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Abstract

Similar foliation patterns are observed in faults in poorly lithified sediments, fault gouge and cataclasite, and greenschist to granulite facies
shear zones. We suggest that this similarity in form reflects similar controls on development. We propose that these patterns are a
fundamental consequence of deformation of heterogeneous media, in which material heterogeneity is manifest as competency contrast.
Strain incompatibilities along competence domain boundaries can produce mechanical instabilities, resulting in the nucleation of shear bands
and/or C-surfaces. Mechanical segregation of incompetent material into these foliations produces compositional bands.

Competency contrast promotes strain partitioning between compositional bands, accommodated in part by domain-boundary sliding. In
three-dimensional general shear, incompetent domains and domain boundaries will preferentially accommodate the non-coaxial component
of flow, and strain rates will be higher than in competent domains. Consequently, lineations in incompetent domains are different from, and
may be orthogonal to, those in competent domains. Lineations that record tectonic transport will form preferentially in incompetent domains;
lineations in more competent domains may (if not steady-state) approximate the long axis of the finite strain ellipsoid of the competent
domains. The number and orientations of foliations and lineations, and microstructures that record strain rate, thus document both the flow
field and the magnitude of competency contrast. © 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction formation have focused on how deformation mechanisms,
such as mechanical rotation and dynamic recrystallization,
“Theories of stress and strain and the concepts of record these factors and thereby contribute to fabric
rheology apply essentially to homogeneous continua. development. By extension, such variables as mineralogy,
Tectonites, although statistically homogeneous, are grain size, temperature, confining pressure, fluid activity,
structurally discontinuous... In setting up a realistic and pore fluid pressure are important in that they control
model of rheologic behavior applicable to the inter- the deformation mechanisms operating in a given shear
pretation of tectonite fabrics we must take these Zone.
discontinuities into account, and we must recognize Where weak materials, such as micas, are segregated into
that the rheologic states of the component domains compositional bands, further fabric development is strongly
may be very different” Turner and Weiss (1963) influenced by strain partitioning between competent and
incompetent domains in the rock (e.g. Lister and Williams,
1983; Bell et al., 1986; Williams, 1990). For example, micas
segregated in foliation planes have a weakening effect that is
disproportionate to their modal volume (e.g. Shea and
Kronenberg, 1993; Wintsch et al., 1995). Foliations defined
by mineralogically distinct lenses or layers are common in
naturally deformed rocks. Examples in fully lithified rock
include schistosity, gneissic foliation, most mylonitic
"% Corresponding author. Tel.: +1-505-835-5178; fax: +1-505-835-6436. foliations, and even slaty cleavage (within which composi-
E-mail addresses: 1goodwin@nmt.edu (L.B. Goodwin), tional domains are only microscopically visible but are
basil @geology.wisc.edu (B. Tikoff). nevertheless key to defining foliation planes; cf. Means

Previous studies of fabric development have been
founded on the concept that the orientations of foliations
and lineations are sensitive to stress, strain, and kinematic
history, although the relative importance of each factor has
been debated (e.g. see reviews by Turner and Weiss (1963),
Means (1977), Williams (1977), and Passchier and Trouw
(1996, p. 57-95)). In general, workers interested in fabric
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and Williams, 1972). Foliations in faults in sediments can
also be defined by compositional domains (e.g. Agar et al.,
1989; Heynekamp et al., 1999). The common occurrence of
compositional banding in deformed rocks, and evidence that
banding facilitates deformation, emphasize the fact that
such foliation is mechanically favorable.

DeVore (1969) demonstrated that the development of
banding parallel to the maximum principal shear stress
during recrystallization of a rock minimizes the mechanical
potential energy, but not the chemical potential energy, of
the system. Thus, a mechanically stable, compositionally
banded rock will include a greater-than-random number of
contacts between like grains, even though such contacts
have a higher interfacial energy than contacts between
unlike grains (Flinn, 1969). DeVore’s (1969) conceptual
model of fabric development requires diffusive mass trans-
fer to produce banding (that is, to change the distribution of
phases to create mechanical equilibrium). Processes of
diffusive mass transfer have been emphasized by most
researchers investigating the development of compositional
banding in both rock (e.g. Cosgrove, 1976; Gray and
Durney, 1979; Williams, 1990) and unlithified and poorly
lithified sediments (e.g. Agar et al., 1989). Other workers
have proposed that the mechanical segregation of phases,
and resulting deformation partitioning, may facilitate meta-
morphic differentiation through solution/precipitation
processes in wet rocks (e.g. Means and Williams, 1972,
1974; Williams, 1990). Vernon (1974), however, noted
that compositional banding may occur without diffusive
mass transfer or ‘metamorphic differentiation’: if the proto-
lith to a blastomylonite was polymineralic and had a larger
grain size than the end-product mylonite, compositional
banding could develop simply by dynamic recrystallization
of initially large grains.

In this contribution, we describe foliations defined by
compositional bands and a sand lineation developed in
poorly lithified sediment through particulate flow. These
structures formed by mechanical processes only, indicating
that processes such as diffusive mass transfer and recrystal-
lization may facilitate, but are not required for, foliation
development. The analysis presented in this paper is
founded in the assumption that the similarity of foliation
patterns developed at all crustal levels reflects a funda-
mental similarity in the controls on foliation development.
We therefore propose a mechanism for development of
compositional banding that involves the kinematics and
mechanics of a deforming system, but does not require
chemical processes of mineral segregation. We suggest
that the deformation of heterogeneous geologic media, in
which flow is inherently non-steady and locally dis-
continuous (Jiang, 1994a,b; Jiang and White, 1995), leads
inevitably to the mechanical segregation of weaker material
into compositional bands, regardless of the specific
deformation mechanisms that accommodate flow. We
subsequently explore the consequences of this segregation
in three-dimensional flow. This leads us to conclude that

polymineralic materials have a greater potential for
recording all aspects of the flow field, as domains of
different competence may, depending on the magnitude of
competency contrast, record different deformation paths,
and thus different parts of the flow field.

2. Development of compositional banding in granular
media

Foliations have been described in natural fault gouges
(e.g. Rutter et al., 1986; Agar et al., 1989; Kanaori et al.,
1991; Brandon et al., 1994; Lohr et al., 1999), experimen-
tally deformed synthetic fault gouges (see review by Logan
et al. (1992), and references therein), and fault zones in
unlithified and poorly lithified sediment (e.g. Knipe, 1986;
Agar et al., 1989; Heynekamp et al., 1999; Moore et al.,
1986; Labaume et al., 1997; Maltman et al., 1997). Foliated
cataclasite is particularly evident in faults that cut host rock
rich in biotite, and the foliation is defined in part by aligned
micas (Chester et al., 1985; Evans, 1988). In incohesive
fault gouge or sediments, foliations are typically defined
by aligned clays (e.g. Agar et al., 1989; Labaume et al.,
1997). Thus, a grain-shape preferred orientation, particu-
larly of layer silicates, is a feature common to many of
these foliations. This may indicate either that mechanical
rotation accomplished by particulate flow was an important
deformation process during foliation development (e.g.
Borradaile, 1981), or that grains were crystallizing or
recrystallizing in a preferred orientation (e.g. Wintsch et
al., 1995).

Of particular interest to this study are foliations defined
by compositional banding at both the macroscopic and
microscopic scale. Compositional banding has been noted
in foliated cataclasite (e.g. Kanaori et al., 1991), incohesive
fault gouge (e.g. Lohr et al., 1999), and poorly lithified
sediment (e.g. Heynekamp et al., 1999). Bands that record
both coaxial and non-coaxial deformation have been
described. For example, Agar et al. (1989) documented a
single foliation defined by microscopically visible bands
developed through coaxial deformation. A foliation defined
by banding oblique to the direction of shear, in the orienta-
tion of S-surfaces in deeper crustal shear zones, has been
described in foliated cataclasite (Kanaori et al., 1991), clay-
bearing fault gouge (Rutter et al., 1986), and fault zones in
poorly lithified sediment (Heynekamp et al., 1999). Rutter et
al. (1986) also described compositional foliation banding in
the orientations of C-surfaces and shear bands (cf. White et
al., 1980; Gapais and White, 1982; extensional crenulation
cleavages of Platt (1979) and Platt and Vissers (1980); lod
foliation of Ponce de Leon and Choukroune (1980)). Such
banding can be produced by processes including diffusive
mass transfer under low-grade metamorphic or diagenetic
conditions (Rutter et al., 1986; Agar et al., 1989) and
attenuation of beds through particulate flow in poorly
lithified sediments (Heynekamp et al., 1999; G.C. Rawling
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Fig. 1. Study sites (open diamonds: north, Waterfall site; south, Shooting Gallery) along Sand Hill fault zone (SHfz) in Albuquerque Basin, Rio Grande rift.
Inset shows location of map. Faults are generalized, and not all faults are shown. Modified from Hawley et al. (1995) and Hawley (1996) by S. Connell.

and L.B. Goodwin, unpublished data). We use the terms
C-surface and shear band to refer to shear foliations that
are essentially parallel or inclined, respectively, to the
shear-zone boundaries. Jiang and White (1995) discuss the
limitations of this terminology.

2.1. The Sand Hill fault, NM: fabric formed during
particulate flow

We describe structures in the Sand Hill fault zone of New
Mexico (Fig. 1). The Sand Hill fault is a normal growth fault
that cuts poorly lithified sediments of the Santa Fe Group;
displacement increases down dip from ~10 to 600 m
(Hawley et al.,, 1995; Heynekamp et al., 1999). At the
outcrops of interest, throw is roughly 200 m (Tedford and
Barghoorn, 1999); this means that structures have
developed in the footwall over the course of 600 m of
displacement, whereas hanging wall sediments have seen
only 200 m of displacement. The sediments that host the
fault were deposited during development of the Rio Grande
rift. They are dominantly sand, but include silty sand, silt,
mud, and rare gravel. The sands typically have porosities on
the order of 30%. Quartz grains generally make up 20-50%
or less of the solid fraction of the sands, and the remainder is

largely feldspar and lithic fragments. Although they are
locally well cemented, the majority of these sediments are
so poorly lithified that they can be disaggregated by hand.
Stratigraphic constraints indicate that footwall sediments
have been buried 190-1050 m (Connell et al., 1999;
Tedford and Barghoorn, 1999; S. Connell, written comm.,
2001), consistent with vitrinite reflectance data that indicate
a maximum depth of burial of 1000 m (W. Shea, pers.
comm., 1998). The Sand Hill fault-zone architecture has
been described by Mozley and Goodwin (1995),
Heynekamp et al. (1999), and Rawling et al. (2001). We
summarize key points of this work as the context for the
following descriptions.

The Sand Hill fault zone includes a series of roughly
tabular architectural elements: a clay-rich core flanked by
mixed zones, which are bound by damage zones. The core
zone accommodated the majority of the slip. The mixed
zones were named because sediment from adjacent beds
was incorporated and tectonically mixed into the fault
zone, producing material such as clay—sand mixtures
(Mozley and Goodwin, 1995; Heynekamp et al., 1999;
Rawling et al., 2001). The damage zones are dominated
by deformation bands rather than fractures. We focus on
structures in the mixed and core zones.
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Fig. 2. Field photos of compositional banding foliations. (A) Shear bands (sb) displacing S-surfaces in poorly lithified sand; foliations are defined by
compositional bands with different grain sizes. Coarser grained sand (darker in color) is segregated along shear bands. Sand Hill fault is an east-side-
down (dextral in this image) normal fault; image has been rotated for comparison with (C). Dessication cracks are locally evident. Average size forefinger for
scale at base of image. (B) Sand Hill fault zone where it juxtaposes sand against clay, silt, and silty sand. Clay is localized along S- and C-surfaces (labeled) in
poorly lithified clay—sand mixture in fault core; structures viewed to north, recording east-side down shear. (C) Shear bands (sb) in garnet—biotite schist, north
coast of Newfoundland. View is of subhorizontal surface; foliation is nearly vertical and transport lineation is subhorizontal. Image has been inverted for
comparison with (A). In this view, sher bands and asymmetric folds and boudins show dextral strike-slip shear. Note segregation of biotite along shear bands.
Lens cap for scale. (D) Looking south at margin of hanging wall mixed zone of the Sand Hill fault, where it abuts the fault core. Mechanically rotated and
extended caliche intraclasts (white) and slickenside striae define a steeply north-plunging lineation (/). Elongate concretions behind the slickenside surface are

flow features that record the orientation of fluid flow in the fault zone at the time of cementation (Mozley and Goodwin, 1995).

Heynekamp et al. (1999) documented evidence that relict
sedimentary structures are locally present in the mixed
zones, but that bedding is generally strongly attenuated
and disaggregated. The most deformed regions of the
mixed zones are well foliated with a grain-shape preferred
orientation (Heynekamp et al., 1999; Rawling et al., 2001).
Clay—sand mixtures exhibit a foliation defined by aligned
clay (Heynekamp et al., 1999). Clay typically surrounds all
sand grains in a mixture, and the foliation generally
anastamoses around the sand grains. The fault core is also
strongly foliated, although bedding is not distinguishable.
Petrographic analysis suggests that deformation in both
the mixed and core zones was accomplished mainly by
particulate flow with subordinate cataclasis (independent
particulate flow of Borradaile (1981)); cataclasis within
deformation bands is more extensive (controlled particulate

flow of Borradaile (1981), Heynekamp et al. (1999) and
G.C. Rawling and L.B. Goodwin, unpublished data).
Heynekamp et al. (1999) and Rawling et al. (2001) noted
meter-scale S- and C-surfaces within the footwall mixed
zone of the Sand Hill fault. S-surfaces are compositional
bands defined by attenuated, transposed sedimentary beds
are generally inclined to, but curve into, the boundaries of
the mixed zone where it meets the fault core and damage
zone. S- and C-surfaces that are not defined by composi-
tional bands are evident at the centimeter scale within the
clay-rich core and strongly deformed, clay-rich regions of
the mixed zones, where they commonly resemble ‘scaly
fabric’ (cf. Moore et al., 1986). In these cases, striae are
generally found on foliation surfaces, and the fault-zone
material typically breaks apart along foliation surfaces.
We report on recent observations of centimeter-scale
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S-surfaces, C-surfaces, and shear bands that are defined by
compositional bands. The observations were made in an
excavated cross-section of the Sand Hill fault at the
Shooting Gallery site (Fig. 1). In the first example, a
package of sand is bound to the west and east by fault-
parallel shear zones (C-surfaces) a few millimeters wide
in the hanging wall mixed zone (Fig. 2a). We refer to
these as C-surfaces because of their orientation parallel to
the main fault and evidence for localized shear. The sand
package is dominated by a foliation that is oblique to the
main fault surface, defined by domains of sand of varying
grain size. This foliation is identical, though smaller in
scale, to S-surfaces described by Heynekamp et al. (1999).
Shear bands are locally developed within the package
bound by C-surfaces. The S-surfaces are deflected across
the shear bands, and coarse-grained sand is localized within
them.

The second example is of S- and C-surfaces developed
locally in the fault core. The core zone is generally clay or
sandy clay, but locally includes mesoscopically distinguish-
able domains of sand. In the location shown in Fig. 2b,
S-surfaces within the core are defined by segregations of
clay in sand. The clay segregations extend from the clay-
rich eastern margin of the core zone. The S-surfaces are
deflected into zones of localized shear along the margins
of the core, which we interpret as C-surfaces.

Chemical diagenesis and alteration during deformation
were minimal in the Sand Hill fault. In the footwall mixed
zone, diagenesis is confined to local growth of euhedral
zeolite crystals in pores, illitic clay coatings on sand grains,
and rare, poorly developed calcite cements (Heynekamp et
al., 1999). The core is similarly typically uncemented. In
contrast, where the hanging wall mixed zone is coarse-
grained, it is well cemented with sparry calcite; where it is
fine-grained, it is poorly cemented with micritic cement
(Heynekamp et al., 1999). Evidence for processes of diffu-
sive mass transfer in the footwall mixed zone is confined to
a single sample, within which subhorizontal solution seams
are interpreted as resulting from compaction due to the over-
lying sediment load. These seams were sheared within
synthetic, fault-parallel zones. There is no evidence for
solution of sand grains along the foliation in the clay—
sand mixtures. Evidence for penetrative particulate flow,
however, includes grain and pore alignment within the
fault zone and thinning of sedimentary beds (Heynekamp
et al., 1999; Rawling and Goodwin, unpublished data).

2.2. Sand lineation

As mentioned above, parts of the Sand Hill fault are well
cemented. The process of cementation did not begin until
the mixed and core zones had developed (Mozley and
Goodwin, 1995; Heynekamp et al., 1999). A variety of
geologic data indicate that subsequent to cementation,
deformation was localized in the weaker core and footwall
mixed zone (Heynekamp et al., 1999). Consequently, the

cemented zones preserve structures developed prior to
cementation. The well cemented portions of the hanging
wall mixed zone are relatively resistant to weathering in
comparison to the surrounding poorly lithified sediment,
and therefore stand up like a wall. On the surface of the
wall that forms the margin between the core and mixed
zones, one can see extended pebbles and caliche intraclasts,
which define a down-dip lineation (Fig. 2d). Steeply
plunging slickenside striae are also locally preserved
(Heynekamp et al., 1999). Where the hanging wall sediment
is sandy, it is commonly well foliated directly adjacent to
the core zone, with a foliation that appears to be fault-
parallel and a locally evident lineation apparently
defined by sand grains. The sand lineation, like the slicken-
side striae and extended pebbles, generally plunges roughly
down-dip.

A sample of foliated sand was chosen from the hanging
wall mixed zone adjacent to the core at the Waterfall site
(Fig. 1) for detailed fabric analysis. Three mutually perpen-
dicular sections were cut from the sample (Fig. 3). Section A
is perpendicular to the fault and parallel to lineations defined
by the long axes of mesoscopically visible sand grains and
partially eroded slickenside striae, which appear to be
essentially parallel and pitch 83°N on the fault plane.
Section B is perpendicular to the fault and the inferred
slip direction, and section C is parallel to the fault plane.
Maps of each thin section were constructed from enlarge-
ments made on a microfiche reader. A series of reference
lines was drawn on each map, and the long and short axes
and angle between the long axis and reference line were
measured for grains that intersected the reference lines at
regular intervals. The lines were drawn parallel to either the
fault margins or mesoscopically visible lineations, allowing
the geologic significance of any preferred orientation to be
assessed. Two hundred grains from each section were
analyzed. After eliminating data collected from grains
with axial ratios less than 1.4 (following Shelley (1995)
and Cladouhos (1999), who showed that the orientations
of grains with low aspect axial ratios could not be reliably
measured), 115-138 measurements remained for each
section (Fig. 3).

These data demonstrate that the foliation and lineation
visible in outcrop are defined by the aligned long axes of
sand grains. The mean orientations of the long axes of sand
grains are inclined to both the slip direction and fault surface
by less than 6.5°. Because it is unlikely that the orientations
of thin sections with respect to fault coordinates are more
accurate than +5-10°, these inclinations are not considered
significant. However, the symmetry of the grain orientation
distribution should not be affected by errors in orientation.
All sections exhibit some asymmetry, which is particularly
pronounced in the section cut parallel to the slip direction
and perpendicular to the fault (section A). The latter indi-
cates that a significant number of grains are oriented
roughly parallel to the fault, but a larger number of grains
are inclined to the fault in an S-surface orientation. The
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asymmetry evident in other sections may indicate that they
were cut oblique to the main structures, or that the symmetry
of the tectonite as a whole is triclinic rather than monoclinic.
Discrete foliation planes in multiple orientations are not
evident in either outcrop or thin section. The lineation is
essentially parallel to the inferred slip direction, recorded
by slickenside striae at the margin between the mixed and
core zones.

The sand fabric is generalized in a cartoon in Fig. 3. The
aspect ratios of grains viewed in each of the three mutually
perpendicular directions are different. The variations in
aspect ratio are consistent with the alignment of elliptical
grains such that the shortest axis is perpendicular to the
foliation and the longest axis is subparallel to the transport
direction defined by slickenside striae. We propose that this
fabric developed largely through the mechanical rotation of
sand grains during particulate flow.

2.3. Discussion

The purpose of describing structures developed by inde-
pendent particulate flow is twofold. (1) It emphasizes the
point that because similar structures are found in shear
zones in a variety of rocks and sediments deformed over a
wide range of physical conditions, the processes of foliation
formation cannot depend fundamentally on a specific defor-
mation mechanism or combination of mechanisms (Rutter
et al., 1986). (2) It suggests that the most fundamental
controls on development of foliation defined by bands are
probably mechanical, as chemical processes are not required
to produce compositional banding.

Fabrics similar to those we have shown developed in the
Sand Hill fault zone are found throughout the crust, from
near-surface environments such as the latter to granulite
facies shear zones (e.g. Hanmer et al., 1995). Examples of
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compositional banding fabrics with monoclinic symmetry in
greenschist to amphibolite facies shear zones are too
numerous to list; since the earliest description of S- and
C-surfaces and shear bands (Berthé et al.,, 1979; Platt,
1979), many occurrences have been documented. A
characteristic of these structures is the segregation of
mechanically weak or incompetent phases along shear
surfaces. Fig. 2c, for example, is a field photo of rocks
exposed on the west coast of Ragged Harbour, along the
boundary between the Gander and Dunnage zones in
northern Newfoundland, which record strike-slip shear
under amphibolite facies conditions (Goodwin and O’Neill,
1991). The foliations in this area are defined by mineralo-
gical domains and the preferred dimensional alignment of
biotite and polycrystalline aggregates of other phases.
Biotite is localized along S-surfaces, C-surfaces, and a
well developed shear-band foliation. As mentioned earlier,
the segregation of biotite, the rheologically weakest phase in
the rock, into foliation planes is a common observation in
fault zones as well as greenschist and amphibolite facies
ductile shear zones. It is analogous to the localization of
clays in S-surfaces in shallow crustal faults (e.g. Fig. 2b).
Even in fault-zone materials with little to no clay,
segregation of the weakest material is evident (Fig. 2a).
Coarse-grained sand, localized along shear bands in sand,
has greater porosity and fewer grain—grain contacts than
fine-grained sand, and so is weaker where frictional
deformation mechanisms are dominant. Thus, the develop-
ment of compositional bands at all crustal levels appears to
involve the segregation of incompetent material into
foliations.

Rocks deformed under granulite facies conditions also

locally exhibit multiple foliations, such as C-surfaces and
shear bands, but are distinct from the above examples in that
they generally exhibit only a single mesoscopically visible
foliation. We have, for example, observed shear bands in
granulite facies rocks from the Arunta block in central
Australia, but they are rare. Foliations oblique to the main
compositional layering may be microscopically evident
within mineralogical domains (e.g. White and Mawer,
1992), but multiple foliations defined by compositional
layers are not typical of granulites. The more common
granulite fabrics, which appear orthorhombic in the field,
may reflect either low mechanical contrast between phases
at high homologous temperature (discussed in the following
section), high strain (J. White, pers. comm., 2001), or a
preponderance of coaxial deformation at deeper crustal
conditions.

The deformation mechanisms by which foliations form at
the very different crustal levels discussed above are
obviously very different. They range from frictional grain-
boundary sliding and particulate flow in the Sand Hill fault
zone to crystal plastic flow and recrystallization in deeper
crustal shear zones. The common factor in each of these
examples, however, is the segregation of the rheologically
weakest, or least competent, phase into bands. We thus
begin our exploration of the mechanisms of phase segrega-
tion with a discussion of competency contrast.

2.3.1. Competency contrast

The terms ‘competence’ and ‘competency contrast” have
been used by a variety of authors over the years to describe
qualitatively the relative mechanical behavior of different
domains in a deforming material (for the earliest definitions,
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see Willis (1893), van Hise (1896), and Dennis (1967)).
Informative discussions of the rheological significance of
competency contrast are offered by Lister and Williams
(1983) and Jiang (1994b), who point out the kinematic
consequences of mechanical variations in rocks. In this
paper, we focus on one aspect of what has been referred
to as competency contrast: differences in deformation
behavior between adjacent domains, which fundamentally
reflect mechanical contrast. We use the broad term
‘mechanical’ deliberately, to include the variation from
frictional grain-boundary sliding in fault-zone materials to
crystal—plastic flow and diffusion-dominated processes in
deep crustal shear zones.

In this paper, we refer to volumes of a deforming material
that are mechanically distinct from other volumes as compe-
tence domains. It is important to note that competence is not
just a property of a given domain under a given set of
physical conditions, but depends in part on the mechanical
behavior of adjacent domains (Turner and Weiss, 1963). For
example, progressive partitioning of deformation into
incompetent domains will increase the strain rate in the
incompetent domains relative to more competent domains
(Fig. 4). These variations in strain rate may be sufficient to
affect the deformation mechanisms operating in individual
domains. In addition, the mechanisms by which deforma-
tion is accommodated in adjacent domains can influence the
deformation mechanisms at domain boundaries. Thus, the
magnitude of competency contrast within a deforming body
will change as such variables as temperature, confining
pressure, pore fluid pressure and composition, strain rate,
and stress orientation and magnitude change and impact the
deformation mechanisms operating within and between
both competent and incompetent domains. A feedback
loop therefore exists between competency contrast and
deformation mechanisms, as the magnitude of competency
contrast will also influence the above variables (Fig. 4).

Competence domains have a variety of characteristics, as
follows:

1. Domains of a given mineral may or may not have the
same competence. Fine-grained material will generally
exhibit different mechanical behavior than coarse-
grained material, and therefore mineralogy alone does
not define competence domains (e.g. Tullis and Yund,
1985).

2. Competence domains may or may not be monomineralic.
More or less competent domains may reflect either the
distribution and/or percentage of mineral phases in
different domains, or simply variations in grain size.
Domains that vary only in grain size may or may not
have different competence, depending on whether or
not the grain-size variation is sufficient to affect the
deformation behavior in a given system (e.g. Etheridge
and Wilkie, 1979; White, 1982; Tullis and Yund, 1985;
Goodwin and Wenk, 1995).

3. The competence of a given domain will depend in part on

its orientation, and the orientation of constituent grains,
with respect to imposed stress or displacement. For
example, Donath (1961) demonstrated that a slate loaded
perpendicular to its foliation was very strong, whereas
the same rock loaded at a low angle to the foliation was
very weak. Deformation of a quartzite mylonite produced
similar results (Ralser et al., 1991).

4. Pore space can be considered a ‘phase’ for the purpose of
evaluating competency contrast (cf. Handy, 1990).
Consequently, unlithified material that contains only
one mineral phase (i.e. quartz sand) will nonetheless
behave as a polyphase material by virtue of porosity
and therefore contains a competency contrast.

5. Monomineralic rocks, even those that are equigranular,
can also contain competency contrasts. As noted by Law
et al. (1986), quartz grains can be oriented such that their
slip systems are well aligned for flow (soft grains) and
others may be poorly aligned (hard grains). As a conse-
quence, competency contrast is created by variations in
the orientation of the potential slip systems.

6. A given competence domain will be characterized during
deformation by a vorticity number that may be
temporally variable, but will be distinct from that of
domains of different competence (Jiang, 1994a).

The relationship between strength and composition of
polymineralic materials is highly nonlinear. Handy (1990)
defined three end-member mechanical and microstructural
types of polymineralic rocks: (1) a competent phase(s)
forms a load-bearing framework around physically isolated
incompetent phase(s); (2) two or more relatively incompe-
tent minerals control bulk rheology, and form elongate
boudins; and (3) competent minerals form clasts in an
incompetent matrix, which controls the bulk rheology.

As evident from the above summary, the relative volume
percent, orientation, and distribution of competent and
incompetent phases in a deforming material will influence
competency contrast. It follows directly that syntectonic
changes in these variables will impact competence and
competency contrast. Such changes can occur during defor-
mation by: (1) reaction weakening or hardening (e.g. White
and Knipe, 1978; Etheridge and Wilkie, 1979; Knipe and
Wintsch, 1985; Wintsch, 1985; O’Hara, 1988; Wibberly,
1999); (2) reorientation of grains during crystal—plastic
flow, which can cause geometrical softening (e.g. White et
al., 1980; Lister and Williams, 1983) or hardening (e.g.
Takeshita and Wenk, 1988); (3) chemical segregation
processes (e.g. Cosgrove, 1976; Gray and Durney, 1979;
Williams, 1990); and (4) grain-size reduction and redistri-
bution of phases during cataclasis or pseudotachylyte
formation (e.g. Goodwin and Wenk, 1995; Goodwin, 1999).

One could argue that all earth materials have some
competency contrast; however, cases in which the
competency contrast is minimized can be envisioned. For
example, certain minerals, such as quartz and feldspar,
exhibit different strengths at most temperature, pressure
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and strain-rate conditions, but at specific conditions can
exhibit a similar strength (Tullis, 1990), so that competency
contrast could be minimized under specific environmental
conditions for a given deforming material. The difference in
rheology between minerals in a given rock will, however,
generally decrease as they reach higher homologous
temperatures; that is, competency contrast will decrease
(e.g. Passchier and Trouw, 1996, p. 106). This decrease in
competency contrast is a result of the increased efficiency
of solid-state diffusive mass transfer and crystal—plastic
deformation mechanisms, and a decrease in differential
stress at higher metamorphic grade. Passchier and Trouw
(1996) suggest that this will result in a relatively coarse-
grained rock with a single foliation, well defined by compo-
sitional bands, such as that exhibited by many granulites.
Perhaps the material with the least possible contrast,
however, would be a monomineralic rock deformed to
high strains through dislocation creep, so that the bulk-
rock crystallographic preferred orientation (CPO)
approached that of a single crystal. Thus, strain magnitude
must also influence competency contrast.

3. Material heterogeneity, compositional banding, and
flow partitioning

The domainal character of earth materials indicates that
they need not be flowing continuous media at the scale of
competence domains. At the scale of domains of interest,
they exhibit a range of mechanical behavior between true
continua (where domain boundaries behave as coherent
interfaces; cf. Cobbold, 1983) and true granular media
(where coupling across domain boundaries is not expected).
This range in behavior encompasses Borradaile’s (1981)
categories of particulate flow, which include dependent,
controlled, and independent particulate flow, in order of
increasing importance of grain-boundary sliding and
decreasing importance of intragranular deformation
processes.

The physics of granular flow is poorly understood, but in
general it can be stated that true granular media, such as the
deformed sediment illustrated in Fig. 1, cannot be modeled
as either solid or fluid (e.g. Shinbrot and Muzzio, 2000). A
relevant non-geologic case is that of grain stored in silos
(Behringer’s Nonlinear Flow Group, 2001). The initial
practice of engineering silo design to accommodate a fluid
of equal volume to the grain to be stored was abandoned
following silo failure. Shear zones developed in the grain-
pore system in response to the vertical load of grain, and
propagated through the walls of the silo. We suggest that
this organization of a grain-pore system into shear zones in
response to imposed displacement or stresses may well be
analogous to the development of localized shear zones in
earth materials. If this analogy is appropriate, it suggests
that the domainal character of heterogeneous earth
materials is a fundamental control on the localization of

strain in shear zones as well as on the fabrics that are
produced by shear.

The range in deformation behavior exhibited by natural
materials reflects their heterogeneity and thus competency
contrast. In the following sections, we draw on the results of
previous deformation experiments to emphasize the role of
competency contrast in determining whether or not compo-
sitional banding is produced in deforming earth materials.

3.1. Development of compositional banding: experimental
deformation of initially isotropic synthetic rock

Experiments provide special insight into deformation
processes because temperature, pressure, and strain rate
can be controlled during deformation. In addition, it is
possible to stop the experiments at different stages and
thereby investigate the development of structures with
increasing strain. A particularly relevant experimental
study by Jordan (1987) focused on the development of
foliation defined by compositional bands in nonfoliated
synthetic rocks. The description of these experiments and
results, below, are followed by our interpretation of their
significance and a proposed mechanism for mechanical
segregation of phases.

Jordan (1987) subjected aggregates of limestone and
halite to both coaxial and non-coaxial deformation. For
the axially symmetric compression experiments we discuss
here, deformation took place at room temperature, 150 MPa
confining pressure (P.), and a strain rate of 10 *s™'. Non-
coaxial experiments were conducted at room temperature,
250 MPa P, and a shear strain rate of 10™*s7". Under these
conditions, the halite deformed through crystal—plastic
flow, whereas the behavior of the Solnhofen limestone
was transitional between cataclastic and crystal—plastic
flow (deformation by twinning). Monomineralic deforma-
tion experiments indicated that the flow strength of the less
competent halite was roughly an order of magnitude less
than that of the more competent limestone.

Results of key experiments are reproduced in Fig. 5, with
Fig. 5a—d showing the evolution of the coaxial experiments
and Fig. 5e showing the result of a non-coaxial experiment.
Both sets of experiments produced a foliation defined by
bands of halite (dark) and calcite (light). The fabric
produced through coaxial deformation is symmetrical
about the shortening direction, whereas that produced
through non-coaxial deformation is asymmetrical. The
compositional foliation banding is better developed in the
non-coaxially deformed specimens because the experi-
mental set-up allowed deformation to higher strains
(Fig. 5e). An important observation is that the samples
weakened significantly with increasing foliation develop-
ment in both coaxial and noncoaxial deformation, such
that the bulk strength was lower than expected if the
relationship between the relative proportions of calcite
and halite and flow strength were linear. This observation
is consistent with DeVore’s (1969) conclusion that
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Fig. 5. Summary diagram illustrating development of compositional banding through coaxial (a—d) and non-coaxial (e) deformation of limestone-halite
aggregates, after Jordan (1987). Most images have been converted from grayscale to binary to emphasize distribution of halite (black) and calcite (gray).
(a) Early stage of deformation, with strains that locally approach 20%. Cataclastic shear zones in limestone have nucleated on margins between halite and
limestone (arrow), and locally connect halite domains. Some E-W elongation of halite domains. Shear zones form an angle of ~35° to the shortening
direction. Cuspate—lobate domain margins record competency contrast between halite and limestone. Scale the same as b—d. (b) Local strains of ~35% result
in segregation of the weaker halite within shear bands (arrow) and rotation of shear bands away from shortening direction. (c) Up to 50% shortening locally.
Left-hand side of diagram: initially formed shear bands have rotated to a high angle to the shortening direction. Right-hand side of diagram: halite has further
segregated into new shear bands (related to experimental configuration) oriented at 30° to the shortening direction (arrows). (d) 50% shortening with 35%
halite. Formation of compositional layering caused by segregation of halite. Note inversion of matrix/clast pattern with respect to (a). (e) Development of
multiple foliations through dextral, non-coaxial shear. S-surfaces (S) initially formed at 45° to the bulk shear plane, then rotated. Shear strain up to 1.6, largely
concentrated into C-surfaces (C) and shear bands (sb). Scale bar is 0.5 mm.

development of compositional banding in a rock will lower (Jordan, 1987). The starting material consisted of isolated
its mechanical potential energy. halite domains in a calcite matrix. At low strains, deforma-

The formation of banding is best illustrated by the coaxial tion was accommodated by: (1) shortening of halite domains
deformation of samples with 10-20 vol% halite (Fig. Sa—d), parallel to the imposed load and extension perpendicular to

although the process is similar in non-coaxial experiments shortening; and (2) nucleation of cataclastic micro-shear
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zones at competence domain boundaries, and extension of
the shear zones into the competent calcite domains, in some
cases connecting halite domains (Fig. 5a). The cuspate—
lobate morphology of the edges of the flattened halite
domains records the competency contrast between halite
(cusps) and calcite (lobes). With continued deformation,
halite was progressively segregated into conjugate shear
zones, or shear bands, causing the previously continuous
calcite matrix to be subdivided into separate domains
(Fig. 5b and c). The shear bands initiated at ~35° to the
shortening direction, then progressively rotated to a sub-
horizontal orientation, perpendicular to the shortening
direction, forming a distinct compositional foliation
banding (Fig. 5d).

Segregation of halite into compositional bands did not
occur in the relatively high temperature (200°C) coaxial
experiments, and patterns were less distinct with increasing
confining pressure. In samples with high halite content,
formation of shear bands was also not evident, except
where forced by the experimental configuration (i.e. bound-
ary conditions). The foliation in these samples is defined
largely by the orientation of grain boundaries perpendicular
to the shortening direction.

Samples with ~55% halite deformed in non-coaxial
shear resulted in the segregation of phases into composi-
tional bands. The latter experiments resulted in the simul-
taneous development of S- and C-surfaces. Deformation
was increasingly partitioned into C-surfaces with increasing
strain, and S-surfaces accommodated this partitioning by
rotating toward the C-surfaces. Both C-surfaces and, subse-
quently, shear bands developed through the formation of
cataclastic micro-shear zones, along which halite was subse-
quently localized. Halite domains were connected through
progressive deformation, in a process similar to that
described above for coaxial deformation. Jordan (1987)
noted that the main shear displacement switched between
C-surfaces and shear bands, depending on the original distri-
bution of halite domains in the system, and that the two
shear planes showed a close genetic relationship. In these
experiments, the development of compositional banding in
non-coaxially deformed specimens was dependent on the
percentage of competent domains in the sample; >20%
competent domains was required for shear strain to be loca-
lized into bands. Where competent domains were rare or
absent, only S-surfaces formed.

3.2. Interpretation of Jordan’s (1987) data: the significance
of competency contrast

Jordan (1987) documented a foliation-weakening
process, where progressive segregation of the incompetent
phase into a compositional foliation banding was
accompanied by progressive partitioning of the deformation
into incompetent domains. He suggested that: (1) the
mechanical strength of polyphase rocks is controlled by
the weakest phase; and (2) that the ultimate strength of a

rock will be determined by the deformation mechanisms
operating in each phase and their competence, shape, orien-
tation, and distribution. In addition, he suggested that the
development of shear bands and C-surfaces requires the
presence of a critical amount of a stronger phase, and that
lacking that critical volume, only S-surfaces will form.

In this and the following section, we build on the above
conclusions to suggest a mechanism for the development of
compositional banding in earth materials in general, and
offer an explanation for why shear bands and C-surfaces
form in systems with competency contrast. The essence of
our argument is that high competency contrast leads to the
segregation of phases in both coaxial and non-coaxial
deformation because of differences in strain and strain rate
between adjacent domains. In contrast, the lowest
competency contrast experiments do not result in phase
segregation.

Halite + calcite samples deformed at room temperature
(Fig. 5; Jordan, 1987) correspond to Handy’s (1990) mechan-
ical type 1: materials in which the competent domains are
connected and load-bearing. High competency contrast in
these experiments is recorded by lobate/cuspate domain
boundaries. The process of development of compositional
bands in these samples was fundamentally the same in either
coaxial or non-coaxial deformation. Cataclastic shear bands
(and C-surfaces in non-coaxial deformation) nucleated at
competence domain boundaries and propagated through
the competent domains, linking incompetent domains.
Halite, the incompetent phase, became progressively segre-
gated into the shear bands with increasing strain. In coaxial
shear, conjugate shear bands progressively rotated into an
orientation that was ~90° from the shortening direction.
The initial configuration of phases, with isolated halite
domains surrounded by calcite, was reversed through this
process, which produced a network of halite bands surround-
ing isolated calcite domains in coaxial deformation. Non-
coaxial deformation produces an interconnected network of
halite localized along S-surfaces, C-surfaces, and shear
bands. Thus, the number and orientation of foliations defined
by compositional bands records the deformation path (Fig.
5). Note that the fabric patterns and microstructures record
more information in these samples than in samples with low
competency contrast, discussed below.

Samples deformed at higher homologous temperatures
exhibited lower competency contrast. In halite + calcite
samples deformed coaxially at 200°C (Jordan, 1987), the
foliation was defined largely by the orientation of grain
boundaries perpendicular to the shortening direction. Segre-
gation of halite into compositional bands did not occur.
Jordan (1987) suggested that this lack of compositional
banding reflects the increasing importance of crystal—
plastic deformation mechanisms in the limestone domains
with increasing temperature. We alternatively suggest that
the lack of banding is the result of a reduction in
competency contrast, related to this change in dominant
deformation mechanisms. Low competency contrast



1076 L.B. Goodwin, B. Tikoff / Journal of Structural Geology 24 (2002) 1065—-1085

a. More competent domain

C

Less competent domain

Before deformation

After deformation

OOO?

o O

Fig. 6. Scale-independent cartoons of two simple configurations of competent (white) and incompetent (gray) domains subjected to coaxial deformation (a) and
dextral simple shear (b). Both strain and strain rate are higher in the incompetent domains than in the competent domains, and strain incompatibility occurs at
domain boundaries. (a) Conjugate shear bands nucleate at domain boundary in coaxial deformation. Deformation is more localized in competent domain,
providing a mechanism for localization of incompetent material within shear bands. (b) Shear bands (bold lines) nucleate at the margins of the largest

porphyroclasts. See text for more detail.

allowed a foliation defined by the preferred dimensional
alignment of compositional domains to form, but did not
provide a mechanism for segregation of phases into
compositional bands. Fabric patterns in Jordan’s (1987)
experiments were also less distinct in samples deformed at
higher confining pressure, which again should have resulted
in a decrease in competency contrast.

Jordan (1987) noted that, in non-coaxial deformation,
samples with 20% or less calcite (the competent phase)
formed S-surfaces, but did not develop shear bands or segre-
gation of phases. These samples represent Handy’s (1990)
type 3 mechanical end-member, in which the incompetent
phase controls the bulk rheology of the sample. Because the
competent phase occurs as isolated clasts in an incompetent
matrix, the bulk rheology is similar to that of a system with
low competency contrast.

We propose that deformation of a material with signifi-
cant competency contrast results in a compositional
foliation banding because different competence domains
deform at different strain rates and attain different finite
strains, producing strain incompatibilities at domain
boundaries (Fig. 6). Sufficiently large incompatibilities
cannot be accommodated by domain-boundary deformation
processes, and thus will produce mechanical instabilities,
causing micro-shear zones (shear bands and/or C-surfaces)
like those produced in Jordan’s (1987) experiments to form.
Thus, deformation in competent domains is largely
localized within shear zones, whereas it is distributed in
incompetent domains. The process of formation of com-

positional bands, and subsequent deformation, is essentially
one of strain partitioning. Shear bands and C-surfaces
experience (at least initially) dominantly non-coaxial defor-
mation, whereas the intervening domains preferentially
record shortening at right angles to the applied load. Thus,
the more competent domains can deform internally
although, as Jordan (1987) pointed out, they may cease to
deform if an interconnected network of weak material can
accommodate all of the deformation. The character of defor-
mation in the different domains will be recorded by both
their internal microstructure and their three-dimensional
morphology.

In cases of very low competency contrast, mechanical
instabilities do not occur, and therefore there is no formation
of shear bands or resultant segregation of phases. Rather, a
single foliation defined by a grain-shape preferred
orientation forms.

3.3. Initiation of shear bands as a result of competency
contrast: a natural example

The physical experiments outlined above suggest that
competency contrast is required for the nucleation of
shear bands and C-surfaces. At first glance, it would not
appear that this argument would be generally applicable to
all deformed materials. Apparently contradictory examples
are shear bands within naturally deformed quartzite
mylonites (e.g. Law et al., 1984) and experimentally
deformed dunites (Zhang and Karato, 1995), both of
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which are essentially monomineralic. However, as noted
earlier, even monomineralic rocks are mechanically hetero-
geneous and thus have competence domains, such as those
produced by the hard and soft orientations of potential slip
systems (e.g. Law et al., 1986). In addition, there are trace
phases (such as micas), even in essentially monomineralic
rocks, on which to nucleate shear bands. Therefore, we
assert that competency contrast is required for localization
of deformation. However, natural systems may require
significantly less competency contrast or a smaller percen-
tage of a second phase than experimental systems in order to
nucleate shear bands.

To investigate the nucleation of shear bands in a natural
system, we have chosen an area that exhibits: (1) variation
in strain in the absence of variation in rock type; (2) pre-
servation of relatively low strain areas, which we interpret to
record the early stages of deformation of the rock, assuming
that the shear zone did not widen (cf. Means, 1995); and (3)
a protolith with high competency contrast. We focus on the
Rosy Finch shear zone in the Sierra Nevada batholith, where
it cuts through the center of the Mono Creek pluton (Tikoff
and Teyssier, 1994). The Mono Creek pluton is a porphyritic
granite, containing quartz, K-feldspar, plagioclase, biotite,
and accessory phases. The exposures studied were intruded
at shallow depths, corresponding to 100—200 MPa of pres-
sure. Deformation occurred at greenschist facies conditions.
Within the dextral, transpressional Rosy Finch shear zone,
quartz underwent dominantly crystal—plastic flow, whereas
K-feldspar porphyroclasts record minor brittle deformation
(e.g. bookshelf-sliding) or are undeformed (e.g. Tikoff and
St. Blanquat, 1997). The highest strain is recorded by rocks
in the middle of the shear zone, with undeformed granite on
both sides. These strain gradients allow one to observe
evidence for the initiation of shear bands in the Mono
Creek granite.

In low strain areas at the margins of the Rosy Finch shear
zone, shear bands have nucleated on the margins of the
largest K-feldspar porphyroclasts (Fig. 6b). We interpret
these micro-shear zones as the result of a mechanical
instability, caused by the competency contrast between the
pophryroclasts and the deforming matrix. It is unlikely that
the competence of the largest K-feldspar megacrysts differs
dramatically from the smallest (clasts range from 3 to 5 mm
in size). Therefore it is the size of the porphyroclasts, or
competent domains, that causes the localization. Deforma-
tion is localized because the porphyroclasts are large, essen-
tially rigid obstacles in the flow field, which requires the
strain rate at their edges to increase with increasing clast
size. This indicates that the variation in strain rate resulting
from the size of the competent domains controlled the
formation of the mechanical instability and subsequent
nucleation of shear bands.

Shear-band spacing is also controlled by the competent
domains. In the middle of the Rosy Finch shear zone in the
Mono Creek granite, the rock is dominated by shear bands,
which separate ‘trains’ of imbricated K-feldspar porphyro-

clasts (Fig. 7a). Consequently, the shear bands have a char-
acteristic spacing — that of the ‘average’ porphyroclast
size. In the middle of the shear zone, the average porphyro-
clast size is less than the mean size of K-feldspar megacrysts
in undeformed parts of the Mono Creek granite, suggesting
grain-size reduction through deformation. K-feldspar
porphyroclasts in the middle of the shear zone locally
escaped significant grain-size reduction. One such example,
in Fig. 7a, is a large porphyroclast that disrupted the regular
spacing of the foliation surfaces. Thus, variations in shear-
band foliation spacing are controlled by variations in the
size of the most competent domains (porphyroclasts in
this case), which may be related to differences in either
strain (degree of deformation-induced grain-size reduction;
Fig. 7c) or protolith (initial grain-size variation).

One last interesting effect is the variation in deformation
mechanisms with proximity to the large porphyroclasts in
both the Mono Creek granite and Lake Edison granodiorite,
which is also cut by the Rosy Finch shear zone. Relatively
far from the K-feldspar porphyroclasts, quartz and biotite
exhibit microstructures that suggest deformation by crystal—
plastic flow. However, immediately adjacent to the
porphyroclasts, deformation was localized within the
narrow zones that define shear bands, on which ridge-in-
groove slickenside striae are visible in hand sample. The
grain size of both minerals is much smaller in these zones
than in regions further from the porphyroclasts. There is
evidence of dynamic recrystallization of grains, but micro-
and mesostructures suggest that biotite and, locally, quartz
may deform in part by frictional grain-boundary sliding on
shear bands (Fig. 7b). This variation in dominant deforma-
tion mechanisms with distance from competent domain
boundaries records variations in strain and strain rate
between domains, and thus depends fundamentally on the
magnitude of competency contrast.

The K-feldspar porphyroclasts in the Rosy Finch shear
zone define the size of competence domains, thus com-
petency contrast occurs at the mesoscopic scale in this
example. This emphasizes an important point of our
analysis: although we are particularly interested in micro-
structures, this approach is applicable from the thin-section
to the regional scale. It appears that kinematic domains
(shear domains of Turner and Weiss (1963); banded defor-
mation structures of Cobbold (1977)) within earth materials
are largely controlled by competency contrast.

4. Kinematics and competency contrast: strain and
strain-rate partitioning

Fig. 6a illustrates deformation of adjacent competent and
incompetent domains. In this scale-independent cartoon,
both domains have experienced coaxial deformation, but
the strain magnitude is greater and strain rate was higher
in the incompetent domain. Thus, the structures that result
from competency contrast will record strain rate variations.
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Material heterogeneity results in differences in strain rate
and finite strain magnitude between competence domains
that must be accommodated along the domain boundaries.
These incompatibilities, if small, can be accommodated by
domain-boundary deformation mechanisms. If sufficiently
large, however, they produce mechanical instabilities,
resulting in the nucleation of micro-shear zones of the
type Jordan (1987) documented along domain boundaries
in both coaxial and non-coaxial deformation. We propose
that movement along these shear zones facilitates the
mechanical segregation of the weakest material in the
deforming medium by mechanisms that must include

some form of domain-boundary sliding (analogous to
grain-scale mechanisms proposed by Borradaile, 1981),
which will vary with depth (cf. Fig. 4).

The process of formation of compositional bands, and
subsequent deformation, both facilitates and is facilitated
by strain partitioning. Deformation in shear bands is (at
least initially) non-coaxial, even in a coaxially deforming
body, due to their orientation with respect to the imposed
displacement or stress field. The intervening domains
deform with a relatively higher coaxial component of defor-
mation with respect to the micro-shear zones. The domains
experiencing dominantly coaxial deformation, however,
and those that are deforming noncoaxially are not com-
pletely independent of one another. Rather, the magnitude
of partitioning will change over time as the domains and the
grains within them change orientation (see previous section
on competency contrast; Jiang, 1994b). The degree of
domain-boundary sliding is fundamentally determined by
domain-boundary deformation mechanisms, which are
influenced by the magnitude of competency contrast and
degree of partitioning between domains as well as
environmental factors such as temperature and pressure
(Fig. 4).

Competency contrast will thus result in partitioning of
flow, regardless of the bulk deformation path. Not only
will the strain rate be higher in the incompetent domains,
but competent and incompetent domains can follow
different deformation paths. This concept has been explored
previously, perhaps most elegantly by Lister and Williams
(1983) and Jiang (1994b). The former authors noted that
competent domains in a rock will experience coaxial
deformation while incompetent domains accommodate the
non-coaxial component of the flow. The partitioning can
occur at any scale of competence domain. This effect is
observed, for example, in melts (Handy, 1994; Vigneresse
and Tikoff, 1999), shear bands in crystallizing magmas
(Nicolas, 1992), and layers of alternating viscosity in
experimental studies (Treagus and Sokoutis, 1992).

Lister and Williams (1983) and Jiang (1994b) addressed

Fig. 7. Examples from the Rosy Finch shear zone, Sierra Nevada batholith,
California: (A) Hand sample from the Mono Creek granite, showing the
effect of competency contrast on the spacing of shear bands (sb). The size of
the feldspar porphyroclasts controls the spacing of shear bands, and par-
ticularly large porphyroclasts (e.g. P) disrupt the characteristic spacing.
(B) Lake Edison granodiorite. Section cut perpendicular to foliation and
parallel to ridge-in-groove slickenside striae. Photo taken with crossed
polars; field of view is 3.2 mm wide. A brittle-ductile shear band (B)
formed between large feldspar porphyroclasts, which acted as competent
domains. Other parts of the thin section, away from the large porphyro-
clasts, record crystal—plastic deformation. Example from the Santa Rosa
mylonite zone, Peninsular Ranges batholith, California. (C) Spacing of S-
and C-surfaces and shear bands is determined by the size of the most
competent domains, in this case feldspar porphyroclasts. In mylonite (m),
foliations are more widely spaced than in phyllonite ultramylonite (u).
Only C-surfaces are mesoscopically visible in ultramylonite, although S-
surfaces and pervasive shear bands are evident in thin section (Goodwin
and Wenk, 1995).
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Fig. 8. Diagram demonstrating possible controls on formation of shear surfaces that are not parallel to the ab plane. Top: boundary conditions for a three-
dimensional general shear. Bottom, from left to right: Velocity field, flow apophyses orientations, and maximum shear strain rate planes for the above
deformation. Maximum shear strain rate occurs along four oblique planes that produce a monoclinic symmetry of fault-zone fabric. Zones of localized shear
may initiate parallel to planes of maximum shear strain rate (Simpson and De Paor, 1993; Wojtal, 2001).

the implications, but not the processes of development, of
mechanical anisotropies such as compositional banding. In
contrast, we emphasize the development of compositional
banding. In addition, we consider more recent research into
general shear in heterogeneous media, which indicates that
lineations in ductile shear zones need not track the direction
of tectonic transport for three-dimensional deformations
(Fossen and Tikoff, 1993; Robin and Cruden, 1994; Jiang
and Williams, 1998; Lin et al., 1998).

4.1. Development of shear bands and implications for
symmetry

We have proposed that shear bands initiate at competence
domain boundaries because of mechanical instabilities that
result from strain incompatibilities. We address the orienta-
tions of the shear zones formed in this way, and their affect
on the symmetry of the resulting fabric, below.

The analysis of kinematic indicators in naturally
deformed earth materials is founded on the principle that
the symmetry of the fabric is greater than or equal to that of
the flow field (Sander, 1930; Turner, 1957; Paterson and
Weiss, 1961). Sander (1930) defined three mutually perpen-
dicular kinematic coordinate axes for a rock of monoclinic
symmetry, which in many cases records flow dominated by
simple shear. The a axis is defined as parallel to the trans-
port direction, b is parallel to the single axis of rotation, and
the acplane is defined by the mirror plane perpendicular to
the axis of rotation. Thus, a rock with monoclinic symmetry
will exhibit maximum asymmetry on faces parallel to the ac
plane — the ‘movement plane’ of later workers (e.g.
Passchier and Simpson, 1986). Recent studies have con-

sidered systems with triclinic symmetry in greater detail
(e.g. Robin and Cruden, 1994; Jiang and Williams, 1998;
Lin et al., 1998). These models tie the resultant fabric to the
kinematic history, either through infinitesimal (e.g. Robin
and Cruden, 1994) or finite strain (e.g. Jiang and Williams,
1998; Lin et al., 1998).

In the coordinate system given above, C-surfaces are
parallel to the ab plane, which is an integral part of the
flow field (see the following section). Jiang and White
(1995) demonstrate that the orientations of C-surfaces and
shear bands can be controlled by either kinematics or
mechanics, and may change with increasing strain, so that
it is inappropriate to infer genetics from geometry. Wojtal
(2001) suggests that the orientations of shear surfaces in
fault zones may be controlled in three-dimensional general
shear by kinematic boundary conditions (Fig. 8). In his
model, four discrete, non-orthogonal shear surfaces initiate
in orientations controlled by the velocity gradient tensor —
planes of maximum shear strain rate — and subsequently
rotate toward flow apophyses (see the following section).
The shear sense on any given surface is not parallel to that of
any of the other surfaces, leading to monoclinic symmetry.
Other authors have suggested mechanical controls on shear
band formation, such as the orientation of a pre-existing
foliation relative to the shortening and extension fields
of the instantaneous strain ellipsoid (e.g. Williams and
Price, 1990).

Regardless of what controls shear band orientation, high
competency contrast will result in strain partitioning and the
consequent formation of C-surfaces and/or shear bands.
In contrast, a material lacking or with very low competency
contrast will produce a single mesoscopically visible
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Fig. 9. Flow apophyses, displacement, infinitesimal strain axes, and finite
strain axes in two dimensions for a steady-state, simple shear deformation.
For simple shearing, both flow apophyses are parallel to the displacement
vector, shown with arrows. The magnitudes of both displacement and finite
strain change during deformation, whereas both the orientations and lengths
of the flow apophyses and infinitesimal strain axes (infinitesimal quantities)
are constant during steady-state deformation. Material lines and the finite
strain ellipse axes are attracted to the flow apophyses, although individual
material lines are attracted more quickly and thus rotate through the long
axis of the finite strain ellipse.

foliation. Therefore, a high competency contrast will gener-
ally result in a decrease in the symmetry of the rock fabric.
As noted previously, the subsequent segregation of
incompetent material into shear bands and C-surfaces
results in overall strain softening at initial stages in the
deformation (e.g. Jordan, 1987). In coaxial deformation,
strain softening should theoretically give way to strain
hardening at higher strains once a planar compositional
banding has developed (e.g. Donath, 1961). In contrast,
the compositional banding developed through noncoaxial
deformation should facilitate continued deformation.

4.2. Flow apophyses

Once shear surfaces (either shear bands and/or
C-surfaces) have initiated, the kinematics of flow play a
dominant role in the segregation of incompetent material
and affect fabric development in different competence
domains through deformation partitioning. The conse-
quences of this are most profound where there is a non-
coaxial component to the deformation, and we specifically
address the effect of strain partitioning on fabric formation
in different competence domains. Since partitioning affects
the velocity field (Lister and Williams, 1983), the most
relevant parameters for quantifying the amount of strain
partitioning are those that describe the velocity: the flow
apophyses. The term ‘flow apophysis’ was introduced into
the structural geology literature by Ramberg (1975).
Essentially, flow apophyses are maximum infinitesimal
displacements: there is a direction of maximum infinitesi-
mal convergence and a direction of maximum infinitesimal
divergence. There are three flow apophyses in general shear.
In simple shear, there are two flow apophyses parallel to the

tectonic transport direction in the movement plane (a degen-
erate case; Bobyarchick, 1986) and one flow apophysis
parallel to the vorticity vector and perpendicular to the
other flow apophyses. The two parallel flow apophyses for
simple shearing are ‘neutral’, neither moving toward
(convergent) nor away from (divergent) the origin.

It is routinely assumed by many workers that finite strain
is the kinematic parameter that controls rock fabric.
However, material lines and planes rotate toward the flow
apophyses, rather than the finite strain axes (Fossen et al.,
1994; Passchier, 1997). This effect is observed by noting
that an appropriately oriented material line will rotate
through an axis of the finite strain ellipse for any non-
coaxial deformation (Fig. 9). Material lines rotate through
the finite strain ellipse axes because an individual line
rotates faster than the aggregate of all lines (i.e. the finite
strain ellipse). In fact, for any non-coaxial monoclinic defor-
mation, the finite strain axes themselves rotate from initial
parallelism with the infinitesimal strain axes into increasing
parallelism with the flow apophyses. The finite strain and
material lines are most attracted to the divergent flow
apophysis, and thus material moves to that orientation. In
transpression (sensu Sanderson and Marchini, 1984), for
example, one flow apophysis is parallel to the transport
direction (neutral), one is vertical (divergent), and one is
parallel to the convergence direction (convergent). The
flow apophyses are not mutually perpendicular, except for
the end-member case of orthogonal convergence. For any
transpressional deformation, material lines are generally
‘attracted’ toward the divergent (vertical) flow apophysis
(Fossen et al., 1994). This attraction occurs regardless of
the orientation of the infinitesimal strain (e.g. wrench domi-
nated versus pure-shear dominated transpression) or the
finite strain. This result is somewhat counterintuitive, as
the minimum extensional finite strain axis (S3) lies in the
horizontal plane for some wrench-dominated trans-
pressional deformations. However, this result demonstrates
the important point that material lines are attracted to the
flow apophyses, rather than infinitesimal strain or finite
strain axes.

4.3. Implications for lineations

The partitioning of flow requires that different compe-
tence domains in a deforming body be generally described
by different flow apophyses. In a hypothetical example,
C-domains (defining C-surfaces) are dominated by non-
coaxial shear while the lithons between the C-domains are
dominated by coaxial flow (Fig. 10). The fabric developed
within each domain is dictated by a separate set of flow
apophyses, which attract material lines to different orienta-
tions at different rates. Two foliations can be stable as a
result of the strain partitioning caused by the competency
contrast. S- and C-surfaces in mylonites are familiar
examples of foliations that can form simultaneously as strain
is partitioned in a single rock (e.g. Berthé et al., 1979).
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Fig. 10. Orientation of flow apophyses (block diagrams) and lineations within S- and C-domains within a transpressional shear zone. The less competent
C-domains are dominated by horizontal lineations, parallel to the horizontal attractor (maximum divergence) flow apophysis. The more competent S-domains
are characterized by vertical lineations, parallel to the vertical attractor flow apophysis. The deformation partitioning, caused by competency contrast, allows
the formation of stable, mutually perpendicular lineations in the different competency domains. Modified from Tikoff and Greene (1997).

Berthé et al. (1979) note that S-surfaces initially form close
to parallel to the S5, plane of the finite strain ellipsoid and
contain a stretching lineation that is essentially parallel to
S;. The more competent S-domains are thus characterized
by a stretching lineation that rotates with the foliation. In
contrast, the transport direction — implying dominantly
non-coaxial deformation — is commonly recorded by
ridge-in-groove slickenside striae on C-surfaces (e.g. Lin
and Williams, 1992b). The transport direction for this type
of rock is parallel to the orthogonal projection of the stretch-
ing lineation on the C-surface, and perpendicular to the
intersection between S- and C-surfaces as long as the move-
ment picture is monoclinic (Lin and Williams, 1992a). The
ridge-in-groove slickenside striae developed in the less
competent C-domains are not only parallel to the transport
direction, but record both higher shear strain and higher
strain rate than the lineation in S-domains. The existence
of two lineations in an S/C mylonite within a simple shear
zone makes sense when competency contrast is considered,
as S- and C-domains are characterized by different flow
apophyses and attracted to these apophyses at different
rates (Figs. 9 and 10). Similar results are seen for bulk
coaxial deformation in two dimensions. In Jordan’s (1987)
coaxial deformation experiments, the less competent halite
domains initially = deformed non-coaxially  within
conjugate shear bands. Fabric in these domains presumably
records the flow apophyses caused by this local, non-
coaxial flow. Note that although these shear bands helped
accommodate the overall deformation, the shear-band
fabrics will not have a simple relationship to the bulk finite
strain.

The consequences of deformation partitioning, which
fundamentally results from material heterogeneity, are
surprising for three-dimensional general shear. Again, we
will consider the example of transpression. Predominantly

non-coaxial deformation occurs within the less competent
C-domains. The boundary conditions of transpression
require subhorizontal translation, so that the non-coaxial
component of shear localized in the incompetent C-domains
results in the formation of horizontal ridge-in-groove
slickenlines parallel to the transport direction. In contrast,
the more competent S-domains respond to a different set of
flow apophyses. Generally, in transpression, the attractor
(maximum divergent) flow apophysis is vertical, therefore
vertical lineations will occur in the S-domains (e.g. Tikoff
and Greene, 1997). Thus, not only do two stable lineations
form, but they are perpendicular to one another. High
competency contrast can therefore result in the formation
not only of multiple foliations, but also of multiple
lineations in a single deformational event. The development
and orientation of fabric elements in a given competence
domain are controlled by the local flow apophyses for
steady-state deformation.

5. Conclusions and implications

Polyphase materials are far more common than mono-
phase materials in the Earth’s crust; thus, mechanical
heterogeneity represents the general case in naturally
deformed rocks. A fundamental consequence of this hetero-
geneity is that deformation will produce strain and strain-
rate variations between competence domains. The degree of
strain and strain-rate incompatibilities produced along
domain boundaries will be dictated by the magnitude of
competency contrast. Where competency contrast is high,
small domain-boundary adjustments are insufficient to
accommodate incompatibilities, and strain in the competent
domains will be localized in micro-shear zones. The number
and orientations of these shear zones — conjugate shear
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bands versus a single orientation of shear bands and/or
C-surfaces — will reflect the flow field and the mechanics
of the system regardless of the deformation mechanisms that
accommodated flow. The initiation of these structures is
both the result of, and facilitates, deformation partitioning,
with noncoaxial shear preferentially accomplished by shear
bands and C-surfaces and the intervening domains
preferentially accommodating the coaxial component of
flow.

From a kinematic viewpoint, the degree of strain
partitioning is directly proportional to the magnitude of
competency contrast between mechanically distinct
domains. A result of this partitioning in three-dimensional
general shear such as transpression is that lineations can
form in very different orientations in adjacent domains if
competency contrast is high. Thus, the transport direction is
most likely to be recorded by a lineation developed in the
least competent domains in the system. Large competency
contrasts are more likely to decrease the symmetry of the
flow system, and therefore the fabric, for a given set of
boundary conditions. The more competent domains will
record a three-dimensional shape (constriction, flattening,
plane strain) and internal fabric that constrains the geometry
of the flow in these domains (Hudleston, 1999). The sym-
metry of the system of domains, and internal fabrics of
domains, can be used in conjunction with the transport
lineation to determine the sense of shear. In the most
extreme case, a lineation in an incompetent domain can be
perpendicular to one in a competent domain.

The above example suggests that, because polyphase
materials are more likely to have high competency contrast,
they have a greater potential for providing a more complete
record of the flow field than monophase materials. They
may also provide a superior record of rheology. Previous
workers have used the form and orientation of geologic
structures to infer the possible rheologies of rocks during
deformation (e.g. Cobbold, 1983; Treagus and Sokoutis,
1992; Hudleston and Lan, 1995; Treagus and Lan, 2000).
If we consider the same approach here, it is evident that
there are three elements that might collectively provide a
record of rheology: (1) the three-dimensional patterns of
foliations, lineations, and CPO within competence domains;
(2) the three-dimensional morphology of competence
domains; and (3) microstructures that record strain rates
within and between competence domains. The domainal
character of natural materials, which allows structures in
relatively deep crustal shear zones to develop in a manner
similar to structures in true granular materials, such as
faulted unlithified sediments, is key to understanding the
development of compositional foliation banding and the
rheology of natural systems.

A strength of our approach is that it is largely scale inde-
pendent, as neither competency contrast nor kinematic
history is tied to any particular scale of deformation. This
suggests that the resultant patterns of deformation can occur
at a variety of scales.
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