984) model to explain variation in linea-
tion orientation in the transpressional Gem Lake shear zone
of eastern California, while Tikoff and Greene (1997) built
on a refined version of the Sanderson and Marchini (1984)
model published by Fossen and Tikoff (1993) to explain along
strike variations in lineation orientation within the Sierra Crest
shear system. Chetty and Bhaskar Rao (1998) also used the
Fossen and Tikoff (1993) model to explain steeply plunging
lineations within the Cauvery shear system, and Giorgis
et al. (2005) used the Fossen and Tikoff (1993) model to ex-
plain steeply plunging lineations within the western Idaho
shear zone. These studies have primarily used the numerical
simulations of transpression zones to explain fabric variations
within high strain zones, and few detailed critical comparisons
between the predictions made by these numerical simulations
and well-studied natural transpression zones have been made
(see, however, Czeck and Hudleston, 2003).

In this paper we combine detailed field, microstructural and
quartz c-axis fabric data in order to provide an in-depth anal-
ysis of a Late Cretaceous transpression zone, the White Moun-
tain shear zone (WMSZ) exposed in eastern California and
western Nevada. We then compare these data with predictions
made by numerical simulations of transpression zones. In so
doing, we show that the WMSZ is a dextral transpressional
structure in which the transcurrent component of deformation
is segregated from the contractional component of deforma-
tion, dividing the zone into discrete coeval segregated
kinematic domains of simple shear-dominated and pure
shear-dominated deformation. We propose a conceptual
kinematic model in which the simple shear-dominated do-
mains form an anastomosing network surrounding coeval seg-
regated pure shear-dominated domains.

These data and interpretations are fundamentally incom-
patible with existing numerical simulations of transpression
zones. In the WMSZ, the components of deformation, while
stable in individual domains, are not evenly distributed
throughout the deformation zone. We argue that the potential
for strain path partitioning should be evaluated before apply-
ing numerical simulations of transpression zones based
solely on fabric geometry (orientations of foliations and
lineations).

2. Geologic setting of the White Mountain shear zone

2.1. White-Inyo Range

The White-Inyo Range in eastern California and western
Nevada is the western-most crustal block in the central Basin
and Range Province, and is situated on the inboard margin of
the Sierran magmatic arc (Fig. 1). Geologic structures exposed

Fig. 1. Map showing locations of the White Mountain shear zone (WMSZ),

Sierra Crest shear system (SCSS), and Santa Rita shear system (SRSS) in

California and Nevada. Dark gray color represents Mesozoic plutonic rocks.

Light gray color represents metamorphic and sedimentary rocks intruded by

Mesozoic plutons. Light squiggly lines represent Late Cretaceous plastic shear

zones. Heavy black lines represent Cenozoic strike-slip and normal faults.

Abbreviations for towns are: BE, Benton; BI, Bishop; BP, Big Pine; IN, Inde-

pendence; LP, Lone Pine. Compiled from USGS Map I-512, Crowder et al.

(1972), Crowder and Sheridan (1972), Tikoff and Saint Blanquat (1997), Vines

(1999), Lee et al. (2001) and Kylander-Clark et al. (2005).
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in the central White-Inyo Range record a complex deforma-
tion history beginning with the Carboniferous Antler Orogeny
(Stevens et al., 1997 and references therein) and include
multiple episodes of Permian and Triassic contractional and
extensional deformation (Stevens et al., 1997; Morgan and
Law, 1998). During the Mesozoic, subduction along the west-
ern margin of North America was associated with formation of
a continental magmatic arc, the Sierra Nevada Batholith, in
addition to contractional and transpressional structures found
both along the axis of the magmatic arc and behind the arc fur-
ther inboard of the continental margin (Green and Schweick-
ert, 1995; Stevens et al., 1997 and references therein; Tikoff
and Greene, 1997; Tikoff and Saint Blanquat, 1997). In the
central and southern White-Inyo Range, Late Jurassic to Early
Cretaceous? contractional deformation is characterized by
NE-directed reverse faulting, folding and cleavage develop-
ment with a local sub-vertical stretching lineation, and this de-
formation is associated with a greenschist facies regional
metamorphic event (Morgan and Law, 1998; Coleman et al.,
2003).

Vines (1999) has described a dextral transpression zone, the
Santa Rita shear system (SRSS), of probable Late Cretaceous
age that crops out along the western flank of the southern
White-Inyo Range along strike from the WMSZ (Fig. 1).
Syn-deformational white mica, which only occurs within the
SRSS and not in the wall rocks, has been dated at 83 Ma
(40Ar/39Ar method; Bill McIntosh, New Mexico Geochronol-
ogy Laboratory, personal communication, 2002). Because
the SRSS and the WMSZ are roughly the same age, are kine-
matically similar and lie along strike from one another, we
propose that they are part of a composite Late Cretaceous dex-
tral transpressional shear zone system. The recognition of this
composite SRSSeWMSZ system extends the known extent of
Late Cretaceous dextral transpression eastward from the Sierra
magmatic arc into the White-Inyo Range (Fig. 1).

We currently have no information on the amount of lateral
motion on the SRSSeWMSZ system due to the lack of off-set
markers and later normal faulting that resulted in burial of
parts of the fault system beneath the Cenozoic sediments
and volcanics of Owens Valley. However, w65 km of NeS
dextral off-set between the Sierra Nevada and the White-
Inyo Range is indicated by correlating Devonian submarine
channels and Permo-Triassic structures across the Owens
Valley (Stevens et al., 1997, 2003; Stevens and Stone, 2002),
and correlation of 83 Ma dikes exposed in the Sierra Nevada
and in the Coso Range to the south of the Inyo Range
(Fig. 1), indicates that 65 km of dextral slip has occurred since
83 Ma (Kylander-Clark et al., 2005). Additionally, based on
correlation of elements of the ca. 148 Ma Independence dike
swarm, Bartley et al. (in press) have shown that there has
been as much as 130 km of dextral offset across the Owens
Valley since 148 Ma, and they postulate that at least part of
this offset is related to the SRSSeWMSZ system. Neogene
dextral displacement across Owens Valley is probably no
more than w10 km (Lee et al., 2001), suggesting that appre-
ciable dextral slip may have occurred in Late Cretaceous to
Tertiary times (see also Glazner et al., 2005).
2.2. Northern White Mountains

The regional extent of the WMSZ was demarcated by
U.S.G.S. quadrangle mapping in the 1960s and 1970s
(Fig. 2a) (Crowder and Sheridan, 1972; Crowder et al.,
1972). In the north, the WMSZ primarily deforms the ca.
90 Ma Pellisier Flats pluton and the marble and schist units
lying along the western front of the range (Crowder et al.,
1972). Near the southern end of the zone, the deformation fab-
ric cuts Mesozoic metavolcanic and metasedimentary units
(Crowder and Sheridan, 1972).

The bedrock geology of the northern White Mountains is
dominated by two Late Cretaceous plutons, the Pellisier Flats
biotite hornblende granite/quartz monzonite and the Boundary
Peak biotite granite, with the Boundary Peak pluton being
hosted almost entirely within the Pellisier Flats pluton
(Fig. 2a) (Crowder et al., 1972; Crowder and Ross, 1973).
The Pellisier Flats pluton has been dated at 91.7 � 0.7 Ma
(40Ar/39Ar, hornblende) and 88.0 � 2.7 Ma (KeAr, horn-
blende) by McKee and Conrad (1996), 89.6 Ma (UePb, zir-
con) by Stern et al. (1981) and 92.3 � 3.0 Ma (KeAr,
hornblende) by Crowder et al. (1973). The Boundary Peak plu-
ton has been dated at 71.7 � 0.7 Ma (40Ar/39Ar, biotite) and
72.9 � 2.5 Ma (KeAr, biotite) by McKee and Conrad (1996)
and 73.7 � 2.2 Ma (KeAr, biotite) by Crowder et al. (1973).
For the purposes of this paper, we adopt an emplacement
age of w90 Ma for the Pellisier Flats pluton and recognize
biotite cooling ages of w73 Ma for the Boundary Peak pluton.

Along the western edge of the northern White Mountains,
the Pellisier Flats pluton is partially mantled by marble layers
and lesser amounts of schist and quartzite of probable
Paleozoic? protolith age (Fig. 2a,b) (Crowder and Sheridan,
1972; Crowder et al., 1972). Marble units make up the bulk
of the metasedimentary rocks in the northern White Moun-
tains, and have locally been altered to skarns with the assem-
blage quartz þ calcite þ clinopyroxene þ garnet þ zoesite þ
opaque phase(s) þ chlorite (retrograde). Elsewhere, marbles
are nearly pure calcite with only minor quartz and tremolite.
Schists range in composition from biotite þ quartz þ
plagioclase feldsparþ muscoviteþ opaque phase(s)� andalusite
in the central part of the field area to quartz þ actinolite
þ clinozoesite þ chlorite þ graphite � biotite near the south-
ern end of the field area. Peak metamorphism in these rocks
is inferred to be associated with Late Cretaceous contact
metamorphism resulting from emplacement of the Pellisier
Flats and Boundary Peak plutons. Exposures of these Paleo-
zoic? metasedimentary rocks are almost entirely within the
WMSZ, and no pre-shear zone fabric elements have been
recognized in them.

South and east of the Pellisier Flats pluton there are exten-
sive exposures of greenschist facies metavolcanic and metase-
dimentary rocks of Triassic and Jurassic protolith age (Fig. 2a)
(Crowder and Sheridan, 1972; Fates, 1985; Hanson, 1986). An
ash-flow tuff from the metavolcanic section has yielded an
UePb zircon age of 152 þ 5/�1 Ma (Hanson, 1986). Hanson
(1986) recognized three distinct deformation events (D1, D2

and D3) within the Triassic and Jurassic metavolcanic and
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metasedimentary rocks of the northern White Mountains near
the southern terminus of the mapped extent of the WMSZ
(Fig. 2a). Hanson’s, (1986) D1 is characterized by a wNeS-
striking foliation, a shallowly to steeply plunging SW-trending
lineation and small tight to isoclinal folds with axial planes
roughly parallel to the D1 foliation. D1 fabrics and folds are
most strongly developed within the WMSZ, but are not ob-
served in the Late Cretaceous Pellisier Flats pluton. Hanson’s,
(1986) D2 is characterized by NeS-trending west-vergent
folds and thrust faults that apparently deform D1 fabrics and
folds outside of the WMSZ, but are poorly developed within,
or structurally isolated from, the WMSZ. Finally, Hanson’s,
(1986) D3 is characterized by EeW-trending crenulation,
kink and/or large broad folds that are recognized throughout
the Triassic and Jurassic metavolcanic/metasedimentary sec-
tion. Additionally, Hanson (1986) recorded NeS-striking foli-
ations and shallowly plunging NeS-trending lineations that
are most strongly developed within the WMSZ and are associ-
ated with dextral SeC structures observed in the Pellisier Flats
pluton. Based on these observations from the extreme southern
end of the WMSZ, Hanson (1986) proposed two episodes of
deformation for the WMSZ: (1) east-directed reverse faulting
associated with the D1 fabrics and folds that predates emplace-
ment of the Pellisier Flats pluton, and (2) NeS-oriented
dextral strike-slip movement associated with the apparently
younger D3 fabrics and SeC structures that postdate emplace-
ment of the Pellisier Flats pluton. However, we argue, based
on evidence presented below, that steeply plunging lineations
and shallowly plunging lineations within the area examined
for this study are coeval and represent one phase of
deformation.

2.3. Cenozoic extensional faulting and block rotation

Many areas within the Basin and Range Province, including
the White-Inyo Range, consist of relatively intact footwall
blocks, bound on one side by range-scale high angle normal
fault systems (e.g., Stewart, 1980). Much of the White-Inyo
Range is bound on the west by the steeply west-dipping White
Mountains and Inyo Mountains brittle fault zones (Fig. 1)
which are Late Miocene to early Pliocene in age and accom-
modate as much as 8e9 km of normal sense displacement
(Stockli et al., 2000, 2003). Detailed mapping of Oligocene
and Early Miocene volcanic and volcaniclastic rocks deposited
unconformably on Mesozoic and older plutonic and metamor-
phic rocks along the eastern margin of the White-Inyo Range
indicates that faulting associated with Basin and Range tecto-
nism has rotated the northern part of the range w25� clock-
wise (i.e. down to the east) about a horizontal axis trending
w355� (Stockli et al., 2003).
3. Age of the White Mountain shear zone

Crowder et al. (1972) noted that the ca. 90 Ma Pellisier
Flats pluton contains a strong solid state deformation fabric
while the Boundary Peak pluton contains a weak fabric near
its margins that appears to be related to deformation along
the WMSZ, and consequently proposed that deformation
along the WMSZ post-dates crystallization of the Pellisier
Flats pluton and was waning at the time of emplacement of
the Boundary Peak pluton. Sullivan (2003) has argued that de-
formation along the WMSZ must have continued for some
time after emplacement of the Boundary Peak pluton. This
assertion is based on the observations that: (1) deformation
temperatures increase from w400 �C to w550 �C near the
margins of the Boundary Peak pluton, (2) quartz c-axis fabric
geometry undergoes gross temperature induced changes (re-
quiring large amounts of strain) near the margins of the
Boundary Peak pluton, and (3) deformed quartz within
400 m of the margins of the Boundary Peak pluton has under-
gone no static annealing recrystallization. However, deforma-
tion temperatures estimated from quartz c-axis fabrics
collected from within 400 m of the margin of the Boundary
Peak pluton (Sullivan, 2003) are well above the w300 �C clo-
sure temperature for the KeAr and 40Ar/39Ar systems in bio-
tite indicating that deformation likely ceased before the ca.
73 Ma biotite cooling ages for the Boundary Peak pluton
were reached.

Consequently, the age of the WMSZ can be bracketed at
between w90 and w73 Ma, and a significant amount of strain
must have developed after emplacement of the Boundary Peak
pluton, but before cooling through w300 �C. These ages
closely agree with those for the dextral transpressional Sierra
Crest and Santa Rita shear systems located to the west and
south of the WMSZ (Fig. 1) (Green and Schweickert, 1995;
Tikoff and Greene, 1997; Tikoff and Saint Blanquat, 1997;
Vines, 1999), and place the WMSZ into a well established
Late Cretaceous dextral transpressional plate tectonic setting.

4. Geometry of the White Mountain shear zone

4.1. Data collection

This study was restricted to the northern two-thirds of the
WMSZ in the area that was not mapped by Hanson (1986).
Due to the size of the area (w21.5 � 2 km) and the extremely
rugged nature of the topography, detailed field mapping of the
WMSZ is impractical. Therefore, field data was primarily
collected in a series of 11 detailed traverses oriented at near
right angles to the shear zone margins. These traverses are
delineated by the location of structural data on the shear
Fig. 2. Geologic maps and field data. (a) Geologic map of the northern White Mountains showing the location of the WMSZ and the area mapped by Hanson

(1986). (b) Map of the field area for this study showing generalized foliation form-lines, orientation of foliation and lineation data from four traverses across

the shear zone, locations where transcurrent shear sense was observed in outcrop, locations of steeply lineated domains and sample localities discussed in the

text. (c) Foliation and lineation orientation data from steeply lineated domains within the northern two-thirds of the WMSZ. (d) Detailed map of the area around

two steeply lineated domains exposed in Montgomery Canyon. Lithologic contacts adapted or modified from Crowder et al. (1972), Crowder and Sheridan (1972)

and Crowder and Ross (1973); foliation form lines indicate approximate map distribution of penetrative deformation associated with the WMSZ.

<
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zone map in Fig. 2b. Full details of field data available for the
northern part of the WMSZ can be found in Sullivan (2003).
Emphasis was placed on mapping orientation of foliations
and lineations within the mylonitic fabric, and on documenting
variations in fabric intensity. Relative finite strains were esti-
mated visually in the field based on deformation fabric inten-
sity, or how well developed foliations and lineations are in
a given outcrop relative to outcrops of similar rock types ob-
served elsewhere in the WMSZ. 122 oriented samples were
collected during field mapping and were cut perpendicular to
foliation and both parallel and perpendicular to the mineral
lineation for hand-sample based kinematic analyses. Thin sec-
tions were prepared from 50 of these samples for additional
microstructure-based kinematic analyses.

As mentioned above, the northern end of the White Moun-
tain crustal block, including deformation fabrics within the
WMSZ, has been rotated by Cenozoic Basin and Range exten-
sional faulting. To correct for Cenozoic tilting associated with
Basin and Range tectonism, all of the structural orientation
data presented in this paper from Cretaceous age structures
have been rotated 25� counterclockwise (i.e. down to the
west) about a horizontal axis trending towards 355� (cf.
Stockli et al., 2003).

4.2. Description of deformation fabrics

The WMSZ is marked by a penetrative foliation and
associated mineral lineation. We interpret mineral lineations
within the WMSZ as true stretching lineations oriented paral-
lel to the principal extension direction based on geometric
relationships between lineations and quartz c-axis fabrics
outlined in Section 5.3. Deformation fabric intensities are gen-
erally homogeneous at the outcrop scale. Within quartzites and
schists, the foliation is defined by aligned chlorite, biotite
and muscovite, and the mineral lineation in both quartzites
and schists is defined by streaking of mica domains on folia-
tion surfaces and in quartzites by quartz grain-shape align-
ment. Foliations and lineations in marbles are defined by
a calcite grain-shape fabric and alignment of magnesium sili-
cates. Lineation orientation across marble, schist and quartzite
contacts seems to remain constant.

Foliation in the Pellisier Flats pluton is defined by: (1) an
alignment of biotite, hornblende, metamorphic chlorite and
local fine-grained metamorphic white mica, (2) ribboned
quartz grains, and (3) alignment of long axes of feldspar
grains. In localities with more intense deformation fabrics,
the foliation is further defined by mechanically disaggregated
feldspars and fine-grained metamorphic white mica. Feldspar
grains have also undergone minor subgrain rotation dynamic
recrystallization in the higher temperature parts of the
WMSZ. The mineral lineation in these rocks is defined by
streaking on quartz ribbons, streaking of mica domains and
alignment of feldspar and hornblende crystals. In intensely
deformed rocks lineations are further defined by trains of
disaggregated feldspar grains. In SeC mylonites derived
from the Pellisier Flats pluton C-surfaces are defined by planar
domains of biotite, chlorite, fine-grained white mica and
quartz ribbons, and S-surfaces are similar to foliations
described above. Mineral lineations on C-surfaces are defined
by a combination of: (1) streaking of mica domains, (2) ridge-
and-groove style slicken lines in mica domains (Lin et al.,
1992), and (3) streaking in quartz ribbons. S-surfaces in SeC
mylonites were difficult to observe in the field. However, no
orthogonal lineations were observed on S and C surfaces in
SeC mylonites [sensu geometries proposed by Tikoff and
Greene (1997) and Goodwin and Tikoff (2002) for grain-scale
deformation path partitioning in SeC mylonites]. Complete
transposition of S-surfaces into C-surfaces was not observed
in the WMSZ, and the most intensely deformed rocks in shal-
lowly lineated domains within the Pellisier Flats pluton are
typically SeC mylonites. Where the Pellisier Flats pluton is
in contact with meta-sedimentary rocks, it is generally weakly
deformed or even undeformed, indicating that strain was par-
titioned into the meta-sedimentary rocks.

4.3. Shear zone geometry

At its northern end, in the Morris Creek area, the WMSZ is
represented by a NE to NNE-striking foliation and shallowly
to moderately plunging N to NNE-trending stretching
lineations (Fig. 2b). The rocks exhibiting the most intense de-
formation fabrics and most clearly defined SeC relationships
are located along the range front. Traced eastward, towards the
shear zone margins in the Morris Creek area (Fig. 2b)
the strike of foliation progressively changes from w035� in
the intensely deformed rocks to w020e015� closer to the
shear zone margins and SeC relationships can no longer be
recognized. The dip of foliation also changes from vertical
near the range front to steep-to-the-W closer to the shear
zone margins.

In the area south of Morris Creek and in the Montgomery
Canyon area (Fig. 2b,d), foliation within the WMSZ strikes
wNeS and dips steeply to the west. Stretching lineations in
this area are north trending and vary from sub-horizontal to
steeply plunging (Fig. 2b,d). SeC relationships were only
observed in a few locations in this area, although the deforma-
tion fabric is locally strong in both shallowly and steeply
lineated domains.

In the Marble Creek area (Fig. 2b), foliation within the
WMSZ strikes wNeS near the range front, where the most
intense deformation fabrics and most clearly defined SeC re-
lationships are found, and swings to the NW to WNW near the
margins of the shear zone to the east where only S-surfaces are
present. Traced eastward, the dip of foliation changes from
steep-to-the-E at the range front to near-vertical to steep-
to-the-W as the strike of foliation swings around to the NW
and the deformation fabric weakens. Stretching lineations
in the Marble Creek area trend N to NW and are shallowly
plunging (Fig. 2b).

At the southern end of the study area, near Falls Canyon
(Fig. 2b), the WMSZ primarily cuts meta-sedimentary rocks
and is characterized by a NW to NNW-striking steeply W-
dipping to near-vertical foliation and NNW-trending shallowly
to steeply plunging stretching lineations (Fig. 2b). In the Falls
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Canyon area, the most intense deformation fabrics are found in
the marbles, schists and quartzites located along the range
front, whereas deformation fabrics within the Pellisier flats
pluton are generally weaker and quite heterogeneous and in
some outcrops there is no observable fabric. The meta-
sedimentary rocks in this area contain both steeply lineated
and shallowly lineated domains, whereas lineations measured
in the Pellisier Flats pluton are shallowly plunging.

To summarize, the strike of the near-vertical foliation
within the northern two-thirds of the WMSZ varies from
NNE in the extreme northern end of the range to NNW near
the southern end of the study area, and the strike of foliation
tends to swing towards the west near the shear zone margins
(Fig. 2b). The observed foliation map pattern is similar to
that expected for a NeS trending subvertical transcurrent
simple shear zone (sensu Ramsay and Graham, 1970), but in
which the foliation in the center of the zone is a C-surface
and the west half of the shear zone has been removed by
normal faulting. Stretching lineations within the WMSZ are
predominantly subhorizontal to shallowly N-plunging, and
subordinate domains of steeply plunging stretching lineations
are present throughout much of the WMSZ.

4.4. Variations in lineation orientation

Stretching lineations within the WMSZ are generally sub-
horizontal to moderately north-plunging. However, inter-
spersed throughout the WMSZ there are discrete localized
domains of steeply plunging (pitch on foliation of 45� or
more) stretching lineations. Like the shallow lineations, the
steeply plunging lineations generally trend towards the north,
and the orientation of foliation in these domains parallels that
found in nearby shallowly lineated mylonites (Fig. 2bed).
These domains are found within both the Pellisier Flats pluton
and the older Paleozoic? metasedimentary rocks, but are not
found in SeC mylonites. Through examination of successive
foliation planes across strike, steeply plunging lineations can
locally be continuously traced into shallowly plunging linea-
tions within a single outcrop and no overprinting fabrics
were observed either in the Pellisier Flats pluton or the older
units. These relationships indicate that steeply plunging and
shallowly plunging lineations within the WMSZ formed con-
temporaneously, rather than during two separate deformation
events as proposed by Hanson (1986).

Traced across strike, steeply lineated domains vary in width
from a few tens of meters to 200 m or more. We have not
attempted to map the steeply lineated domains between tran-
sects, but, within the resolution of our map data, there does
not appear to be any regular map pattern distribution of these
domains. A transect map showing two steeply lineated
domains is presented in Fig. 2d. Microstructural and quartz
c-axis fabric data from these domains are presented in Table 1
and Fig. 4e,f. The Paleozoic? marble in the Montgomery Can-
yon area (Fig. 2d) is poorly exposed and is generally too
brecciated to provide useful structural data. Near the contact
with the marble, the Pellisier Flats pluton is only weakly de-
formed, and foliation surfaces were not observed in outcrop;
hence, no lineation data is reported for some field stations.

Steeply lineated domains can be found in both relatively
high strain and relatively low strain (estimated from
Table 1

Summary of sample orientations and kinematic data collected from oriented thin sections where the pitch of the stretching lineation on the foliation was greater

than 45�, location of samples is indicated in Fig. 2b

Sample

no.

Lithology Orientation of

foliation

Orientation of

lineation

Pitch of

lineation

Microstructure

based shear

sense indication

Flow type Movement direction

in geographic

coordinates

Quartz c-axis

fabric geometry

and Fig. number

Relative

finite strain

magnitude

064 Pellisier

Flats

350/75-W 292-73 81 None Pure shear N/A Not measurable Medium

065 Quartzose

skarn

009/72-W 347-51 54 Weak type-II

SeC

General shear Oblique

dextral/top-to-W

normal-sense

Symmetric X-girdle,

Fig. 4e

High

069 Quartzose

skarn

003/68-W 340-40 49 None Pure shear N/A Symmetric X-girdle,

Fig. 4f

High

135 Marble 317/79-E 112-49 53 None Pure shear N/A Not applicable High

137 Impure

quartzite

336/68-W 316-42 45 Type-II SeC,

Fig. 3d

General shear Oblique

dextral/top-to-W

normal-sense

Symmetric X-girdle,

Fig. 5c

Medium

156 Pellisier

Flats

310/84-E 318-61 62 Shear bands General shear Oblique

dextral/top-to-W

reverse-sense

Not measurable Medium

161 Pellisier

Flats

329/62-E 013-54 64 None Pure shear N/A Not measurable Low

174 Pellisier

Flats

050/61-N 023-40 48 None Pure shear N/A Not measurable High

177 Pellisier

Flats

021/75-W 358-54 58 Weak

shear bands

General shear Oblique

sinistral/top-to-E

reverse-sense

Not Measurable Low

N/A, not available.
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deformation fabric intensity) portions of the WMSZ, indicat-
ing that there is little or no link between apparent finite
strain magnitude and lineation orientation. Moreover, both
shallowly and steeply lineated domains within the WMSZ
are characterized by well developed LeS tectonites with
sparse L > S and S > L tectonites (Flinn, 1965). Pure S-tec-
tonites were not observed at any location in the field area. In
some localities with a weak fabric, foliation planes and
hence potential lineations could not be examined. These ob-
servations, coupled with quartz c-axis fabric data presented
below, indicate that most domains within the WMSZ have
not experienced the large components of flattening strain
that are predicted by numerical simulations of transpression
zones.

5. Kinematic analyses

5.1. Shallowly lineated domains

A strong degree of fabric asymmetry is associated with
shallowly plunging lineations and is best observed on faces
cut perpendicular to the foliation and parallel to the lineation.
In the domains exhibiting a steeply dipping foliation and sub-
horizontal stretching lineations the section planes are viewed
looking vertically down into the ground. SeC fabrics (Berthé
et al., 1979) yielding a dextral shear sense are often well de-
veloped within the Pellisier Flats pluton and are commonly
observed in outcrop within the northern half of the WMSZ
(Figs. 2b, 3c). The most spectacular examples of SeC fabrics
are found at the extreme northern end of the shear zone in
a coarse grained facies of the Pellisier Flats pluton exposed
in the Morris Creek area where individual C-surfaces are sep-
arated by as much as 2 cm (Fig. 3c).

Shear sense indicators observed in thin-sections cut from
sub-horizontally lineated samples are almost universally dex-
tral. Type-I SeC fabrics (Berthé et al., 1979; Lister and Snoke,
1984) are commonly observed within sections cut from my-
lonites of the Pellisier Flats pluton and Type-II SeC fabrics
(Fig. 3d,e) (Lister and Snoke, 1984) are common in deformed
quarzites, quartz rich skarns and quartz veins. Asymmetric re-
crystallized pressure shadows and shear bands (Hanmer and
Passchier, 1991) indicating a dextral shear sense are present
in many of the sheared Paleozoic? marbles and schists.
Single-girdle and asymmetric cross-girdle quartz c-axis fabrics
(Lister, 1977; Lister and Hobbs, 1980; Law, 1990) also con-
firming a dextral shear sense have been recorded in shallowly
lineated domains in the Morris Creek and Marble Creek areas
(Figs. 4c,d, 5a). These asymmetric quartz c-axis fabrics indi-
cate a relatively large component of simple shear within the
shallowly lineated domains (Lister and Hobbs, 1980; Law,
1987, 1990).

An overall dextral transcurrent shear sense for the WMSZ
is also indicated by the kilometer-scale foliation geometry.
Traced eastwards in the Marble Creek area, the strike of foli-
ation swings from wNeS in the intensely deformed rocks
near the range front to wNW near the shear zone margins
(Fig. 2b). Such a swing in the strike of subvertical foliation
is similar to that expected for the east half of a NeS-striking
ideal dextral transcurrent simple shear zone (Ramsay and Gra-
ham, 1970). This feature is also present in the Morris Creek
area where the strike of foliation swings w15e20� to the
west between the intensely deformed rocks located along the
range front and the eastern margin of the shear zone (Fig. 2b).

5.2. Steeply lineated domains

As outlined in section 4.2, domains of steeply plunging lin-
eations (pitch on the foliation of 45� or more) were observed
in several locations within the northern two-thirds of the
WMSZ (Fig. 2bed), and these domains appear to be coeval
with the more prevalent shallowly plunging lineations. As
with the shallowly lineated samples, cut faces and thin sec-
tions were examined both perpendicular and parallel to the lin-
eation; little or no fabric asymmetry was observed on faces cut
perpendicular to lineation within the steeply lineated domains.
Additionally, no asymmetric fabrics were observed on sub-
horizontal faces within steeply lineated domains examined in
the field. This is in marked contrast to the shallowly lineated
domains in which dextral SeC fabrics were readily visible
on sub-horizontal faces within the Pellisier Flats pluton.

Microstructure-based kinematic data collected from do-
mains within the WMSZ exhibiting stretching lineations
with a pitch on the foliation of more than 45� are summarized
in Table 1. Of the nine samples for which kinematic data are
available, five exhibit no discernible sense of fabric asymme-
try. That is, no composite foliations were recognized and the
direction of rotation (if any) of rigid objects is ambiguous.
These five samples span the complete range of relative defor-
mation fabric intensities observed in the steeply lineated do-
mains, and the lack of fabric asymmetry is attributed to
a large component of pure shear. In geographic coordinates,
two of the remaining samples yield an oblique dextral/top-
down-to-the-west normal-sense motion, one yielded an obli-
que sinistral/top-up-to-the-east reverse-sense motion, and one
yielded an oblique dextral/top-up-to-the-west reverse-sense
motion (Table 1). In other words, no consistent sense of
motion in geographic coordinates was observed in the steeply
lineated domains. However, the foliation in the sample exhib-
iting a component of top-up-to-the-west reverse-sense move-
ment (sample 156 in Table 1, Fig. 2b) dips at 84� to the east
after the 25� counter-clockwise rotation used to correct for
subsequent block rotation associated with Basin and Range
faulting. If the block rotation correction were reduced by 9�

or more, this sample would exhibit oblique dextral/top-
down-to-the-west normal-sense motion; making a total of
three of four samples with this sense of motion.

Nearly symmetrical cross-girdle quartz c-axis fabrics were
collected from two of the high strain samples and one of the
medium strain samples (Figs. 4d,e, 5c). Two of these c-axis
fabrics (Fig. 4e,f) were collected from quartz rich skarns
shown on Fig. 2d. These bodies also contain high-grade
schist and have no large populations of rigid porphyroblasts.
Based on their composition, we interpret them to be rheolog-
ically weaker than the surrounding plutonic rocks. Elsewhere
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Fig. 3. Deformation fabrics from the northern two thirds of the WMSZ. Photographed faces are cut perpendicular to foliation and parallel to mineral lineation and

viewed downwards. (a) Map showing locations from which samples (cef) were taken. (b) Diagram explaining notation on photographs. (c) Type-I SeC fabrics on

a cut face of mylonite of the Pellisier Flats pluton; sense of obliquity between spaced and penetrative foliation (C and S surfaces) indicates a dextral shear sense. (d)

Type-II SeC mylonitic quartz vein; sense of obliquity between penetrative foliation (Sa) and oblique alignment (Sb) of elongate dynamically recrystallized quartz

grains indicates a dextral shear sense. (e) Dextral type-II SeC mylonitic quartz vein from Marble Creek. (f) Dextral C (Sa)eS (Sb) relationships in ribboned quartz

grain from mylonite of the Pellisier Flats pluton. Mineral abbreviations: Bt, biotite; Kfs, potasic feldspar; Opq, opaque minerals; Plg, plagioclase feldspar; Qtz,

quartz.
symmetrical cross-girdle c-axis fabrics were collected from
quartzite units (Fig. 5bed) that are likely rheologically stron-
ger than interbedded schist and marble domains. The pres-
ence of these symmetric c-axis fabrics supports the notion
that the steeply lineated domains experienced a pure shear-
dominated deformation (Lister and Hobbs, 1980; Law,
1990). Therefore, it seems that the domains of steeply
plunging lineations within the WMSZ represent areas of
pure shear-dominated fabrics within what, at a larger scale,
is dominantly a dextral transcurrent simple shear zone. It
should be noted that two of the samples from the shallowly
lineated domains also yielded nearly symmetrical cross-
girdle quartz c-axis fabrics (Fig. 5b,d). One of these samples
has a lineation with a pitch on the foliation of 42� and
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Fig. 4. Quartz c-axis fabrics from the northern part of the study area. Sample locations for the northern (Fig. 4) and southern (Fig. 5) parts of study area are given in

(a). (b) Reference frame for all reported c-axis fabrics in Figs. 4 and 5; all projections are equal area lower hemisphere oriented perpendicular to the steeply dipping

foliation (either C or composite C-S surface) and parallel to the stretching lineation. (c and d) fabrics from different ribboned quartz grains of the same sample of

homogenously deformed Pellisier Flats granite, with (c) including ribbons from both the S and C surfaces and (d) being entirely from a single quartz ribbon within

one C surface; a photomicrograph of this sample is presented in Fig. 3f. (e, f) Fabrics from quartz rich skarns that are now xenoliths hosted in the Pellisier Flats

pluton. Orientations of S and C or penetrative foliation (Sa) and oblique alignment (Sb) of elongate dynamically recrystallized quartz grains have been marked for

samples where these relations were observed. Sample numbers are given between the scatter and contour plots and the trend and plunge of the stretching lineation

for each sample is given below the fabric plots.
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Fig. 5. Quartz c-axis fabrics form the southern part of the study area. Sample locations are given in Fig. 4a. (a) Fabric from a sheared quartz vein hosted within the

Pellisier Flats pluton at Marble Creek; a photomicrograph of this sample is presented in Fig. 4e. (bed) Fabrics from sheared impure quartzites hosted within schist

at Falls Canyon; a photomicrograph of sample 137 is presented in Fig. 3d. All projections are equal area lower hemisphere oriented perpendicular to the steeply

dipping foliation and parallel to the stretching lineation. Orientations of penetrative foliation (Sa) and oblique alignment (Sb) of elongate dynamically recrystallized

quartz grains have been marked for samples where observed. Sample numbers are given between the scatter and contour plots and the trend and plunge of the

stretching lineation is given below the fabric plots.
thus lies just outside of our steep lineation group. However,
the other sample (Fig. 5d) is shallowly lineated, indicating
that some of the shallowly lineated mylonites of the
WMSZ must also have undergone pure shear-dominated
deformation.

5.3. Kinematic framework and shape fabric stability

Numerical simulations of quartz crystallographic fabric for-
mation indicate that crystallographic fabric pattern and orien-
tation is controlled by the external kinematic framework (e.g.
stress directions) imposed upon the deformed rock rather than
by the magnitude of finite strain (Lister and Hobbs, 1980;
Wenk et al., 1989; Jessell and Lister, 1990). These studies pre-
dict that the main girdle of the quartz c-axis fabric will form
perpendicular to the flow plane in both strict pure and simple
shear, and that the fabric pattern will only strengthen with
increasing finite strain, not rotate with respect to the external
kinematic framework (Lister and Hobbs, 1980; Jessell and
Lister, 1990; Takeshita et al., 1999). These conclusions are
strongly supported by many experimental simple shear and
general shear deformation studies of quartz and analogue
materials (e.g. Bouchez and Duval, 1982; Herwegh and
Handy, 1996; Herwegh et al., 1997; Takeshita et al., 1999).
Although, two recent experimental studies involving general
shear in quartzite have produced quartz c-axis fabrics whose
main girdle is oriented oblique to the flow plane and progres-
sively rotates with increasing shear strain (Heilbronner and
Tullis, 2002, 2006). In these recently reported general shear
quartzite experiments (we estimate a pure shear component
of 9e14% from the quoted shortening and shear strain data),
Heilbronner and Tullis (2006) have documented a progressive
transition from a Z-axis maxima to a Y-axis maxima (cf.
Fig. 4b) with increasing strain-induced grain boundary migra-
tion recrystallization. This transition occurs because grains
oriented favorably for prism <a> slip preferentially consume
other grains during grain boundary migration recrystallization
(regime III of Hirth and Tullis, 1992). This ultimately leads to
a mechanical steady state and a stable c-axis fabric pattern
dominated by a Y-axis maxima (Fig. 4b). In the experimentally
deformed samples, a steady state was achieved at shear strains
of w8. However, because of the limitations imposed by the
experimental conditions, these samples were deformed at the
lower temperature/upper strain rate end of regime III dynamic
recrystallization (e.g. some subgrain rotation recrystallization
still visible). A steady state should be reached at lower strains
in naturally deformed quartzites where grain boundary
migration recrystallization can proceed at a much faster rate
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(Jan Tullis, personal communication, 2006). No evidence
exists for similar dynamic recrystallization-driven changes in
c-axis fabric patterns collected from samples that are not char-
acterized by regime III dynamic recrystallization. Because
quartz c-axis fabrics collected from our samples characterized
by regime III dynamic recrystallization (samples 188-1, 065
and 069 shown in Fig. 4c,e,d, respectively) have Y-axis
maxima and skeletal patterns expected for the relatively high
deformation temperatures indicated by the microstructures
(Law, 1990; Hirth and Tullis, 1992; Heilbronner and Tullis,
2006), we feel that these samples have reached a steady state
and can be used to make inferences about the geometry of the
deformation imposed upon the samples.

From these arguments, it follows that the quartz c-axis fab-
rics collected from the WMSZ record the external kinematic
framework (flow plane and direction for pure shear component
and shear plane and direction for simple shear component) im-
posed on that particular sample. All quartz c-axis fabrics from
both shallowly and steeply lineated samples from the WMSZ,
measured on section planes oriented perpendicular to foliation
and parallel to lineation (XZ planes), are characterized by well
developed girdles (single or cross) oriented at a high angle to
the foliation plane and centered about the Y (intermediate) fi-
nite strain axis (Figs. 4, 5, 6b,c). These geometric relationships
indicate that regardless of angle of lineation plunge: (1) the
mineral lineations are true stretching lineations, (2) these sam-
ples were deformed under approximate plane strain conditions
(Tullis, 1977; Lister et al., 1978; Lister and Hobbs, 1980;
Price, 1985; Law, 1986; Schmid and Casey, 1986), and (3)
the orientation of stretching lineations within these samples
has remained constant with respect to the crystallographic
fabrics and hence the external kinematic framework imposed
upon the samples.

Strictly speaking, quartz crystallographic fabrics record
only the external kinematic framework and subsequent defor-
mation history imposed on the volume of rock from which
the fabric was measured. This gives rise to the possibility of de-
formation path partitioning between the quartz domains from
which the quartz c-axis fabrics were measured and other
domains of differing rheologies within the WMSZ, and some
amount of deformation partitioning between different rheolog-
ical domains has almost certainly occurred (Lister and
Williams, 1983; Jiang, 1994a,b; Goodwin and Tikoff, 2002).
Indeed, at the very least, rheologically weaker mineral phases
and rock units have taken up more of the bulk strain. However,
there is no observed variation in lineation orientation between
different rheological domains (e.g. between S and C domains in
the SeC mylonite or between lithologic units in the metasedi-
mentary rocks) within the WMSZ, and the microstructural,
hand sample and outcrop textural analyses of heterogeneous
rocks generally agree with the kinematic framework and
deformation geometries implied by the quartz c-axis fabrics.
Furthermore, quartz c-axis fabrics collected from quartz rib-
bons contained in both S and C surfaces of the same sample in-
dicate that there was no rotation of the kinematic axes between
these two domains in at least the quartz ribbons (Fig. 4c,d).
These observations argue that, though the quartz c-axis fabrics
from a heterogeneous volume of rock from the WMSZ do not
record the bulk deformation path of an entire sample or out-
crop, they do record the overall geometry of the deformation.

Based on this reasoning and the quartz c-axis data, it
seems that the domains of steeply plunging stretching
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a change in orientation of the maximum finite stretching direction (but not externally imposed kinematic framework) with increasing strain magnitude.
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lineations found within the northern half of the WMSZ must
represent a kinematic framework that localizes relatively
large components of pure shear and is separate from, but
coeval with, the dominant dextral transcurrent framework
of the WMSZ. In other words, the pure shear-dominated
contractional deformation within the WMSZ is being parti-
tioned into discrete domains that are kinematically distinct
from the rest of the shear zone. This assertion could be
tested by conducting kinematic vorticity analyses on both
the steeply lineated domains and on the typical shallowly
lineated portions of the WMSZ. However, the absence of fi-
nite strain markers and independently rotating rigid clasts
within the WMSZ makes these rocks unsuitable for existing
vorticity analysis techniques such as those proposed by
Passchier (1988), Simpson and De Paor (1993, 1997) and
Wallis (1992, 1995).

6. Discussion and application of transpression models

6.1. Comparison with numerical simulations of
transpression zones

All of the currently available numerical models of transpres-
sion zones combine differently oriented components of pure
shear and simple shear, and, for some modeled deformation re-
gimes, this arrangement can lead to a switch (either progressive
or instantaneous) in the maximum finite stretching direction
due to the more efficient accumulation of strain under pure
shear deformation (Sanderson and Marchini, 1984; Fossen
and Tikoff, 1993; Robin and Cruden, 1994; Tikoff and Teyssier,
1994; Jones and Tanner, 1995; Dutton, 1997; Jones et al., 1997,
2004; Jiang and Williams, 1998; Jones and Holdsworth, 1998;
Lin et al., 1998). Many of these models can then be used to
explain variations in stretching lineation orientation like those
outlined for the WMSZ. All of these models also make the fun-
damental assumption that the externally imposed kinematic
framework remains constant throughout deformation. There-
fore, because quartz crystallographic fabric patterns should re-
main in a constant orientation with respect to the external
kinematic framework (but cf. experimental results of Heilbron-
ner and Tullis, 2006) rather than the axes of the finite strain
ellipsoid, these models predict that the orientation of quartz
c-axis patterns developed under kinematic regimes similar to
those of the model transpression zones should also remain in
a constant orientation. In other words, if the plunge of the max-
imum finite stretching direction in such a transpression zone
were to change, either instantaneously or progressively, one
would expect to see a relationship between crystallographic
fabric and shape fabric orientations similar to that depicted in
Fig. 6d,e. In such a case, after reorientation of the shape fabric
as predicted by numerical simulations, the main girdle of
a quartz c-axis fabric that developed in response to the external
transpressional kinematic framework would be oriented obli-
que to the lineation. Such a c-axis fabric viewed in the plane
perpendicular to the foliation and parallel to the lineation would
take on the appearance, or a hybrid of the appearance of, that
depicted on the XZ section of Fig. 6e.
The Sanderson and Marchini (1984) transpression zone
model, and those derived from it that utilize orthogonal pure
and simple shear components (Fossen and Tikoff, 1993; Tikoff
and Teyssier, 1994; Jones and Tanner, 1995; Jones et al.,
1997), all predict stretching lineations that are subhorizontal,
subvertical or both. Consequently, they are inadequate to
explain the range of obliquely plunging stretching lineations
found within the WMSZ (Fig. 2bed). Numerical models of
transpression zones that predict obliquely plunging stretching
lineations similar to those described for the WMSZ include
coupled boundary models (Robin and Cruden, 1994; Dutton,
1997) and triclinic transpression zone models (Jiang and
Williams, 1998; Jones and Holdsworth, 1998; Lin et al.,
1998; Jones et al., 2004). Both these groups of models are con-
sidered in turn below.

The coupled boundary models (Robin and Cruden, 1994;
Dutton, 1997) predict that the pure shear component will be
greatest near the edge of the deformation zone and that the
most intense deformation fabrics will be in this region. Be-
cause of this, the strike of foliation will parallel the shear
zone boundaries near the shear zone margins and be oblique
to the shear zone boundaries in the center of the zone (Dutton,
1997). This pattern is opposite to that expected for the strike of
foliation in an ideal simple shear zone (Ramsay and Graham,
1970). At the same time, this model predicts that foliation will
dip away from the center of the zone near the shear zone mar-
gins and be vertical in the center of the zone (Dutton, 1997).
Maximum lineation plunge should be achieved where the
pure shear component is greatest, near the shear zone
boundaries.

These predictions do not fit well with the observed foliation
and lineation orientations from the WMSZ. First, the most
intense deformation fabrics seem to be in the center of the
shear zone and do not always correlate with the steeply plung-
ing lineations. Second, although the dip of foliation does de-
crease near the margins of the WMSZ, the foliation dips
towards rather than away from the center of the zone. Third,
these models predict large amounts of flattening strain, and
this is in marked disagreement with approximate plane strain
symmetries indicated by both the observed shape fabrics
(LeS tectonites) and the quartz c-axis fabrics collected from
the WMSZ. Hence, it does not seem that the deformation
fabrics within the WMSZ can be explained using the coupled
boundary transpression zone models.

The triclinic transpression zone models (e.g. Jones and
Holdsworth, 1998; Lin et al., 1998; Jones et al., 2004) also
evolved from the basic geometry of the Sanderson and March-
ini (1984) model, but the deformation components are oblique
to one another. These models combine: (1) a pure shear
component oriented with the intermediate stretching direction
parallel to the strike of the zone and the maximum stretching
direction in the vertical direction, perpendicular to the strike of
the zone and, (2) a simple shear component of deformation
wherein displacement is parallel to the zone margins but
oblique to the maximum stretching direction of the pure shear
component. The vorticity vector is considered to be perpendic-
ular to the plane containing the simple shear component of
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deformation, the vorticity normal section or VNS (Jiang and
Williams, 1998; Jones and Holdsworth, 1998; Lin et al.,
1998). For shear zones with relatively small components of
pure shear, the lineation is initially located in the VNS, and
as finite strain increases, the lineation is predicted to progres-
sively rotate away from the VNS towards the vertical (Jiang
and Williams, 1998; Jones and Holdsworth, 1998; Lin et al.,
1998). This model also predicts that foliation will initially
strike obliquely to the shear zone margins and dip steeply
towards the center of the zone and that the foliation will pro-
gressively rotate into parallelism with the shear zone walls as
finite strain increases. Like the coupled boundary condition
models, the triclinic transpression zone models predict that
the lineations with the steepest plunge will be located in the
areas with the most intense deformation fabrics. Thus, for
a NeS dextral transpression zone with a very high component
of simple shear and the VNS (simple shear component)
oriented at w10e20� to the horizontal, this model predicts
that the lineation will initially plunge at w10e20� while the
foliation will dip steeply to the east and strike at about 345�.
The shape fabric patterns predicted by the Jones et al.
(2004) inclined transpression zone model for a steeply west-
dipping triclinic transpression zone with a small component
of dip-slip motion (shallowly dipping VNS) are very similar
to those predicted by the vertical triclinic transpression zone
models.

At first glance, the triclinic model for a high simple shear/
pure shear ratio and a VNS at about 10e20� to the horizontal
provides a good fit for the observed foliation and lineation pat-
terns from the shallowly lineated domains of the WMSZ.
However, the steeply lineated domains within the WMSZ
are not always found in conjunction with the most intense de-
formation fabrics as predicted by the triclinic transpression
zone models. This discrepancy could be explained by having
a heterogeneously distributed pure shear component of defor-
mation causing some areas to have stretching lineations rotate
towards the vertical at a much greater rate. Such an arrange-
ment would be in close agreement with the observed partition-
ing of pure shear and simple shear components of deformation
discussed in Sections 5.1 and 5.2. However, there are two
important flaws with this arrangement: (1) some of the shal-
lowly lineated domains in the WMSZ also appear to contain
a relatively large component of pure shear and (2), as
discussed in Section 5.3, geometric relationships between
quartz c-axis fabrics and the shape fabric in the WMSZ pre-
clude rotation of lineation into a vertical orientation (Fig. 6d,e).
We emphasize that our quartz c-axis fabric data demonstrate
that the steeply plunging lineation is a true principal stretching
direction (Fig. 6c) rather than a finite strain feature produced
by combined simple and pure shear deformation bearing no
direct relationship to the imposed kinematic framework
(Fig. 6e). Consequently, it seems that none of the currently
available numerical simulations of transpression zones can
fully explain the deformation fabrics observed within the
WMSZ.

6.2. Conceptual kinematic model for the WMSZ

Within the WMSZ, we recognize coeval stable segregated
domains of simple shear-dominated and pure shear-dominated
fabrics (Fig. 7) that accommodate transcurrent and contrac-
tional components of deformation respectively. Three key
foliation lineation

lineation

foliation

Shear Zone
Boundary

S
hear Zone

B
oundary

Fig. 7. Conceptual kinematic model for the WMSZ. Dark gray areas represent domains of pure shear-dominated contractional deformation, and light gray areas

represent domains of simple shear-dominated transcurrent deformation. The observed quartz c-axis fabric patterns are depicted in the small block diagrams from

each of the two domains. The idealized foliation orientation is outlined on the top of the large block diagram.
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observations can help constrain possible geometries of these
domains. First, there is no significant difference in foliation
orientation (maximum shortening direction) between simple
shear-dominated and pure shear-dominated domains. Second,
within the resolution of our transect mapping, pure shear-dom-
inated domains appear to consist of discrete isolated bodies
that are volumetrically subordinate to simple shear-dominated
domains. Finally, in the pure shear-dominated domains,
the maximum finite stretching direction and hence the
extrusion direction ranges from subhorizontal to subvertical.
Based on these observations and our microstructural and
crystallographic fabric data, we propose a conceptual kine-
matic model for the WMSZ consisting of coeval segregated
lozenge-shaped pure shear-dominated domains with variable
extrusion directions surrounded by an anastomosing network
of simple shear-dominated domains that accommodate the
contractional and transcurrent components of deformation
respectively (Fig. 7). This overall geometry allows bulk
flattening strain across the WMSZ despite the fact that individ-
ual domains appear to be characterized by plane strain defor-
mation. Additionally, individual domains within the WMSZ
exhibit either a monoclinic or an orthorhombic symmetry,
but because the finite stretching directions of the different
domains are not at right angles to one another, the zone
exhibits a bulk triclinic symmetry. This conceptual model is
similar to one proposed by Hudleston, 1999 for maintaining
strain compatibility in shear zones, except that in Huddleston’s
conceptual model the maximum extension direction of the
pure shear-dominated domains is parallel to the movement
direction of the simple shear component.

Strain compatibility between domains is a potential prob-
lem in our conceptual model. However, it is likely easier to
maintain strain compatibility between localized segregated
kinematic domains than between a homogeneously extruding
shear zone and its wall rocks. This is because the local dispar-
ities between domains are smaller than the bulk disparity that
would be localized along a single contact in a homogeneously
extruding zone. Segregated simple shear and pure shear-
dominated deformation fabrics within a transpression zone
have also been recognized by Goodwin and Williams (1996)
who found that compatibility between different domains was
accommodated by discrete, lithologically distinct zones of
simple shear similar to the stretching faults of Means
(1989). If this is the case in the WMSZ, it has not been recog-
nized. However, we propose that stretching faults between
kinematic domains are a possibility and that the component
of oblique motion recorded in some of the steeply lineated
samples may be a manifestation of this.

7. Conclusions and implications

The data presented here demonstrate that strain partitioning
between coeval simple shear and pure shear-dominated do-
mains within the transpressional WMSZ has played an impor-
tant role in the development of the shear zone fabrics. This
assertion is based on geometric relationships between quartz
c-axis fabrics and shape fabrics that show that the maximum
principal stretching direction has remained stable with respect
to the external kinematic framework imposed upon the sam-
ple. That is, there has been little or no abrupt strain-induced
transition from subhorizontal to steeply plunging lineations
as predicted by numerical simulations of transpression zones.
Instead, the steeply plunging lineations within the WMSZ are
associated with qualitatively large components of pure shear-
dominated deformation, while the shallowly lineated domains
are primarily characterized by simple shear-dominated defor-
mation, and, in all cases, the orientation of foliations and
lineations in both of these kinematic domains has remained
stable. Therefore, we recognize stable discrete coeval segre-
gated kinematic domains of pure shear-dominated and simple
shear-dominated deformation within the WMSZ that accom-
modate the contractional and transcurrent components of
transpression respectively, and we propose a geometry wherein
the pure shear-dominated domains are lozenge-shaped bodies
surrounded by an anastomosing network of simple shear
dominated domains.

The partitioning of pure shear and simple shear within the
WMSZ into separate discrete kinematic domains could not
have been recognized without the quartz c-axis fabric data.
Because of this we propose that, whenever feasible, quartz
crystallographic fabric data should be collected from potential
transpression zones in order to determine the extent of strain
partitioning that may be taking place within these zones and to
test the applicability of numerical simulations involving homo-
genously distributed pure shear and a finite strain driven change
in orientation of the maximum finite stretching direction.
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