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Abstract
This paper examines part of the Raft River shear zone (RRSZ) in northwestern Utah that exhibits an extreme transport-parallel increase in
strain intensity coupled with a transition from flattening to constrictional strain. Detailed geologic mapping and finite-strain, quartz-c-axis-fabric,
and kinematic-vorticity analyses demonstrate local necking of the shear zone associated with an increase in transport-parallel elongation accom-
modated by a stretching fault at the base of the shear zone. The domain of intense deformation and necking of the shear zone is localized where
the basal stretching fault cuts rheologically weak rocks. This domain is characterized by strain in the constrictional field caused by transport-
perpendicular flow into the area of high transport-parallel elongation. Where rocks cut by the stretching fault are rheologically strong, the RRSZ
locally records flattening strain and lower strain intensities, limiting the amount of stretching needed at the base of the shear zone in any one
direction and/or recording transport-perpendicular flow into adjacent highly extended domains. The rheology of rocks cut by the stretching fault
directly controlled the amount and style of zone-normal shortening and transport-parallel elongation, and these observations provide an example
of deformation partitioning in a crustal-scale structure driven by local rheological transitions.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Plastic high-strain zones have traditionally been interpreted
in terms of two-dimensional, homogeneous deformation (e.g.,
plane strain). However, analyses of naturally deformed rocks
show us that deviations from plane strain and two-dimensional
flow not only exist but are common in nature (Pfiffner and
Ramsay, 1982, their Fig. A1). Such variations in the shape
of the finite-strain ellipsoid, or strain geometry, occur in con-
tractional, extensional, transcurrent, transpressional, and trans-
tensional tectonic regimes (e.g., Twiss and Moores, 1992;
Moores and Twiss, 1995; Holdsworth et al., 1998; Dewey,
2002). Deviation from plane strain has also been recorded in
a wide variety of local structural settings such as fold hinge-
zones and limbs (e.g., Law, 1986; Holst and Fossen, 1987;
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Sullivan, 2006); the margins of forcefully emplaced plutons
(e.g., Compton, 1955); metamorphic soles beneath ophiolitic
allochthons (Flinn, 1992; Hacker and Mosenfelder, 1996);
and extensional, contractional, transcurrent, transpressional,
and transtensional plastic shear zones (e.g., Hossack, 1968;
Fletcher and Bartley, 1994; Lin and Jiang, 2001; Dewey,
2002; Czeck and Hudleston, 2003; Strine and Wojtal, 2004;
Giorgis and Tikoff, 2004). Such deviations in strain geometry
are also commonly associated with significant variations in the
amount of finite strain, or strain intensity, which occur in
a seemingly non-systematic way. In shear zones that have tra-
ditionally been interpreted as relatively straight-sided, planar
features variations in strain geometry and along-transport var-
iations in strain intensity should lead to strain compatibility
problems (Ramsay and Graham, 1970; Hudleston, 1999),
and, at the very least, these variations can significantly compli-
cate traditional two-dimensional kinematic analyses (Tikoff
and Greene, 1997; Jones et al., 2004; Bailey et al., 2004). It
is likely that these deviations from plane strain and variations
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in strain intensity are providing us with significant information
about the way strain is accommodated in the middle and lower
crust. Until recently, however, such finite-strain variations in
natural high-strain zones were commonly overlooked in the
literature. This is especially true for constrictional strains (So-
lar and Valentino, 2003). Indeed, we still have little informa-
tion about how finite-strain variations are linked to such
factors as internal variations in rheology and kinematic vortic-
ity and variations in the external geometry and boundary con-
ditions imposed on high-strain zones.

To address this gap in our understanding of strain partition-
ing in plastic high-strain zones, I present a detailed case study
of part of a footwall shear zone of a metamorphic core com-
plex, the Raft River shear zone (RRSZ), in the Raft River
Mountains of northwestern Utah. This locality was first docu-
mented by Wells (2001), and it exhibits a wide range of mea-
sured finite-strain intensities and strain geometries including
a large domain of strain in the constrictional field. In this paper
I argue that these strain heterogeneities are directly controlled
by along-transport variations in the rheology of rocks that are
cut by a stretching fault (Means, 1989) at the lower boundary
of the shear zone that accommodates zone-normal shortening
and transport-parallel elongation. The results of this study pro-
vide a better understanding of how and why strain is parti-
tioned in plastic high-strain zones and will ultimately help
geoscientists encountering such strain variations to better
Fig. 1. Simplified geologic map of the AlbioneRaft RivereGrouse Creek metamor

tains showing major structures, intrusive bodies, and the location of Fig. 3. Adapted

and Compton (1972, 1975).
interpret them. Moreover, because the RRSZ is a footwall
shear zone of a metamorphic core complex (Malavieille,
1987a; Wells et al., 2000), a fundamental crustal structure
(Wernicke and Axen, 1988; Whitney et al., 2004), these results
also provide a better understanding of how these crustal-scale
structures evolve and control the partitioning of strain in
extensional tectonic settings.

2. Regional geologic setting

The Raft River Mountains comprise the easternmost seg-
ment of a large Cordilleran metamorphic core complex, the Al-
bioneRaft RivereGrouse Creek metamorphic core complex,
that includes the Albion Mountains, Raft River Mountains,
and Grouse Creek Mountains in northwestern Utah and south-
ern Idaho, USA (Fig. 1) (Armstrong, 1968; Compton, 1972,
1975; Compton et al., 1977; Coney, 1980; Snoke and Miller,
1988; Sullivan and Snoke, 2007). The lowest structural levels
of the core complex expose the Green Creek complex of
Armstrong (1968) that includes Late Archean adamellite and
adamellite orthogneiss that intrude metatrondhjemite, meta-
gabbro, hornblende schist, and biotite schist (Armstrong,
1968; Compton et al., 1977; Todd, 1980; Miller, 1980). In
the Raft River Mountains the Archean rocks are nonconform-
ably overlain by the Proterozoic Elba Quartzite and the overly-
ing schist member of the Elba Quartzite, and the core complex
phic core complex and a more detailed geologic map of the Raft River Moun-

and compiled from Wells, (1997, 2001); Miller (1980); Compton et al. (1977),
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is bounded by the low-angle RRSZ and associated frictional/
brittle Raft River detachment fault (Compton, 1972, 1975;
Compton et al., 1977; Malavieille, 1987a; Wells, 2001).
40Ar/39Ar cooling ages of muscovite from the RRSZ range
from 47 Ma in the westernmost parts of the range to 15 Ma
in the easternmost parts, indicating a Tertiary age of deforma-
tion (Wells et al., 2000). Apatite fission track ages record pro-
tracted, progressive west-to-east unroofing along the Raft River
detachment fault between 13.6 and 7.4 Ma (Wells et al., 2000).

The RRSZ is almost entirely hosted in the Elba Quartzite
and the overlying schist member, and the Raft River deta-
chment fault follows the foliation in the schist member
(Compton, 1972, 1975; Compton et al., 1977; Malavieille,
1987a; Wells, 2001). Strain associated with Tertiary extension
dies out rapidly in the Archean rocks beneath the Elba Quartz-
ite, and the boundary between the two has acted as a strain
guide, concentrating Tertiary deformation in the quartzite
(Sabisky, 1985; Malavieille, 1987a; Wells, 2001). Based on
microstructural studies, Wells et al. (2000) and Wells (2001)
recognized that deformation throughout the RRSZ is charac-
terized by greenschist-facies conditions and that the base of
the RRSZ is marked by an end of greenschist-facies retrograde
metamorphism and deformation in the underlying Archean
rocks. A series of north-vergent, transport-parallel recumbent
folds some of which extend for 20 km or more along trend
are present within the RRSZ in the southern Raft River Moun-
tains (Fig. 1) (Compton, 1980; Sabisky, 1985; Malavieille,
1987a), but there is no evidence for folding of the Elba Quartz-
ite in the northern Raft River Mountains.

Microstructural and quartz-c-axis-fabric studies have been
conducted throughout the RRSZ by numerous workers
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Fig. 2. (a) Flinn diagram showing all available strain data collected from the Clea
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(Compton, 1980; Sabisky, 1985; Malavieille, 1987a, 1987b;
Wells, 1997, 2001). Kinematic indicators including type-II
S-C fabrics, asymmetric tails on feldspar porphyroclasts, shear
bands, mica fish, and asymmetric cross-girdle and single-gir-
dle quartz c-axis fabrics (see reviews by Law, 1990; Hanmer
and Passchier, 1991; Passchier and Trouw, 1996) all consis-
tently indicate a component of top-to-the-east, normal-sense
displacement along the RRSZ (Compton, 1980; Sabisky,
1985; Malavieille, 1987a, 1987b; Wells, 2001). Nearly sym-
metrical type-I cross-girdle quartz c-axis fabrics have also
been reported from several areas in the RRSZ (Compton,
1980; Sabisky, 1985; this study), indicating that these areas re-
cord relatively large components of coaxial deformation
(Lister and Hobbs, 1980; Schmid and Casey, 1986; Law,
1990). Wells (2001) independently showed that the RRSZ as
a whole records a component of coaxial deformation that ac-
commodates zone-normal contraction coupled with elongation
in the transport direction.

The Elba Quartzite contains a variety of excellent strain
markers including original quartz grains; quartz-pebble meta-
conglomerate; and local, basal quartz-cobble metaconglomer-
ate. A number of workers have conducted three-dimensional
strain analyses on these rocks (Fig. 2) (Compton, 1980;
Sabisky, 1985; Malavieille, 1987a; Wells, 2001; this study).
Results of these strain analyses show that strain intensity
and strain geometry in the RRSZ vary considerably both
along- and across-strike and with structural level (Compton,
1980; Sabisky, 1985; Malavieille, 1987a; Wells, 2001; this
study). Strains in the constrictional field are almost entirely
confined to the Clear Creek area in the northern half of the
shear zone whereas flattening strains are predominately
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confined to the southern half of the RRSZ and are often asso-
ciated with the large-scale recumbent folds present in this area
(Fig. 2) (Compton, 1980; Sabisky, 1985; Malavieille, 1987a;
Wells, 2001; this study). In many areas strain intensity in-
creases downwards, approaching the base of the Elba Quartz-
ite (Compton, 1980; Sabisky, 1985; this study). Compton
(1980) has also documented a transition from symmetric,
cross-girdle quartz c-axis fabrics to asymmetric, single-girdle
c-axis fabrics associated with this downward increase in strain
intensity. Wells (2001) postulated that this transition represents
an increasing component of noncoaxial deformation (see
review by Law, 1990) due to the presence of a stretching fault
(Means, 1989) at the base of the shear zone manifested by
a domain of intense noncoaxial plastic deformation that ac-
commodates transport-parallel elongation of the shear zone.
Additionally, strain intensity at all structural levels increases
from west to east, with measured ratios between the long
and short axes of the finite-strain ellipsoid (Rxz) increasing
from 2.6 at the western, up-dip end of the RRSZ to 35 or
more in the eastern Raft River Mountains (Malavieille,
1987a; Wells, 2001). Wells (2001) documented an extreme
case of this west-to-east increase in strain intensity along the
north wall of Clear Creek canyon in the northeastern Raft
River Mountains (Fig. 1) where Rxz values measured in the
basal cobbles of the Elba Quartzite increase from 5.5 to 35
over a horizontal distance of only 700 m. Wells (2001) re-
ferred to this extreme finite-strain transition as the Clear Creek
strain gradient, and this area is the focus of my detailed case
study of finite-strain variations in the RRSZ.

3. Rock units
3.1. Footwall Archean rocks
Rocks of the Archean Green Creek complex, in the footwall of
the RRSZ (Figs. 1, 3), record a complex pre-Tertiary deforma-
tional and metamorphic history. Understanding this history is an
important part of interpreting the finite-strain variations observed
in the overlying shear zone. One of the oldest units in the map
area is a biotite schist that contains the mineral assemblage bioti-
te þ quartz þ plagioclase þ clinozoisite � muscovite � hornbl-
ende. The biotite schist exhibits a strong foliation and a variable
mineral lineation defined by aligned biotite and quartz grains.
This fabric is coeval with the dominant metamorphic assemblage.
In places the biotite schist is extensively intruded by trondhjemite
dikes, and it commonly contains numerous quartz veins. Both
dikes and quartz veins show little internal deformation but are typ-
ically boudinaged parallel with the mineral lineation and, locally,
perpendicular to the mineral lineation and parallel with the folia-
tion. Scarce dikes and quartz veins that lie at a high angle to the
foliation have been isoclinally folded with fold axial surfaces sub-
parallel with the foliation. Approaching the RRSZ and the lower
contact of the Elba Quartzite, the biotite schist is progressively
overprinted by greenschist-facies retrograde metamorphism and
coeval deformation, and the assemblage muscovite þ chlorite þ
quartz þ clinozoisite þ FeeTi opaques � tourmaline is develop-
ed in the RRSZ.
Interlayered and perhaps infolded with the biotite schist is
a fine-grained hornblende schist that contains the assemblage
hornblendeþ plagioclaseþ quartzþ biotiteþ epidoteþ sphene
that records epidote-amphibolite-facies metamorphic condi-
tions. This unit locally exhibits relict fragmental texture indi-
cating that it has a volcaniclastic protolith. Contacts between
hornblende schist and biotite schist are locally gradational
over ~20 cm. The hornblende schist typically contains a mod-
erate to strong foliation and a well-defined hornblende mineral
lineation that are coeval with epidote-amphibolite-facies meta-
morphism. Metatrondhjemite dikes and quartz veins hosted in
these rocks show similar boudinage and folding relationships
to those previously noted in the biotite schist.

The oldest intrusive unit in the map area consists of a series
of coarse-grained metagabbro bodies that exhibit a relict igne-
ous-intrusive texture. These rocks contain the assemblage
hornblende þ relict plagioclase þ clinozoisite þ metamorphic
quartz þ sphene þ biotite that records epidote-amphibolite-
facies metamorphic conditions, and they commonly contain
a moderate to weak foliation at their margins. Metagabbro
dikes intrude both the older schistose units, but were not ob-
served intruding the metatrondhjemite described below.

The most prevalent intrusive unit in the map area is a meta-
morphosed and weakly deformed trondhjemite pegmatite
containing the primary metamorphic assemblage plagiocla-
se þ quartz þ muscovite. Compton (1975) reports that the
muscovite is derived from potassium feldspar locally present
in undeformed, unmetamorphosed trondhjemite bodies ob-
served elsewhere in the Raft River Mountains. Metatrondhje-
mite dikes extensively intrude both of the older schistose
units, but only intrude the metagabbro at one locality. Larger
metatrondhjemite bodies are typically massive to weakly foli-
ated and are commonly boudinaged parallel with the mineral
lineation in the older schistose units. Dikes less than ~10-cm
thick typically contain a strong foliation and lineation that
are concordant with fabric elements in the surrounding meta-
morphic rocks.

Much of the Raft River Mountains are underlain by an ex-
tensive adamellite body that yielded a RbeSr whole-rock
minimum age of 2180 � 190 Ma (Compton, 1972, 1975;
Compton et al., 1977). A potentially correlative adamellite
orthogneiss in the Grouse Creek Mountains yielded a Rbe
Sr whole-rock minimum age of 2510 � 170 Ma, and upper
intercepts on concordia for cores of zircons from the orthog-
neiss indicate an age of w2620 Ma (Compton et al., 1977;
Egger et al., 2003). Adamellite dikes intrude every unit de-
scribed above, but do not intrude the overlying Elba Quartz-
ite (Compton, 1972, 1975; Compton et al., 1977). In the area
of this study, adamellite beneath the RRSZ typically contains
a weak foliation. Quartz in these rocks exhibits sweeping
grain-boundary-migration dynamic recrystallization (regime-
III of Hirth and Tullis, 1992) whereas both plagioclase and
potassium feldspar exhibit undulose extinction, and potas-
sium feldspar has locally reacted to form muscovite. Where
it is cut by the RRSZ, the adamellite is transformed into
a mylonite. Quartz in mylonitic adamellite exhibits sub-
grain-rotation dynamic recrystallization (regime-II of Hirth



Fig. 3. (a) Geologic map of the Clear Creek strain gradient of the RRSZ. The locations of the lower boundary of the shear zone, the line of the cross section (ZeZ0), the measured sections displayed in Figs. 5 and 6,

and the sample localities discussed in the text are noted. (b) Cross section along line ZeZ0 in (a). The locations of measured sections presented in Figs. 5 and 6 are noted.
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and Tullis, 1992) and feldspars are extensively converted to
muscovite. At the base of the Elba Quartzite, the adamellite
is converted into a phyllonite that is composed of >85%
muscovite. It seems likely that at least part of this mylon-
ite-to-phyllonite transition in adamellite cut by the RRSZ is
a result of weathering of feldspars to clay minerals near
the time of the deposition of the Elba Quartzite. However,
the existence of well-rounded coarse-cobble metaconglomer-
ate at the base of the Elba Quartzite indicates that at least the
base of this unit was deposited in a very high-energy envi-
ronment that would have completely removed any thick ac-
cumulations of clay soil, leaving the Elba Quartzite
deposited on relatively unaltered igneous and metamorphic
rocks. Therefore, I judge that the generation of phyllonites
at this structural level was driven at least in part by chemical
reactions and diffusive mass transfer that took place during
Tertiary deformation.
3.2. Elba Quartzite
In the Clear Creek area, the Elba Quartzite contains a dis-
tinct stratigraphy that includes from bottom to top: (1) a local
basal quartz-cobble metaconglomerate; (2) an interval of mi-
caceous quartzite and subordinate muscovite-quartz schist;
(3) a very distinct bed of red quartzite; (4) a distinct bed of
coarse, white quartz-pebble metaconglomerate; (5) an interval
of interbedded feldspar-quartz-pebble metaconglomerate, feld-
spathic quartzite, and muscovite-quartz schist; and (6) an
upper interval of nearly pure, tan-to-white, cross-bedded
quartzite. The overlying schist member of the Elba Quartzite
is not preserved in the study area. The quartz-cobble metacon-
glomerate lies in a series of channels incised into the underly-
ing Archean rocks. These channels can die out rapidly, with
the cobble-metaconglomerate beds varying in thickness from
0 to 2 m or more over a lateral distance of 5e20 m. Both
a complete lack of repetition of this distinct stratigraphy and
the abundant cross-beds preserved in parts of the Elba Quartz-
ite demonstrate that it has not been folded in the northern Raft
River Mountains.

Throughout the study area, the Elba Quartzite contains
a well-developed mesoscopic foliation defined by aligned
muscovite and a quartz grain-shape fabric. A well-developed
mineral lineation in these rocks is defined by streaking of mus-
covite domains on foliation surfaces, a quartz grain-shape
fabric, and streaking on deformed quartz pebbles. The orienta-
tions of the long axes of stretched pebbles and cobbles do not
deviate from the mineral lineation orientation in any system-
atic manner. Wells et al. (2000) and Wells (2001) noted that
the Elba Quartzite is characterized by frictional/brittle defor-
mation of feldspars and subgrain-rotation dynamic recrystalli-
zation of quartz (regime-II of Hirth and Tullis, 1992). They
also note that deformed quartz grains exhibit subbasal de-
formation lamellae and that quartz c-axis fabrics exhibit maxima
indicative of large components of basal slip in the hai direction.
My results confirm these observations, and all of these data point
towards deformation under greenschist-facies conditions (White,
1976; Hirth and Tullis, 1992; Stipp et al., 2002).
3.3. Metamorphism and deformation predating the Raft
River shear zone
The primary metamorphic and deformational event recorded
in the Archean rocks in the immediate footwall of the RRSZ is
manifested by the pervasive epidote-amphibolite-facies meta-
morphic assemblage and the deformation fabric defined by
these metamorphic minerals. The absence of garnet in amphib-
olites constrains peak pressures during this event to ~6 kb or
less (Spear, 1993). Deformation fabrics in the footwall of the
RRSZ are characterized by northeastesouthwest-striking, gently
northwest-dipping foliations and west-southwest-trending min-
eral lineations (Fig. 4a). The observation that metatrondhjemite
dikes and quartz veins hosted in biotite schist and hornblende
schist throughout the study area are commonly boudinaged sub-
parallel with and locally perpendicular to mineral lineations in-
dicates that deformation in the footwall of the RRSZ is
characterized by plane strain or strain in the flattening field
wherein the maximum finite shortening direction is roughly de-
fined by the poles to the foliations and the maximum finite elon-
gation direction is roughly defined by the mineral lineations. It
is also important to note that the adamellite pluton, the youngest
unit in the footwall, contains only a weak foliation outside of the
RRSZ indicating that there was little deformation after its em-
placement. An upper age limit for metamorphism and deforma-
tion in the footwall of the RRSZ is given by 40Ar/39Ar spectra
interpreted by Wells et al. (2000) as indicating maximum horn-
blende cooling ages of 54.6e90.5 Ma through the argon closure
temperature (~500 �C).

4. Geometry of the Raft River shear zone
in the study area
4.1. Data collection
To better understand the RRSZ in the area of the Clear
Creek strain gradient, I mapped the shear zone and the under-
lying Archean rocks in detail (Fig. 3a) and measured a series
of four detailed sections (AeD) through the shear zone along
approximately strike-parallel routes (Figs. 3, 5, 6). In any lo-
cality with sufficient exposure, I made quantitative finite-strain
estimates by measuring axial ratios of cobbles and pebbles in
the Elba quartzite and then calculating harmonic means of
these measurements. Measured faces were within 5� of the
principal planes defined by the foliation and lineation. Linea-
tion-perpendicular faces were measured at each locality and
typically yielded 15e25 measurements. Depending on expo-
sure, I also measured clasts on faces perpendicular to the foli-
ation and parallel with the lineation and/or on foliation
surfaces. Lineation-parallel faces typically yielded 10e15
measurements. Three lineation-perpendicular exposures of
cobble metaconglomerate display a sufficient number of strain
markers for collection of Rf/f data (Lisle, 1985). These data
were processed using the Microsoft Excel spreadsheet of
Chew (2003) and do not show any statistically significant ev-
idence for a pre-existing preferred orientation in the cobbles at
these localities (Fig. 7). Unfortunately, throughout the study
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area, original quartz grains are too recrystallized to function as
reliable strain markers.

I use two parameters to describe the measured finite-strain
ellipsoids in the RRSZ. These are strain intensity and Flinn’s
(1962) strain geometry parameter. Strain intensity (i) is
defined as

i¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
½ðS1=S2Þ � 1�2þ½ðS2=S3Þ � 1�2

q
where S1, S2, and S3 are the maximum, intermediate, and min-
imum principal stretches (van der Pluijm and Marshak, 2004).
Flinn’s parameter (k) is defined as

k ¼ ðS1=S2Þ � 1

ðS2=S3Þ � 1

k ¼ 0 for pure flattening strain, 1 for plane strain, and N for
pure constrictional strain (Flinn, 1962).

I collected oriented samples at intervals along the measured
sections and at select other localities within the RRSZ and in
the footwall of the shear zone. Oriented thin sections were
made from cuts parallel with the lineation and perpendicular
to the foliation. Thin sections from faces perpendicular to
both the lineation and the foliation and faces parallel with
the foliation were also cut from several samples. There is no
evidence of multiple deformation fabrics or lineation-parallel
micro-folds in these sections.
4.2. Geometry of the lower boundary of the Raft River
shear zone
Following Wells (2001), I mapped the lower boundary of the
RRSZ as the lower limit of greenschist-facies retrograde meta-
morphism and associated deformation (Fig. 3). In the western-
most part of the study area, where the Elba Quartzite is
underlain by adamellite, this boundary is only 2e5 m below
the base of the quartzite (Fig. 3). Where the Elba Quartzite over-
lies more easily altered and deformed schistose rocks, in the cen-
tral and eastern parts of the study area, the lower boundary of the
shear zone extends 10e15 m below the nonconformity (Fig. 3).
At the easternmost end of the study area, shear zone fabrics ex-
tend 20e25 m below the base of the Elba Quartzite (Fig. 3).
Foliations in this transition zone between the highly deformed
Elba Quartzite and the unaltered Archean rocks are subhorizontal
to northeastesouthwest-striking and gently northwest-dipping,
and mineral lineations trend east-west to west-southwest
(Fig. 4b). This foliation orientation is slightly oblique to the
overall northwestesoutheast-striking, gently northeast-dipping
shear zone boundary, and this sense of obliquity is similar to
that expected for the margins of a gently northeast-dipping,
Fig. 4. (a) Orientations of foliations and lineations from the Archean igneous

intrusive rocks and amphibolite-facies metamorphic rocks in the footwall of

the RRSZ. (b) Orientations of foliations and lineations from the zone of Tertiary

greenschist-facies retrograde metamorphism and deformation in the Archean

rocks just beneath the Elba Quartzite at the lower boundary of the RRSZ. (c)

Orientations of foliations and lineations from the Elba Quartzite in the main

body of the RRSZ. All plots are equal-area, lower-hemisphere projections.



Fig. 5. Measured sections/sampling transects through the RRSZ and quartz c-axis fabrics from the western half of the study area. Locations of sections are given in

Fig. 3. (a) Section A showing lithologic units and sample locations. (b) Quartz c-axis fabrics from section A. (c) Section B showing lithologic units and sample

locations. (d) Quartz c-axis fabrics from section B. (e) Quartz c-axis fabric from sample RR-21 collected from the quartz-cobble metaconglomerate between sec-

tions B and C (Fig. 3). (f) Quantitative strain estimates from sections A and B. (g) Key to lithologic units in the measured sections and display conventions for the

quartz c-axis fabrics in (b), (d), and (e). C-axis fabrics are displayed perpendicular to the foliation and parallel with the lineation in equal-area, lower-hemisphere

projections, and they are viewed towards north. Contours are 0.5, 1, 2, ., 7-times uniform density. For samples with an oblique grain-shape fabric defined by

recrystallized quartz grains (type-II S-C fabric), 200 measurements of the angle between the long axis of recrystallized quartz grains and the main foliation

(c-surface) are given as directional data in the center of the quartz c-axis-fabric plots.
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Fig. 6. Measured sections/sampling transects through the RRSZ and quartz c-axis fabrics from the eastern half of the study area. Locations of sections are given in

Fig. 3. (a) Section C showing lithologic units and sample locations. (b) Quartz c-axis fabrics from section C. (c) Section D showing lithologic units and sample

locations. (d) Quartz c-axis fabrics from section D. (e) Quantitative strain estimates from sections C and D. The key to the lithologic units in the measured sections

and the display conventions for the quartz c-axis fabrics in (b) and (d) are given in Fig. 5g. C-axis fabrics are displayed perpendicular to the foliation and parallel

with the lineation in equal-area, lower-hemisphere projections, and they are viewed towards north. Contours are 0.5, 1, 2, ., 7-times uniform density. For samples

with an oblique grain-shape fabric defined by recrystallized quartz grains (type-II S-C fabric), 200 measurements of the angle between the long axis of recrystal-

lized quartz grains and the main foliation (c-surface) are given as directional data in the center of the quartz c-axis-fabric plots.
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top-to-the-east shear zone (sensu Ramsay and Graham, 1970).
High-strain rocks in the transition zone derived from biotite schist
and hornblende schist are also characterized by well-developed,
centimeter-scale shear bands (Fig. 8a). Mylonites derived from
adamellite typically exhibit both S-C fabrics (Berthé et al.,
1979) and well-developed shear bands (Berthé et al., 1979; Platt
and Vissers, 1980) that often overprint S-C fabrics. In all cases,
these structures indicate top-to-the-east displacement.
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4.3. Fabric geometry and finite-strain variations in the
Elba Quartzite
Foliations in the Elba Quartzite strike northwestesoutheast
and dip gently to the northeast, and mineral lineations are
east-trending and gently plunging (Fig. 4c). Bedding is parallel
with the foliation. The measurements presented in Fig. 4c would
be even more consistent had minor misorientations not been
introduced by the north-northwestesouth-southeast-striking,
steeply dipping, frictional/brittle high-angle normal faults that
cut the RRSZ fabrics throughout the study area (Fig. 3a). Shear
bands (Berthé et al., 1979; Platt and Vissers, 1980) indicating
top-to-the-east displacement are commonly developed in the
thin muscovite-quartz-schist beds that are present in parts of
the Elba Quartzite (Fig. 8b), and most samples of the Elba
Quartzite exhibit weak type-II S-C fabrics (Lister and Snoke,
1984), also indicating top-to-the-east displacement.
All of the finite-strain data collected for this study are pre-
sented in Fig. 2a, Fig. 9, and Table 1. As noted by Wells
(2001) strain intensity increases significantly from west-to-
east, and this increase is accompanied by a corresponding
thickness decrease in the Elba Quartzite (Figs. 3b, 5, 6, 9).
Throughout most of the study area, finite strains lie in the con-
strictional field (Figs. 2a, 9). However, flattening strains were
measured at two localities in the area of section A at the ex-
treme western end of the study area in the thin, coarse-
quartz-pebble-metaconglomerate bed of the Elba Quartzite
(Figs. 2a, 3a, 9). Additionally, qualitative observations of
strain geometry made using exposures of quartz-pebble meta-
conglomerates that do not allow quantitative measurements in-
dicate that this domain of strain in the flattening field extends
throughout the far western end of the study area. Localities
that lie furthest into the constrictional field are located in the
area of section C (Fig. 9) where k values from pebble metacon-
glomerates in the center of the Elba Quartzite range from 2.5
to 3.0 and the cobble metaconglomerate at the base of the Elba
Quartzite yields a k value of 4.6; the most prolate strain geom-
etry recorded in the study area. This downwards increase in
constrictional strain at section C is accompanied by an overall
increase in strain intensity from i ¼ 3.8e4.4 in the pebble
metaconglomerates in the center of the Elba Quartzite to
i ¼ 5.7 in the cobble metaconglomerate at the base of the
quartzite. Two other cobble metaconglomerate localities,
RR-12 (k ¼ 2.8) at the base of section A and RR-21
(k ¼ 2.7) between sections B and C, and one other pebble
metaconglomerate locality, RR-19 (k ¼ 3.1) east of section
C, also deviate well into the constrictional field (Figs. 2a,
3a, 9). Elsewhere, quantitative estimates of Flinn’s parameter
were �1.8. To summarize, strain intensity increases abruptly
between sections B and C, and this increase is directly associ-
ated with a transition from strain in the flattening field in the
far western end of the field area to plane strain at section B
to strain in the constrictional field in the intensely deformed
eastern half of the study area. Within the resolution of my
data, there is no correlation between strain intensity and the
degree of deviation from plane strain (Fig. 2a; Table 1). There
does, however, appear to be a correlation between structural
level and strain geometry. With one exception (RR-13 at the
base of section B), finite-strain estimates from the basal cobble
metaconglomerate lie well into the constrictional field, even in
the area of section A where strain estimates from higher struc-
tural levels indicate flattening strains (Figs. 5, 6, 9).

5. Quartz c-axis fabric analyses

I measured quartz c-axis fabrics in samples taken from
throughout the study area using a universal stage (Figs. 5,
6). The fabrics become progressively stronger from the rela-
tively low-strain western end of the study area to the intensely
deformed eastern end. Throughout the area they typically form
weakly asymmetric cross girdles that are indicative of: (1)
a general-shear deformation history involving significant com-
ponents of coaxial strain (Lister and Hobbs, 1980; Schmid and
Casey, 1986; Law, 1990) and (2) a strain geometry that does
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not deviate very far from plane strain (Tullis et al., 1973; Tul-
lis, 1977; Lister et al., 1978; Lister and Hobbs, 1980; Price,
1985; Law, 1986). Strongly asymmetric cross-girdle fabrics
and/or single-girdle fabrics were recorded near the base and
top of section D (samples RR-101 and RR-107, Fig. 6d) and
in the basal cobble metaconglomerate between sections B
and C (sample RR-21, Figs. 3a, 5e). Within the study area,
only two samples yielded quartz c-axis patterns that may be
interpreted as transitional between plane strain and either
constrictional strain or flattening strain. The first of these is
sample RR-02 (k ¼ 4.6) collected from the cobble metacon-
glomerate at the base of section C (Fig. 6b). This sample
shows a widening of the central girdle and a corresponding
tightening of the arms of the cross girdle relative to the imme-
diately overlying samples that can be interpreted as transi-
tional between a plane-strain, type-I-cross-girdle fabric and
the double-girdle fabric (with girdles symmetrical about the
lineation) that is expected for coaxial, constrictional deforma-
tion (Lister and Hobbs, 1980; Price, 1985). Conversely, sample
RR-24 which lies in the area of flattening strain at the top of
section A (Fig. 5b) shows a weakening of the central segment
of the cross girdle and a strengthening of the small-circle gir-
dles that are indicative of flattening strain (Lister and Hobbs,
1980; Price, 1985; Law, 1986).

Because the central girdles of the quartz c-axis fabrics col-
lected from this area are roughly centered about the interme-
diate finite-strain axis and lie at a high angle to both the
foliation and the lineation, these samples record an approxi-
mately monoclinic deformation symmetry. This argument is
based on the observation that quartz crystallographic fabrics
will form in response to the external kinematic framework im-
posed upon the sample and therefore record the flow plane and
direction of the coaxial component of deformation and the
shear plane and direction of the noncoaxial component of de-
formation (Wallis, 1992, 1995; Sullivan and Law, 2007). This
argument is supported by: (1) numerical simulations of quartz
crystallographic-fabric formation (Lister and Hobbs, 1980;
Wenk et al., 1989; Jessell and Lister, 1990), (2) quartz and an-
alogue-material deformation experiments (Tullis, 1977; Bou-
chez and Duval, 1982; Herwegh and Handy, 1996; Takeshita
et al., 1999), and (3) observations of naturally deformed sam-
ples (Law et al., 1990). Note, however, that recent experimen-
tal work by Heilbronner and Tullis (2006) indicates that this
relationship may not hold true for samples undergoing grain-
boundary-migration dynamic recrystallization (regime-III of
Hirth and Tullis, 1992).

6. Kinematic vorticity analyses
6.1. Overview of strain-path variations and kinematic
vorticity analysis
A useful measure of the degree of noncoaxiality of flow is
the kinematic vorticity number (Wk) (Truesdell, 1954; see also
reviews by Means et al., 1980; Tikoff and Fossen, 1995). For
the simple case of two-dimensional deformation with no net
external rotation, a simplified version of Wk can be defined
as the cosine of the angle between the flow apophyses (Means
et al., 1980). For monoclinic deformations showing no exter-
nal rotation, Wk will range from zero (cosine 90�) for coaxial
deformation to one (cosine 0�) for the case of strict simple
shear. The intermediate case, or roughly equal contributions
of pure shear and simple shear, occurs at Wk ¼ 0.71 (cosine
45�). In the past two decades a number of workers have devel-
oped useful methods for quantitatively estimating Wk in natu-
rally deformed rocks (e.g. Passchier, 1987, 1988; Wallis, 1992,
1995; Fossen and Tikoff, 1993; Simpson and De Paor, 1993;
Jessup et al., 2007). I have conducted kinematic vorticity anal-
yses on suitable samples to provide a more detailed picture of
how coaxial and noncoaxial components of deformation are
distributed throughout the area of this study and related to
variations in strain intensity and strain geometry. These anal-
yses include: (1) the quartz-c-axis-fabric/oblique-grain-shape
method of Wallis (1995), (2) the quartz-c-axis-fabric/finite-
strain method of Wallis (1992, 1995), and (3) the rigid-
grain-rotation method of Passchier (1987, 1988) modified by
Wallis et al. (1993). Each of these methods utilizes data collected
on two-dimensional section planes, and the analyses, as they are
applied here, are not strictly valid for the non-plane-strain defor-
mations recorded in the RRSZ. However, Tikoff and Fossen
(1995, p. 1776e1777) have shown that two-dimensional kine-
matic-vorticity analyses of three-dimensional, monoclinic de-
formations will consistently overestimate Wk by only a small
amount. The overestimation will be greatest for nearly equal



Fig. 9. Spatial comparison of finite-strain data along cross section ZeZ0 (Fig. 3) using simplified Flinn diagrams. Note the west-to-east increase in strain intensity and the concentration of strain in the constrictional
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Table 1

Table reporting finite-strain estimates collected for this study

Sample S1/S2 S2/S3 i k

RR-32 2.8 4.9 4.3 0.4

Section A

RR-23 2.4 4.1 3.4 0.4

RR-12 3.0 1.7 2.1 2.8

Section B

RR-16 3.5 2.8 3.1 1.4

RR-13 3.2 3.3 3.1 0.9

RR-21 6.2 2.9 5.5 2.7

Section C
RR-08 5.1 2.4 4.4 2.9

RR-07 4.4 2.4 3.7 2.5

RR-06 5.0 2.4 4.2 3.0

RR-02 6.6 2.2 5.7 4.6

RR-19 5.9 2.6 5.1 3.1

Section D

RR-104 5.9 3.7 5.6 1.8

RR-102 5.1 3.5 4.8 1.6

The data are arranged from west to east by measured section and from top to

bottom within each section (Figs. 3a, 5, 6).
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components of coaxial and noncoaxial deformation and will de-
cline to zero as Wk goes to zero or one. For the strain intensities
encountered in the RRSZ, this overestimation will be �0.06.
The methodology, inherent assumptions, and results of each of
these methods are considered in turn below.
6.2. Method 1, quartz c-axis fabrics and
oblique grain shape
For any monoclinic deformation, there is a direct relation-
ship between the instantaneous stretching direction and Wk

(Means et al., 1980; Tikoff and Fossen, 1995). Realizing
this, Wallis (1992, 1995) has argued that the central girdle
of a quartz c-axis fabric will form at a near-right angle to
the flow plane of the coaxial component of deformation and
the shear plane of the noncoaxial component of deformation
and can therefore be used to define the kinematic framework
of the deformed sample. Wallis (1995) has also argued that
neoblasts within a steady-state, dynamically recrystallizing ag-
gregate (e.g. oblique grain-shape fabric of a type-II S-C fabric)
will nucleate with their long axes at or near the maximum in-
stantaneous stretching direction and then rotate towards paral-
lelism with the flow plane/shear plane as deformation
proceeds. Based on these assumptions, Wk can be estimated
using the relationship

Wk ¼ sin½2ðbþ aÞ�

where b is the angle between the main foliation and the pole to
the leading edge of the central segment of the quartz c-axis
fabric and a is the largest angle between the long axis of
any recrystallized grain in the oblique grain-shape fabric and
the main foliation (Wallis, 1995). Because this measurement
of Wk utilizes incremental-strain features, it records only the
last stages of deformation. As a result, one must assume
steady-state deformation in order to use this method for esti-
mating the mean vorticity of deformation (Wm) experienced
by the sample throughout its deformation history. Conversely,
this method can be used to examine the last episode of defor-
mation in polydeformed rocks provided that the quartz crystal-
lographic fabric has been completely reset from any earlier
deformation history. The results of these analyses and the
values of b and a used are given in Table 2.
6.3. Method 2, quartz c-axis fabrics and finite strain
For any monoclinic deformation, the long axis of the finite-
strain ellipsoid will rotate towards parallelism with the flow
plane of the coaxial component and the shear plane of the non-
coaxial component of deformation. The axis of this rotation is
the vorticity vector (Wallis, 1992, 1995; Fossen and Tikoff,
1993). Thus, any combination of finite-strain intensity and
the angle between the long axis of the finite-strain ellipsoid
and the flow plane/shear plane uniquely defines a value of
Wm (Fossen and Tikoff, 1993; Tikoff and Fossen, 1995). Using
Wallis’ (1992, 1995) assumption that the central girdle of
a quartz c-axis fabric will form perpendicular to the flow
plane/shear plane, it is possible to calculate a value of Wk us-
ing the angle b and the strain ratio measured in the XZ plane
(Rxz), or the plane perpendicular to the foliation and parallel
with the lineation, using the following equation (Wallis,
1992, 1995).

Wk ¼ sin

(
arctan

"
sinð2bÞ�

Rxzþ1
Rxz�1

�
� cosð2bÞ

#)
�
�

Rxzþ 1

Rxz� 1

�

This measurement of Wk utilizes the total finite strain expe-
rienced by the sample, and it is therefore susceptible to error
induced by the existence of a pre-existing preferred orientation
(e.g. sedimentary fabric or earlier deformation history) in the
strain markers used to estimate Rxz. Also, because quartz
c-axis fabrics used to estimate the orientation of the flow
plane/shear plane require a significant amount of finite strain
to develop or to be reset (Lister and Williams, 1979; Hobbs,
1985; Law, 1990), they likely record a large component of
the deformation history experienced by the sample. However,
it cannot be demonstrated that they record the entire deforma-
tion history, especially for large strain intensities. Hence,
though this kinematic vorticity analysis method represents
a larger sampling of the strain history of a given sample, it
may not record the entire deformation history and therefore
may not be an accurate estimate of Wm if deformation is
non-steady state. This method is also inherently inaccurate
for large finite-strain intensities because, for Rxz values greater
than about 10, small variations in the angle b will yield large
changes in the estimated value of Wk (Graseman et al., 1999).
This is the source of the large uncertainties associated with
the method 2 analyses. The results of these analyses and
the values of b and Rxz used in the calculations are given in
Table 2.



Table 2

Values of kinematic vorticity calculated for this study and the parameters used to calculate them

Sample bMin bMax aMax Rxz Wk oblique grain

shape (1)

Wk strain ratio (2) Wk rigid object (3)

Section A

RR-12 2 4 4.0 0.17e0.33

Section B

RR-18 1 2 24 0.77e0.79

RR-17 6 12 21 0.81e0.91 0.70e0.73

RR-15 6 10 21 0.81e0.88

RR-13 0 2 10.1 0e0.37

RR-21 8 12 26 16.2 0.93e0.97 0.96e1.00

Section C

RR-10 2 6 27 0.85e0.91

RR-09 3 6 23 0.79e0.85 0.77e0.80

RR-08 2 5 19 10.7 0.67e0.74 0.38e0.75

RR-04 4 5 24 0.83e0.85

RR-37 0 2 31 0.88e0.91

RR-02 0 2 12.3 0e0.43

Section D

RR-107 8 12 34 0.99e1.00

RR-106 3 7 27 0.87e0.93 0.76e0.83

RR-102 2 4 24 17.0 0.79e0.83 0.54e0.81

RR-101 6 10 29 0.94e0.98

The data are arranged from west to east by measured section and from top to bottom within each section (Figs. 5, 6).
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6.4. Method 3, rigid-grain rotation
The rotation of rigid objects of varying aspect ratios in a vis-
cously deforming matrix is a function of both the viscosity
contrast between the objects and the matrix and the degree
of noncoaxiality (Passchier, 1987; Simpson and De Paor,
1993). By assuming that the viscosity contrast is significantly
large enough to be a negligible factor and that there are no lo-
cal viscosity asperities between the rotating objects and the
matrix (e.g. mica caps on porphyroclasts), it is possible to es-
timate Wk by determining the axial ratio at which clasts are no
longer able to rotate, or the critical axial ratio (Rc), using the
equation below (Passchier, 1987, 1988; Wallis et al., 1993).

Wk ¼
�
R2

c þ 1
��

R2
c � 1

�
Like the quartz-c-axis-fabric/oblique-grain-shape method,

this method for estimating Wk is limited to analyzing the
last increments of deformation, and can therefore be used to
analyze the last deformation event in polydeformed samples,
as any change in the incremental deformation history will re-
sult in a reorientation of the rotating rigid objects and a new Rc

value. The results of these analyses as well as the axial-ratio
data are given in Fig. 10 and Table 2.
6.5. Results of kinematic vorticity analyses
The results of each of the three methods used to estimate
Wk are compared in Fig. 11. By examining these data, several
important trends become evident. To begin, the average value of
Wk for all of the samples is 0.74, and the average value of all of
the samples excluding the basal cobble metaconglomerate is
0.81. As discussed above, these values overestimate Wk by
as much as 0.06 (Tikoff and Fossen, 1995). Therefore, these
data indicate that the Elba Quartzite in the study area records
approximately 50e60% noncoaxial deformation. Second,
method 1 typically gives higher estimates of Wk than methods
2 and 3 in those samples for which multiple analysis methods
can be used, but all three methods generally agree to within
15% or less (Fig. 11; Table 2). Third, three-out-of-four sam-
ples collected from the basal cobble metaconglomerate (RR-
02, RR-12, and RR-13) yield significantly lower Wk values
than samples collected from the overlying quartzite mylonites,
and these are the only samples that experienced a pure-
shear-dominated deformation history. Fourth, there is a transi-
tion between section B where values of Wk above the basal
metaconglomerate remain relatively constant with structural
level and sections C and D where the base and the top of
the Elba Quartzite are characterized by larger components of
noncoaxial deformation (Fig. 11). This transition corresponds
with the distinct increase in strain intensity between section B
and sections C and D and it is most pronounced in section D
where the largest average strain intensity is recorded (Figs. 9,
11). It also corresponds with the shift from slightly asymmetric
cross-girdle quartz c-axis fabrics to the single-girdle and asym-
metric cross-girdle fabrics at the base and top of section D.

7. Potential models
7.1. Overprinting deformation events and/or sedimentary
fabrics
One possible explanation for the observed variations in
strain intensity and strain geometry in the RRSZ is that the
final state of strain is a result of multiple overprinting



RR-09  323 data
Rc = 2.78 to 3.02
Wk = 0.77 to 0.80

ccc

RR-17  365 data
Rc = 2.37 to 3.53

Wk = 0.70 to 0.73

RR-106  238 data

Rc = 2.70 to 3.25
Wk = 0.76 to 0.83

An
gl

e 
be

tw
ee

n 
fo

l. 
an

d 
lo

ng
 a

xi
s

Axial ratio
Wk =

2Rc - 1
2Rc + 1

90

70

50

30

10

-10

-30

-50

-70

-90
1.0 2.0 3.0 4.0 5.0

1.0 2.0 3.0 4.0 5.0

1.0 2.0 3.0 4.0 5.0

90

70

50

30

10

-10

-30

-50

-70

-90

90

70

50

30

10

-10

-30

-50

-70

-90

Rc Rc

Rc

Fig. 10. Data used in the rigid-grain-rotation kinematic-vorticity-analysis method (method 3). Rigid grains are feldspar porphyroclasts in the quartzite mylonites.

The estimated range of Rc for each sample is indicated by the gray field. Sample RR-106 is from section D, sample RR-09 is from section C, and sample R-17 is

from section B (Figs. 3a, 5c, 6a,c).

152 W.A. Sullivan / Journal of Structural Geology 30 (2008) 138e158
deformation events and/or the existence of an initial deposi-
tional shape-preferred orientation (e.g. imbricated clasts)
within the finite-strain markers used in this study. This hypoth-
esis is supported by the existence of an extensive pre-Tertiary
record of penetrative, plastic deformation and metamorphism
in the Albion-Raft River-Grouse Creek metamorphic core
complex, including rocks fabrics in the immediate footwall
of the RRSZ described above. However, it ultimately seems
unlikely for a variety of reasons. First, the pre-Tertiary defor-
mation history recorded in the underlying Archean rocks is
characterized by plane strain or strain in the flattening field
with axes of the bulk finite-strain ellipsoid that are subparallel
with the fabric elements in Fig. 4a. That is, the long axis of the
finite-strain ellipsoid is west-southwest-trending and gently
plunging, the intermediate axis is north-northwest-trending
and gently plunging and the short axis is south-southeast-
trending and steeply plunging. If Tertiary deformation were
strongly constrictional, the overprinting hypothesis would be
an excellent fit with my data. However, the quartz c-axis fab-
rics demonstrate that Tertiary deformation must be near plane
strain throughout most of the RRSZ. Overprinting of a plane-
strain or flattening-strain ellipsoid oriented parallel with the
footwall fabric elements (Fig. 4a) with a plane-strain ellipsoid
oriented with its principal axes parallel with the fabric ele-
ments in the Elba Quartzite (Fig. 4c) will not produce a bulk
finite-strain ellipsoid in the constrictional field like those re-
corded throughout much of the study area. Second, the Rf/f
analyses conducted on the basal cobble metaconglomerate
on sections perpendicular to both the foliation and lineation
(YZ sections) yield Isymmetry and c2 values from symmetry tests
that are insufficient to reject the null hypothesis of no initial
preferred orientation in the deformed elliptical markers for
the available sample sizes (Lisle, 1985). In other words, these
tests do not show any statistically valid evidence for an initial
preferred orientation within the basal Elba cobbles. This ob-
servation helps rule out the possibility of a depositional pre-
ferred orientation in these strain markers. However, the tests
for sample RR-21 are close to showing compelling evidence
for an initial preferred orientation, and this sample has an un-
satisfactorily small sample size (Borradaile, 1984). Therefore,
I consider it to be questionable. Finally, the quartz-c-axis-
fabric/strain-ratio kinematic-vorticity-analysis method will
overestimate Wk if any previous deformation history increases
the axial ratio of strain markers used in the analysis. That is, if
an earlier deformation event not recorded by the quartz c-axis
fabrics increases Rxz used in these analyses, they will give
anomalously high Wk estimates. Because this method gener-
ally gives lower estimates of Wk than the other methods em-
ployed (Fig. 11) and the principal strain axes of the earlier
deformation fabric beneath the shear zone are close to parallel
with the axes of the Tertiary deformation ellipsoid, these data
also argue against any strong pre-existing preferred orientation
of strain markers in the RRSZ. The exception to this is, once
again, sample RR-21 where the quartz-c-axis-fabric/strain-
ratio kinematic-vorticity analysis yields a larger estimate of
Wk than the quartz-c-axis-fabric/oblique-grain-shape-fabric
method. Based on these observations it seems likely that the
basal Elba cobbles at locality RR-21 did indeed have a strong
pre-existing preferred orientation, but this is the only location
in the study area for which this argument can be made.
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Volume change during deformation can also affect the
shape of the finite-strain ellipsoid (Ramsay and Wood,
1973). In the Elba Quartzite, the dominance of crystal-plastic
deformation indicated by the subgrain-rotation-recrystalliza-
tion microstructure (Hirth and Tullis, 1992) and a general pau-
city of microstructural evidence for solution transfer both
indicate approximate constant-volume deformation. However,
significant volume loss probably occurred in the mylonitized
and phyllonitized adamellite and the retrograde metamor-
phosed schist units at the base of the shear zone.

Since there is no compelling evidence for a significant pre-
Tertiary shape-preferred orientation in the RRSZ in the area of
the Clear Creek strain gradient, it seems that the observed var-
iations in both strain intensity and strain geometry are a pri-
mary feature of Tertiary extensional deformation associated
with core complex exhumation. This apparent lack of signifi-
cant pre-Tertiary deformation in the Elba Quartzite indicates
that much of the penetrative deformation recorded in the foot-
wall rocks must be Archean in age. Such an observation agrees
with the earlier observation that the youngest footwall unit, the
adamellite, contains only a weak foliation outside of the
RRSZ.
7.2. Three-dimensional deformation partitioning and
necking of the Raft River shear zone
The data presented above show that the RRSZ in this area is
characterized by nearly equal components of coaxial and non-
coaxial strain accommodating simultaneous top-to-the-east
displacement and shortening across the shear zone coupled
with elongation in the transport direction. As noted by Wells
(2001), the Clear Creek strain gradient represents an extreme
case of a general west-to-east increase in strain intensity in
the RRSZ. This increase is directly associated with: (1)
a change in rock type in the immediate footwall of the
RRSZ from adamellite to biotite schist (Fig. 3); (2) a change
in strain geometry from strain in the flattening field to plane
strain to strain in the constrictional field as strain intensity in-
creases from west-to-east (Figs. 2a, 3a, 9); and (3) a change in
the flow geometry, with the component of coaxial deformation
being localized in the center of the Elba Quartzite in the more
intensely deformed areas of the RRSZ (Fig. 11). All of these
observations are incorporated into the conceptual kinematic
model presented in Fig. 12. In this model, the Clear Creek
strain gradient represents a zone of necking within the
RRSZ due to a severe increase in both top-to-the-east displace-
ment accommodated by plastic deformation and transport-
parallel elongation of the shear zone. Because the intensity
of Tertiary deformation dies out rapidly downwards, a stretch-
ing fault must exist between the Elba Quartzite in the main
body of the RRSZ and the Archean metamorphic and igneous
rocks in the footwall (Wells, 2001). The microstructural and
kinematic-vorticity data indicate that this stretching fault
must be localized in the Archean rocks at the base of the
RRSZ that have undergone greenschist-facies retrograde meta-
morphism and penetrative deformation as well as in the base
of the Elba Quartzite in the eastern-most parts of the study
area. The extensively developed top-to-the-east shear bands
in the highly deformed schistose rocks cut by the stretching
fault just beneath the Elba Quartzite record a component of
transport-parallel elongation which dies out structurally down-
wards as deformation decreases. This allowed strain compati-
bility to be maintained throughout the shear zone without
requiring a single large displacement across any one surface.
In this proposed geometry, the rheology of the Archean meta-
morphic and intrusive igneous rocks that are cut by the stretch-
ing fault at the base of the RRSZ directly controlled the
amount of coaxial strain that could accumulate in the overly-
ing shear zone by limiting the amount of transport-parallel
elongation that could occur. In the area of the Clear Creek
strain gradient, the intensely deformed rocks in the east are un-
derlain by biotite schist that is readily deformed under greens-
chist-facies conditions whereas the weakly deformed rocks in
the west are underlain by adamellite that is comparatively rhe-
ologically strong under greenschist-facies conditions until
a thoroughgoing network of rheologically weak minerals is
formed (Tullis, 2002; Holyoke and Tullis, 2006). Therefore,
because of this rheological transition and the associated ease
of concentrating noncoaxial strain at the base of the Elba
Quartzite, the eastern parts of the study area were able to ac-
commodate the component of zone-normal contraction cou-
pled with elongation in the transport direction both earlier in
the deformation history and to a greater extent than areas to
the west that are underlain by adamellite. These assertions
agree with predictions made by many theoretical studies, nu-
merical simulations, and observations of naturally deformed
rocks indicating that noncoaxial deformation will be parti-
tioned into rheologically weak domains such as schist layers
within lithologically heterogeneous deformation zones (e.g.,
Lister and Williams, 1983; Jiang, 1994a, b; Goodwin and
Williams, 1996; Goodwin and Tikoff, 2002). A similar top-
to-the-east plastic stretching fault is also inferred to exist at
the top of the Elba Quartzite where it would primarily be lo-
calized in the overlying schist member that is no longer
exposed in the study area. Displacement on this stretching
fault and/or the overlying frictional/brittle detachment fault
must increase to the west in order to accommodate the larger
component of top-to-the-east displacement recorded in the
eastern part of the Elba Quartzite.

The transition in strain geometry from strain in the flatten-
ing field and plane strain in the western half of the study area
to strain in the constrictional field in the eastern half of the
study area is directly correlated with the transport-parallel
increase in strain intensity. Therefore, I also interpret this
strain-geometry transition as being driven by the rheological
transition in the rocks that are cut by the stretching fault that
controls the increase in strain intensity (Fig. 12). In this inter-
pretation, the constrictional strains in the eastern half of the
study area represent strike-parallel flow of material into the
area of extreme transport-parallel elongation over the rela-
tively weak biotite schist. Lateral flow into highly extended
domains in an extensional tectonic setting may in part
be driven by local decreases in the lithostatic load over the
highly extended domains driving lateral flow from adjacent



Fig. 12. Block-diagram cartoon showing the geometry of the RRSZ in the area of the Clear Creek strain gradient as developed from the map data, strain data, and

kinematic-vorticity data discussed in the text. The pattern in the Elba Quartzite is generalized and intended to represent both the relative strain intensity and strain

geometry.
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less-extended domains with a greater lithostatic load (Fletcher
and Bartley, 1994; Fletcher et al., 1995). The flattening strains
recorded in the western end of the field area where the RRSZ
is directly underlain by adamellite may record lateral flow into
adjacent highly extended domains. Alternatively, they may
have developed in order to accommodate shear-zone-normal
shortening while minimizing the component of noncoaxial
strain needed in the stretching fault at the base of the shear
zone to accommodate this shortening in any one direction.
These mechanisms are not mutually exclusive. Either interpre-
tation requires the stretching fault at the base of the RRSZ to
exhibit a triclinic symmetry in areas of the shear zone that
have not experienced plane-strain deformation because com-
ponents of strike-perpendicular and strike-parallel noncoaxial
deformation are needed to accommodate both elongation of
the shear zone parallel with the transport direction and the
strike-parallel shortening or elongation. Outside of the basal
stretching fault, a nearly monoclinic deformation symmetry
may still be maintained in the main body of the RRSZ. This
model does not require the RRSZ to record bulk strain in
the constrictional field because local constrictional strains
may be balanced by flattening strains in adjacent parts of the
shear zone. Regional evidence for such a balance is given by
the occurrence of predominately flattening strains in the south-
ern half of the shear zone (Fig. 2b).

Rheologically driven strain-path partitioning can also ex-
plain the localized development of highly prolate strain geome-
tries in the quartz-cobble metaconglomerates at the base of the
Elba Quartzite. As outlined above, the cobble metaconglo-
merates occur in distinct channel-form bodies (likely original
sedimentary channels) incised into the underlying Archean
metamorphic and igneous rocks. Throughout the study area,
the enveloping Archean rocks have undergone extensive retro-
grade metamorphism, and are converted to phyllonites immedi-
ately below the Elba Quartzite. The cobble-metaconglomerate
beds are inferred to be rheologically stronger than the envelop-
ing phyllonites. Kinematic vorticity analyses of the cobble
metaconglomerates indicate that they record a pure-shear-dom-
inated deformation history (Fig. 11, Table 2). The phyllonites,
on the other hand, display abundant microstructural evidence
for a strongly noncoaxial deformation history. Therefore, the
shear zone at this structural level records rheologically driven
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strain-path partitioning wherein the cobble metaconglomerates
preferentially absorb the component of transport-parallel elon-
gation and any component of strike-parallel shortening (bulk
constrictional strain), and the enveloping phyllonites accommo-
date the component of noncoaxial deformation. This model does
not work well for the basal cobble metaconglomerate at locality
21 which records constrictional strain and a highly noncoaxial
deformation history. However, locality 21 is also the only spot
that exhibits compelling evidence for a pre-existing shape-
preferred orientation in the basal Elba cobbles. This can explain
the development of a prolate finite-strain ellipsoid under near-
simple-shear, plane-strain conditions.

8. Summary and conclusions

Detailed geologic mapping, strain analyses, quartz-c-axis-
fabric analyses, and kinematic-vorticity analyses in the Clear
Creek area of the RRSZ enable the reconstruction of an ex-
treme west-to-east, along-transport gradient in finite-strain in-
tensity associated with a shift in the shape of the finite-strain
ellipsoid from the flattening field into the constrictional field.
These data show that the Clear Creek strain gradient represents
necking of the shear zone that is associated with both an in-
crease in top-to-the-east displacement and zone-normal short-
ening coupled with elongation in the transport direction. A
stretching fault that accommodates transport-parallel elonga-
tion of the shear zone is largely localized in a domain of
greenschist-facies retrograde metamorphism and intense de-
formation at the nonconformity that separates the Elba Quartz-
ite in the main body of the shear zone from the underlying
Archean igneous and metamorphic rocks. In this geometry,
the rheology of the Archean rocks cut by the stretching fault
directly controls the amount and style of zone-normal shorten-
ing and transport-parallel elongation that can take place. The
domain of intense deformation and necking of the shear
zone is localized above rheologically weak biotite schist that
is easily deformed under greenschist-facies conditions and
can therefore accommodate large amounts of transport-parallel
elongation of the shear zone. This domain is also characterized
by strain in the constrictional field caused by strike-parallel
flow into the domain of extreme transport-parallel elongation
from surrounding parts of the shear zone. Rheologically driven
strain-path partitioning also led to the development of strongly
constrictional strains in cobble metaconglomerate at the base
of the Elba Quartzite. These metaconglomerates preferentially
absorb the coaxial, constrictional component of deformation
whereas the rheologically weaker phyllonites that surround
them accommodate the noncoaxial component of deformation.
At the western end of the field area, where the footwall Ar-
chean rocks are rheologically stronger, the RRSZ records sig-
nificantly lower strain intensities. Flattening strains in this area
may have developed because the zone-normal shortening was
partitioned into components of both strike-parallel and strike-
perpendicular elongation in order to limit the amount of
stretching needed in any one direction and/or because material
was moving into adjacent highly extended domains. This
model does not require bulk strain in the constrictional field,
as there is regional evidence that local domains of constric-
tional strain may be balanced by adjacent domains of flatten-
ing strain. These observations demonstrate how localized
rheological transitions can control the partitioning of deformation
in a crustal-scale structure and ultimately help control the way the
crust behaves during large-scale extensional deformation.
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