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Abstract: Active faults slip at different rates over the course of the seismic cycle: earthquake slip
(c. 1 m s21), interseismic creep (c. 10–100 mm year21) and intermediate rate transients (e.g. afterslip and slow slip events). Studies of exhumed faults are sometimes able to identify seismic slip surfaces by the presence of frictional melts, and slow creep by textures diagnostic of rate-limited plastic
processes. The Pasagshak Point Thrust preserves three distinct fault rock textures, which are
mutually cross-cutting, and can be correlated to different strain rates. Ultrafine-grained black fault
rocks, including pseudotachylyte, were formed during seismic slip on layers up to 30 cm thick.
Well-organized S–C cataclasites 7–31 m thick were formed by slow creep, with pressure solution
as a dominant, rate-limiting mechanism. These must have formed at strain rates consistent with
long-term plate-boundary motion, but solution-creep healing acted to reduce porosity of
the cataclasites and eventually restricted fluid connectivity such that creep by this mechanism
could not continue. Disorganized, non-foliated, rounded clast cataclasites were formed at shear
rates faster than solution creep and are interpreted as representing shear at intermediate strain
rates. These could have formed during afterslip or delocalization of slip associated with an earthquake
rupture.
Supplementary material: Detailed map of Pasagshak Peninsula is available at http://www.
geolsoc.org.uk/SUP18493.

Subduction plate boundaries display a variety of slip
rates on the plate-boundary fault at seismogenic
depths, ranging from fast slip during earthquakes
(of the order of 1 m s21) to plate-boundary slip
rates (of the order of millimetres or centimetres per
year or less: Schwartz & Rokosky 2007). Intermediate slip rates are observed during afterslip following an earthquake, or during independent slow slip
events (Schwartz & Rokosky 2007). The recognition
of the geological signature of these different strain
rates in exhumed faults has presented a challenge
(Sibson 1989). This is partly due to the fact that,
in contrast to the implication of boundaries drawn
on traditional ‘deformation mechanism maps’ (e.g.
Rutter 1986), strain at most pressure–temperature–
rate (P–T–rate) conditions is accommodated by
multiple mechanisms simultaneously (Hirth &
Tullis 1992). Therefore, the resultant deformation
fabrics are determined by the interaction of multiple
processes, and not characteristic of a single deformation mechanism. By comparison with experiment,
it is possible to relate some observed fault rock

fabrics with the transitions in dominance between
various deformation mechanisms, whose activities
depend differently on temperature and strain rate
(Hirth & Tullis 1992; Niemeijer et al. 2010).
The apparent correlation between the limits of
the seismogenic zone and approximate thermal
limits (c. 150–350 8C: Oleskevich et al. 1999;
Peacock & Wang 1999) enables us to constrain the
deformation mechanisms that may be active in
rocks at the appropriate mineralogy, depth and temperature where variable slip rates are accommodated.
Seismic slip (c. 1 m s21) causes frictional heating,
and is therefore most easily recognized by the presence of frictional melt (preserved as pseudotachylyte:
Sibson 1975; Cowan 1999). Slow strain in the same
depth interval (seismogenic zone) is accommodated
by a combination of solution creep and granular
flow (Rutter & Elliott 1976; Tullis & Yund 1987;
Ring & Brandon 1999). While accommodating slip,
these processes also contribute to interseismic fault
healing (Bos et al. 2000; Keulen et al. 2008; Niemeijer et al. 2010). A third category of deformation at
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Fig. 1. Study location. (a) Inset map shows the location of Kodiak Island relative to the coast of North America. (b)
Pasagshak Bay, Kodiak Island. Coastline modified from Google Earth. Topographical contours from USGS 30 m quads
(Alaska). Felsic intrusive contacts from Farris et al. (2006). Pasagshak Point is 45 km from the city of Kodiak on
the Narrow Cape Road. (c) Geological map of Pasagshak Point. Coastline from Digitalglobe (Longmont, CO),
topographical contours from USGS 30 m quads (Alaska), showing locations of detailed outcrop studies (Waypoints
BLKSTF, 009, 014, 015 and 016). Line segments (a)–(d) show the location of the cross-section. Potential means of
access are shown; only the trail in the NE is safe in all conditions; the whole field area is unsafe at high tides or in
inclement weather or high swell. For all stereonets, the black dashed plane is the mean cataclastic foliation (fol) with the
mean pole shown as a solid diamond with the 95% confidence range shown by dashed black ellipses. Solid dots are
slickenlines on cataclastic shear surfaces. The solid black plane is the separation arc (sep) established by folds of
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intermediate strain rates includes intermediate slip
rates on thin surfaces, as well as fast slip, distributed
over greater thicknesses of fault rock. Some examples include slow slip events, post-seismic slip and
intervals of low propagation velocity or low moment
release during large earthquakes.
Numerous field studies have reported textural
evidence of stress cycling in exhumed faults, and
have related these to the seismic cycle (e.g. Power
& Tullis 1989; Meneghini & Moore 2007; Nüchter
& Stöckhert 2007; Birtel & Stöckhert 2008; Smith
et al. 2008 among others). These studies equate
hydrofracture, brecciation and rapid fracture propagation with seismic events and pressure solution, or
crack healing, to the interseismic interval (e.g.
Gratier et al. 2002). However, in the absence of conclusive evidence of fast slip (frictional melt: Cowan
1999), these stress cycles can only be inferred to
record the seismic cycle.
An early Tertiary plate-boundary subduction
thrust exposed at Pasagshak Point, Kodiak Island,
Alaska, displays a sequence of contrasting styles
of cataclasite that are mutually cross-cutting with
a frictional melt-bearing ultrafine-grained black
fault rock (BFR) (pseudotachylyte: Rowe et al.
2005; Meneghini et al. 2010). Comparison with
recent experiments allows us to examine the changes
in strain rate represented by the different cataclasite
textures. Meneghini et al. (2010) presented detailed
microstructural and geochemical data describing the
BFRs and our interpretation of their seismic origins.
This contribution places the seismic and aseismic
fault rock textures in the context of the seismic
cycle on the palaeo-plate boundary of the Pasagshak
Point Thrust.

a décollement zone is similar to that observed in the
mélange in the Shimanto Belt, Japan (Ujiie 2002).
The structurally lower part of the formation
is composed of blocks of coherent bedded turbidites and sandstones separated by bands of highly
disrupted strata (Byrne 1982, 1984). The section
varies from massive sandstone beds associated
with sand-dominant turbidite sections, to massive
argillite units and argillite-dominant turbidite sections. Greenstones occur as pillow basalts with
hyaloclastite and local interstitial limestone or as
hyaloclastite lenses lying along bedding. Shear
bands and local small-offset faults are prevalent in
massive sandstones, suggesting early-stage distributed deformation (Byrne 1982; Fisher & Byrne 1987;
DiTullio & Byrne 1990). Prehnite and pumpellyite
in the greenstones are the only metamorphic indicator minerals found in the formation (Moore
1969; Byrne 1982).
Pasagshak Point is a strike-parallel peninsula at
the structural base of the formation (Fig. 1; see
also Supplementary publication fig. SUP18493).
The mélange consists of up to 100 m blocks of
sandstone and argillite in an argillaceous matrix
and is cross-cut by narrow (7–31 m) cataclastic
shear zones that contain pseudotachylyte-bearing
ultrafine-grained black fault rocks (Rowe et al.
2005; Meneghini et al. 2010). The SE coast of the
peninsula offers an approximately 3.5 km strikeparallel cross-section, including nearly 1 km of dipparallel section (Fig. 1c, d). These fault strands were
identified as a palaeo-subduction thrust by previous
workers (Byrne 1984; Rowe et al. 2005; Rowe
2007; Meneghini et al. 2009), and are collectively
referred to as the Pasaghak Point Thrust.

Geological setting

Temperature during fault activity

The Kodiak complex is composed of discrete units
of deep-marine sedimentary and igneous rock, which
were deposited and accreted to North America
during Mesozoic–Cenozoic subduction, and contiguous with the modern active forearc wedge (Moore
1969; Connelly 1978; Plafker et al. 1994). The
Ghost Rocks Formation was deposited on a subducting ridge flank in the latest Cretaceous–earliest
Paleocene (Byrne 1982, 1984; Haeussler et al.
2003; Farris et al. 2006). The structural base is a
mélange zone along which Eocene marine sediments
were thrust under the Ghost Rocks Formation (Moore
1969) (Fig. 1b). Shear localization toward the base of

Fluid-inclusion thermobarometry suggests fluid
temperatures during subduction-related quartz vein
precipitation of 240–260 + 20 8C at depths of
12 –14 km (Vrolijk et al. 1988; Rowe 2007).
However, the thermal history of the wall rocks has
not previously been determined. Vitrinite reflection
of six samples of argillite taken from the formational
mélange adjacent to the cataclasite zones was
measured by J. Hower at the University of Kentucky
Center for Applied Energy Research (CAER).
Samples from the cataclasites also contained vitrinite particles but they were too small to analyse.
The vitrinite reflectance data (Fig. 2) yield a mean

Fig. 1. (Continued) opposite asymmetries (Hansen 1971) and S–C fabrics in cataclasites, with the bold segment
representing the range of possible slip. The black triangle shows the mean flow axis of sheath folds within the BFR with
95% confidence ellipses. (d) Structural section of the Pasagshak Point Thrust. The thickness of the units varies
along strike.
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value of %Ro ¼ 4.9 + 0.9. Using the relationship of
Ohmori et al. (1997), as determined for similar
rocks in SW Japan, and applying the model of
Sweeney & Burnham (1990), the approximate
temperature indicated by the vitrinite reflectance
values is calculated as 250 + 10 8C (Fig. 2). This
is equivalent to the fluid-inclusion trapping temperatures and is consistent with metamorphic minerals observed in metavolcanic rocks of the Ghost
Rocks mélange (pumpellyite reported by Vrolijk
1987), and represents the maximum temperatures
experienced by the formation. This temperature
places the depth of fault activity well within the seismogenic zone of analogous modern faults (Moore
et al. 2007).

Cataclasites in the Pasagshak Point Thrust
We identified four anastomosing brittle shear zones
cross-cutting the mélange (shown as cataclasite in
Fig. 1) within a structural thickness of less than
1 km. At several outcrops it is possible to measure
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Fig. 2. Vitrinite reflectance data for six samples of
argillitic mélange (host rock to the cataclasites). The
number of measurements is shown on the vertical axis.
Results are binned in intervals of D%Ro ¼ 0.6. The mean
%Ro value in each bin is used to calculate estimated
maximum temperature based on the relationship from
Ohmori et al. (1997). Estimated temperatures are shown
at the top of each bar.

the cataclasites zones, which are 7–31 m thick
(Table 1; see also Supplementary publication fig.
SUP18493), similar to the 31 m-thick décollement
at the toe of the Barbados accretionary prism
(Maltman et al. 1997). The cataclasite units are
interpreted as fault strands that accommodated
higher strain than the surrounding mélange due to
the total destruction of the original bedding and
transposition or destruction of previous mélange
fabrics. Ultrafine-grained black fault rocks (BFRs)
lie in well-defined faults cross-cutting the cataclasite, and are found as recycled clasts within the cataclasite (Rowe et al. 2005). The shear surfaces and
shear-sense indicators are parallel in the mélange,
cataclasites and BFR faults (Fig. 3), but the cataclasites and BFRs consistently cross-cut the mélange
and mutually cross-cut each other. Therefore, the
BFR–cataclasite fault strands are interpreted as localized surfaces of late-stage slip along the palaeosubduction thrust.
The cataclasites contain clasts of sandstone,
argillite and ultrafine-grained black fault rock in
a matrix of comminuted sandstone and argillite.
Clast abundance and strength of matrix foliation
vary in the cataclasites. Two field classes of cataclasites were identified: foliated (Fig. 4a, b, d–f),
which are either clast or matrix-rich; and nonfoliated, matrix-supported (Fig. 5a, b, d– f). The
coarsest clasts are up to about 15 cm (Figs 4a &
5b) and typical clasts are 1–3 cm (Figs 4b & 5a).
These are three orders of magnitude smaller than
the sandstone fragments in the host mélange. Clast
size and abundance in the cataclasite is related to
the original sandstone:argillite ratio of the parent
lithology, the degree of disruption and the specific
deformation mechanisms dominantly responsible
for the fabric. These descriptions represent end
members of a continuum of textures.
Clast-rich foliated cataclasites contain the most
continuous bedding fragments, although bedding is
dismembered and the original orientation is indistinguishable (Figs 4a & 6a). The overall proportion of
sandstone–siltstone clasts is 0–70% of outcrop
surface area. The foliation is defined by wavy-planar
surfaces of aligned clasts and argillitic matrix cleavage, with local tight folds whose axial plane is at a
low angle to foliation. Small asymmetric folds, clast
asymmetry and imbricated fabrics indicate shear
sense (top to SE: Figs 1 & 3). Folds are only local,
with axial traces from tens of centimetres up to
1 m at most.
Matrix-rich foliated cataclasites have a narrow
range of clast size and frequency. The fabric in
these units is dominated by planar to gently anastomosing phyllosilicate cleavage and the alignment of
the sandstone clasts, which are elongate and locally
similar in size (Fig. 4b, d– f). A few exposures have
argillitic cataclasites that are nearly devoid of
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Table 1. Cataclasite zones in Pasagshak Point Thrust
Thickness (m)

Location

BFR present?

10

BLKSTF

Yes

≥7

WPT009

Yes

14

WPT014

Yes

≥25

WPT015
(non-foliated)

Yes (clasts)
– Figure 5a & c

16

WPT015
(foliated)

Yes – Figure 7

14

WPT016

Yes

31

06P2

No

Notes
Two through-going layers of aphanitic BFR with
foliated, greenstone-bearing cataclasite between
them and foliated argillaceous cataclasite below
Strongly planar foliated cataclasite with increasing
fabric intensity towards the top where the
aphanitic BFR layer injects into cracks in the
sandstone hanging wall
Strongly foliated cataclasite with abundant small
sandstone clasts and some bands of dominantly
argillaceous cataclasites. Through-going BFR
layer and injections up-section into the
cataclasite, and isolated whisps and swirls of
BFR in the cataclasite
Thick homogeneous layer of massive, non-foliated
cataclasite. The upper contact is sharp against the
sandstone mélange; the lower contact is a
BFR-bearing fault against foliated cataclasite
Foliated coarse cataclasite with a high proportion of
sandstone clasts and local zones of asymmetric
folds. A thick BFR layer separates the top of the
cataclasite from the sandstone hanging wall
Foliated cataclasite with gradational bands of finer
and coarser clasts, abundant clasts of BFR
Thick foliated argillaceous cataclasite

Poles to C-surfaces in foliated cataclasite; n = 70 (mean:

)

Mean C-surface in foliated cataclasite (241/21N)
Slip vector calculated as normal to S/C intersections in foliated cataclasite
Axis of asymmetric fold in cataclasite; arrow indicates sense of asymmetry; n = 9
Base of gently undulating BFR layer; n = 7; with lineations on layer; n = 2 (

)

Fig. 3. Consistency of orientation of cataclastic and BFR fabrics, an example from WPT009. Note the fit of the slip
vectors indicated by cataclasite and by BFR.
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Fig. 4. Textures of foliated cataclasites. Field photographs are contrast enhanced. (a) Clast-rich foliated cataclasite
with intense local folding. The pencil given for scale is 15 cm. WPT015. (b) Clast-poor foliated cataclasite. Clast size
is homogenous; shear fabric is planar. Clasts are angular sandstone fragments with their long axes aligned parallel to
shear fabric. The rock hammer given for scale is 45 cm. WPT009. (c) Example of experimentally deformed artificial
halite–muscovite gouge (total displacement 30 mm; displacement rate 0.3 mm s21). Photomicrograph provided by
André Niemeijer. Inset shows a grain map of the whole image used for aspect ratio and orientation data (Fig. 6). (d)
Photomicrograph (cross-polarized light) of matrix-rich foliated catacasite. Sandstone fragments are boudinaged by
intergranular slip on the grain scale. Inset interpretive sketch shows wavy foliation surfaces and microfaults cutting
sandstone fragments. (e) Plane-polarized light (PPL) and (f) cross-polarized light (XPL): fabric of foliated
matrix-rich cataclasites. Slip surfaces (C-surfaces) are parallel to the long axis of the photographs. Solution surfaces (S)
are inclined at 308 (black arrows point to solution surfaces). In PPL (e), note the long axes of the quartz grains
established by quartz overgrowth parallel to S-surfaces (white arrows indicate grains with well-developed overgrowths).
Inset shows a grain map of the whole image used for aspect ratio and orientation data (Fig. 6). In XPL (f), the long axes
of the birefringent illite grains follow the S-surfaces and the shear surfaces (C) are extinct.
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Fig. 5. Textures of non-foliated cataclasites. Field photographs are contrast enhanced. (a) Non-foliated cataclasite at
WPT015. Clasts are composed of sandstone (white arrows) or BFR (black arrows). No matrix foliation is present. The
diameter of the pen is approximately 1 cm. (b) Delicate sandstone paired delta-clasts indicate top-to-the-SE rotation
within non-foliated cataclasite at WPT015. The pencil is 15 cm. (c) Example of experimentally deformed artificial
halite–muscovite gouge (total displacement 30 mm; displacement rate 13 mm s21). Photomicrograph provided by
André Niemeijer. Inset shows grain tracing of the whole image used for determination of axial ratio and orientation of
grains. (d) Sandstone fragments in argillitic matrix, cross-polarized light. Concentric wrapping of fabric around clasts
indicates clast rotation relative to the matrix. Mechanisms of clast evolution include microfaults (centre) and relative
slip of individual sand grains to form clast tails along wrapped foliation (above centre clast). Inset shows a grain map of
the whole image used for aspect ratio and orientation data (Fig. 6), with grey lines showing matrix fabric orientation. (e)
Plane-polarized light (PPL) and (f) cross-polarized light (XPL): rounded sandstone fragment with spirals of argillitic
matrix encapsulated within it (similar morphology to a snowball garnet). Boudinaged sandstone fragments just below
the round clast suggest stretching parallel to the clast boundary. Bright orange-brown interference colours of chlorite (f)
show the alignment of matrix phyllosilicates parallel to the clast boundary, showing matrix wrapping around the
rounded clast.
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sandstone clasts, but may contain thin stringers of
greenstone. The planar cleavage tends to be very
close to parallel with the cross-cutting surfaces of
the BFR (Meneghini et al. 2010).
Figure 4d –f shows the microstructure of the foliated cataclasite on the grain scale. In Figure 4d,
small sandstone clasts have been extended by grainscale shears. Matrix fabric is formed by anastomosing wavy dark solution seams. At the micro-scale,
the fabrics are qualitatively similar to those seen at
outcrop scale. Figure 4e, f shows well-organized
S–C fabrics on the grain scale. Individual sand
grains are flattened along dark solution surfaces
parallel to S (black arrows in Fig. 4e) and elongated
by quartz overgrowths forming points on the
ends (white arrows in Fig. 4e). C-surfaces appear
as sharp, dark surfaces that cut off the edges of
some grains.
Non-foliated cataclasite is matrix-supported
with weak or no matrix cleavage and well-mixed
textures (Figs 5a, b & 6b). The presence of very delicate structural features and the inclusion of clasts
of pseudotachylyte-bearing fault rock require that
the structures and fabric are tectonic in origin.
These structures include complex clast tails
(Fig. 5b) and very long and thin, delicately folded
sandstone bedding fragments. Clasts of BFR that
have been brittly deformed are ubiquitous (Figs 5d
& 6b). Massive cataclasite is only observed in one
of the four cataclastic fault strands (WPT015; red
in Fig. 1), where it forms a unique section at least
25 m thick.
On the micro-scale, the textures are very similar
to those observed at outcrop scale. Self-similarity
is a well-established characteristic of fault rocks
(Sammis et al. 1986; Hippertt 1999; Heilbronner
& Keulen 2006). Figure 5d shows an approximately
2 mm siltstone clast that is cut by a microfault. The
smaller clasts and matrix fabric are aligned concentric to the 2 mm grain. The smaller clasts of
sandstone show elongation by oblique microfaults,
similar to the elongate grains in the foliated cataclasites. In Figure 5e, small extensional faults cut a thin
stringer of sandstone that is wrapped around another
very rounded clast. In cross-polarized light (Fig. 5f)
it is possible to see the chlorite and illite grains that
are also concentric to the larger rounded clast.
In all of the cataclasites, the quartz and feldspar
grains and the sandstone fragments (collectively:
framework grains) are cut by microfractures (e.g.
Fig. 5d). The visible phyllosilicate grains in the
matrix are chlorite and illite (collectively: phyllosilicate grains), which are locally well-aligned.
In the foliated cataclasites, the framework grains
are similarly shaped and oriented at all scales of
observation. Individual grains are flattened or cut
off along zone-parallel shear surfaces and elongated
along inclined surfaces, parallel to the orientation

of matrix phyllosilicates. The mechanisms of grain
elongation include microfaulting on the scale of
sandstone clasts (e.g. Fig. 4d), and quartz overgrowth on the scale of individual monomineralic
sand grains (e.g. Fig. 4e). The strong alignment of
framework and phyllosilicate grains observed at
the micro-scale is consistent with the orientation
and mechanism of evolution of macroscopic clasts.
The argillitic matrix evolved by solution creep and
frictional sliding. Within it, the sandstone fragments
were modified by pressure solution and cataclastic
flow. These well-aligned clasts and matrix foliation
bestow the strong parting to the rock encountered on
the outcrop scale.
The non-foliated catclasites do not express a
planar alignment of grains. The phyllosilicates and
sandstone or siltstone clasts are locally aligned parallel to the boundaries of larger clasts, making a
concentric wrapping fabric. This variation in alignment results in a massive texture on the outcrop
scale, where a weak alignment of large clasts
points towards particle rotation with flow. There is
no parting foliation developed in the matrix.
Notably absent from the cataclasites are any
microtextures characteristic of crystal-plastic deformation mechanisms, such as subgrains, undulose
extinction, bulging or interfingering grain boundaries (Tullis & Yund 1987; Hirth & Tullis 1992;
Kruhl 1996). Only rare examples of these features
were observed within detrital grains, implying that
these microstructures were inherited.

Characterizing the textures
of the cataclasites
Grain aspect ratio and orientation were compared
between natural and experimental fault rocks across
multiple scales. In order to capture the dominant
grain populations, photographs were orientated
parallel to local shear direction and perpendicular
to local foliation, with outcrop-scale examples spanning several tens of cubic centimetres in areas
(Fig. 6a, b) and micro-scale examples on the scale
of several square millimetres. Photographs on
these scales contain enough clasts to generate
statistically relevant data, but are also locally compromised by shadows and variable surface weathering. These areas were manually isolated (light grey
areas in Fig. 6c, d). Commonly used methods of
digitally identifying clast boundaries produced
unsatisfactory results with these images owing to
the interference of shadows and overlapping colour
or grey-scale values between matrix and clasts.
Therefore, individual clast boundaries were traced
by hand and classified as sandstone/siltstone (dark
grey) or BFR (black) to produce Figure 6c, d.
The foliated cataclasite image contains 688 clasts
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Fig. 6. Clast aspect ratio and orientation for foliated v. non-foliated cataclasites. (a) Foliated cataclasite. (b)
Non-foliated cataclasite. (c) & (d) Clast maps of foliated cataclasite from image (a) and (b). The areas illustrated are the
same as the entire photographs (a) and (b). The light grey areas were not included in the clast count due to photograph
quality or irregular outcrop surface. The medium grey represents sandstone clasts. Black represents clasts of BFR. White
areas are the matrix. Maps were created manually using Adobe Illustrator to trace clasts in the photographs. (e) & (f)
Aspect ratio (e) and long axis orientation (f) of outcrop- and micro-scale images of foliated and non-foliated cataclasites,
and experimental textures produced by André Niemeijer and colleagues. Images used for clast counting are insets in
Figures 4c, e, 5c, d & 6c, d.

large enough to be counted (c. 2 mm) and the
non-foliated cataclasite image contains 950 countable grains. The grains were manually outlined in
petrographical images of experimentally produced
(Fig. 4c) and natural (Fig. 4e) foliated cataclasites,

and experimental (Fig. 5c) and natural (Fig. 5d) nonfoliated cataclasites. The size threshold for counting
grains in the experimental images is about 40 mm. In
the photomicrographs of the Pasagshak Point Thrust
rocks, the threshold is about 25 mm in the foliated
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rock and about 60 mm for the non-foliated rock. The
scales were individually determined for each image
to capture the characteristic grain size of the sample.
These images were then analysed using Grey Scale
Image Analysis for MATLAB (Bjørk 2006).
The significant textural characteristics that contribute to the outcrop classification of foliated
v. non-foliated cataclasites are clearly distinguished
by examining the aspect ratio (Fig. 6e) and orientation of clasts (Fig. 6f) in the two types. The
aspect ratios of clasts in the foliated samples indicate
26% roughly equant grains, while 72% of the grains
in the non-foliated samples are roughly equant
(where roughly equant is defined as 1 ≤ aspect
ratio ,2). The foliated cataclasite has a much
broader range in aspect ratio, with 30% of clasts
having aspect ratios greater than 3, while only 7%
of the clasts in non-foliated samples are so elongate.
The alignment of the long axes of clasts also
shows a significantly different pattern for the foliated v. non-foliated case. Seventy-five per cent of
the clasts in the foliated cataclasite are aligned
within the primary shear foliation or inclined at
less than 308 in an S-surface orientation (blue
curve in Fig. 6f). In contrast, only 41% of clasts in
the non-foliated cataclasite fall into this same
range around the shear foliation, while the long
axis orientation is spread broadly (orange curve in
Fig. 6f).

Formation and slip behaviour
of the cataclasites
The temperature and depth during deformation, and
the mineralogy are identical in the two types of cataclasites. However, distinctively different textures
are observed. Therefore, based on previously established deformation mechanism maps, the rheology
and deformation mechanisms active during strain
may be controlled by differences in strain rate
(Rutter & Elliott 1976; Rutter 1983). The action of
different deformation mechanisms, or the same set
of deformation mechanisms acting at different relative rates to accommodate the strain, may result in
different rock fabrics.
At 250 + 10 8C, solution creep (sometimes
called pressure solution) and cataclastic flow are
the dominant deformation mechanisms in quartzrich rocks (Rutter & Elliott 1976; Rutter 1983). Dislocation glide is so slow as to be effectively inactive
at temperatures of about 250 8C (Stöckhert et al.
1999). ‘Cataclastic flow’ can be further subdivided
into grain rolling, grain sliding and grain breakage
(Sibson 1977), all of which can occur at any
temperature if the strain rate or differential stress
is sufficiently high. Each of these mechanisms can
be expected to evolve the cataclasite texture in a

particular way, as demonstrated by a review of relevant experiments, see later.
The fabric of both types of cataclasites is
self-similar over several orders of magnitude, as
demonstrated by comparison of the outcrop- and
micro-scale photographs in Figures 4 and 5. This
is consistent with previous observations of subduction mélanges (Kusky & Bradley 1999) and shear
fabrics generally (Hippertt 1999). In our observations, the strong foliation in the matrix of the
foliated cataclasites at outcrop scale (Fig. 4a, b)
is caused by the strong alignment of individual phyllosilicate grains at the micro-scale (Fig. 4d –f). The
non-foliated cataclasites show weak planar or
clast-wrapping partings at outcrop scale (Fig. 5a,
b), which are again caused by the concentric alignment of phyllosilicate grains around the clasts
(Fig. 5d–f).
Pressure solution, driven by solubility gradients
within the rock and differential stress, causes phyllosilicate grains to grow or reorientate perpendicular
to the maximum principal stress – in this case,
causing strong alignment along surfaces (S),
which are normal to the principal stress (Fig. 4f).
The solution and precipitation of quartz flattens
grains in the S-plane, and precipitates grain tails in
the pressure shadows, elongating in the S-plane
(Fig. 4e). Any independent rotation of grains, relative to each other or the matrix, destroys this
aligned fabric.
In contrast, where cataclastic flow includes a significant component of rotation, this alignment will
be destroyed and local grain interactions will determine the orientation of phyllosilicates. This is
observed on the outcrop scale in Figure 5b, where
the partings in the matrix are concentric to the
boundaries of the large sandstone clast, and on the
micro-scopic scale in Figure 5f, where the birefringent grains of chlorite and illite wrap the grain
boundaries in a similar fashion. It is important to
note that solution creep may have been acting on
the grains, but the fabric disruption by cataclastic
flow dominated over the fabric development by
solution creep.

Analogue experiments
Shearing experiments, using two-mineral mixtures
(one soluble phase and one phyllosilicate phase),
offer an excellent analogue for sandstone/shale
rocks in fault zones. Microtextures characteristic
of solution –cataclasis interaction have been produced experimentally by fluctuating strain rates in
a wet muscovite–halite gouge (Bos et al. 2000;
Bos & Spiers 2001, 2002a, b; Niemeijer & Spiers
2005, 2006). These experiments have been successful in producing textures that replicate observations
of natural fault rocks (Bos & Spiers 2002a;
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Niemeijer & Spiers 2006) and exhibit frictionalviscous rheology (Bos et al. 2000).
At low rates of shearing, the muscovite–halite
gouges exhibited low-strength, velocity-strengthening behaviour (Bos & Spiers 2002a; Niemeijer
& Spiers 2006). At higher rates of shearing,
the gouges displayed low-strength and velocityweakening behaviour, and dilation of the samples
was observed (Kanagawa 2002; Niemeijer &
Spiers 2006; Niemeijer et al. 2010). Most tellingly,
the transition between the two behavioural regimes
(which was accompanied by high strength) was
controlled by slip rate. Niemeijer & Spiers (2006)
interpreted their observations as a balance between
compaction by solution creep and dilation by
cataclastic flow.
These experimentally produced fabrics replicate
the textures observed in the cataclasites of the
Pasagshak Point Thrust, where the fault rocks are
composed of phyllosilicates (illite + chlorite) and
framework grains (quartz + albite) that play
similar roles to the muscovite and halite, respectively, used in the experiments. By scaling the
strain rates to appropriate values for the mineralogy
and temperature of fault activity, one can examine
the transition between foliated and non-foliated
fabrics. The rate of solution creep in quartzose
rocks can be constrained by experiment. Gratier
et al. (1999) showed that strain rates of the order
of 10212 s21 were accommodated by solution transfer in quartz indenter experiments at 350 8C (at
the equivalent of about 12 km depth). However,
Anzalone et al. (2006) showed that mica–quartz
interactions could increase the rate at which this
process is effective by several orders of magnitude.
This is discussed further later.

Foliated cataclasites
The wet low-speed (,1 mm s21; approximate strain
rate of 1025 s21) experiments of Niemeijer & Spiers
(2005, 2006, e.g. samples ‘msc5’and ‘shs2’) produced a well-organized S– C fabric with elongated
halite clasts parallel to S-surfaces in a matrix of
finely banded muscovite and thin stringers of
halite (Fig. 4c, provided by André Niemeijer). The
fabric is defined by a strong grain-preferred orientation, parallel or at low angles to the shear plane
(accomplished by grain rotation during shearing)
and increasing aspect ratio of deformable clasts (in
this case, halite) owing to pressure solution. The
increased aspect ratio of the halite grains was
accomplished by solution and precipitation of the
halite in consistent orientations. This reshaping of
the halite grains, as well as rotation during shear,
contributed to the alignment of the fine-grained
muscovite–halite matrix. The experimental samples
show a foliation inclined at approximately 158
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(S-surface) to the shear surface (C-surface) (Bos &
Spiers 2001). Similar to mylonitic S–C fabrics,
the S-surfaces are parallel to the plane of flattening
(Moore 1978; Lister & Snoke 1984).
The foliated cataclasites in the Pasagshak Point
Thrust (Figs 4a, b & 6a) contain boudins and
elongated stringers of greywacke sandstones that
conform to S-orientations in a strongly foliated
matrix of sheared argillite. On the micro-scale, the
planar or gently anastomosing C-surfaces show evidence of pressure solution and shear (Fig. 4d –f).
Based on the similarity between the experimental
and natural fabrics and mechanisms, the foliated
cataclasites are interpreted to have formed by
a combination of processes at a strain rate that
can be accommodated by collaboration of grain
breakage and sliding, and pressure solution along
grain contacts. Solution creep contributes to grainscale alignment in the matrix, as well as the strong
preferred orientation of large clasts (Fig. 6e). Cataclasis also contributes to the elongation of large
(predominantly sandstone) clasts when tails on
clasts are extended by microfaulting during shear.
This can be observed in the angular pinch– swell
shapes of the sandstone clasts in the long axis direction. The low variability in the long-axis orientations (Fig. 6f) limits the possibility of clast
rotation.
These results suggest that the combination of
granular flow with pressure solution is important
for creating the foliated fabrics in the brittle realm
(e.g. Shimamoto 1989; Gratier et al. 1999). Thus,
the strain rate during formation of the foliated cataclasites can be constrained by the relation of fabric
style to the rate of slip and rate of pressure solution
(at known temperature –pressure conditions). The
pressure-solution analogy offers the only ratelimiting process we understand to have influenced
the evolution of these cataclasites.

Non-foliated cataclasites
An unsorted, unfoliated cataclastic texture was
formed by Niemeijer & Spiers (2005, 2006) in two
types of experiments: first, the dry run-in experiments at low speeds (,1 mm s21; their sample
‘msc5’); and, second, the wet high-speed experiments (5 and 13 mm s21, their samples ‘msc7’
and ‘msc8’; approximate strain rates of 4 × 1023
and 1022 s21, respectively). These samples had no
clear foliation in large grains or matrix and equant
grains. The only significant difference between the
two high-speed samples was the amount of dilation
that occurred, which was pronounced in both cases
and increased at higher speeds. Most tellingly,
slow, wet experiments that produced foliated
fabrics, such as those described above, could be
made to suddenly change to non-foliated equant
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fabrics by a sudden increase in strain rate (Bos &
Spiers 2001; Niemeijer & Spiers 2006).
The massive, non-foliated cataclasite (seen only
at WPT 015; Fig. 5) exhibits no sorting weak-clast
alignment (Fig. 6f), and a mixture of angular and
rounded, roughly equant clasts (Fig. 6e). The
matrix grains show no preferred orientation, and
tend to wrap clasts locally but form no planar
fabrics. These attributes are commonly found in
gouges from brittle faults, particularly those interpreted to have experienced fluidization (Lin 1996;
Monzawa & Otsuki 2003; Otsuki et al. 2003). The
experimental sample (Fig. 5c) does not look as
much like the natural samples (Fig. 5d–f) as in the
foliated case. This is probably a function of framework grain-size ranges and clast:matrix proportions,
both of which were set in the experiment by the
initial materials used. However, the key characteristics of the non-foliated fabric, that is, the grain
aspect ratios and wrapping alignment, are similar
between the natural and experimental examples
(Fig. 6e, f). We suggest that this non-foliated cataclasite formed by a similar mechanism to the experiments described above; that is, by cataclastic flow.
The experimental example offers two scenarios for
creating such textures; the common feature is that
the rate of solution creep does not meet the shear
strain rate. Niemeijer & Spiers (2006) achieved
this by running dry experiments, or by running
wet experiments at a higher strain rate than solution
creep could accommodate at local conditions. The
dominance of cataclastic flow as the deformation
mechanism results in grain rounding (by rolling
and fracturing) and dilation. This interpretation is
in accordance with Sibson (1977), who observed
that occasional seismic slip in a predominantly
plastic zone could be expected to form randomfabric fault rocks.

Solution creep and cataclasite fabric
In the Pasagshak Point Thrust, the foliated cataclasites clearly formed by a collaboration between
solution creep, which elongated and aligned both
large and matrix grains, and granular sliding,
without a significant rotation of grains. The nonfoliated cataclasite fabric formed by dilation,
grain rotation and breakage. We suggest that the
non-foliated cataclasites were produced at the
expense of the foliated cataclasite. As solutioncreep rate is limited by the diffusion rate of dissolved species through pore fluid, which is influenced by the connectedness of fluid networks in
the rock, two explanations are suggested by comparison to the experiments: (1) the rocks were
dry, and the lack of connected pore fluid inhibited
solution creep; or (2) the non-foliated cataclasite
was deformed at a rate faster than the maximum

allowable rate of solution creep under local
conditions.
We find it unlikely that the deformation occurred
in a dry fault for several reasons. First, water was
probably present in the system, as is estimated
from modern subduction thrusts at the pressure –
temperature conditions of the Pasagshak Point
Thrust (Jarrard 2003). Second, the non-foliated
cataclasite represents only one strand of a fault in
which the other strands are all foliated (solutioncreep-facilitated) cataclasites. The non-foliated
strand was not spatially or temporally isolated
from the other strands. Third, the dilation associated
with the cataclastic flow would draw formation
water into the slipping zone, facilitating solution
creep if the slip rate was sufficiently low. Therefore,
the best explanation is that the non-foliated cataclasite was created by a transient, localized (within a
25 m-thick fault zone) strain-rate increase, which
disrupted the foliated fabric, similar to the effects
observed by Niemeijer & Spiers (2006) when
increasing strain rate in their analogue experiments.

Ultrafine-grained black fault rocks (BFRs)
The pseudotachylyte-bearing ultrafine-grained black
fault rocks (BFRs) in the Pasagshak Point Thrust are
as diverse as the cataclasites (Rowe et al. 2005; Rowe
2007; Meneghini et al. 2010). BFRs were not
observed anywhere in the mélange; they are only
found in cataclasite zones. They occur in thick, vitreous planar layers within or along the edge of cataclasite fault strands, complexly flow-banded compound
layers (Fig. 7), and as matrix within the cataclasite,
and all are distinctively blue-black with a sparkly–
vitreous luster. Meneghini et al. (2010) gave a
thorough description of the chemistry and microstructures found in BFRs and a discussion of their
origins, briefly summarized here.
Aphanitic black fault rock is vitreous and chertlike in outcrop, usually occurring in tabular layers
with parallel partings (Rowe et al. 2005; Meneghini
et al. 2010). Grain-supported black fault rock has a
cataclastic texture dominated by clasts of aphanitic
BFR as well as individual mineral grains derived
from the sedimentary parent rock. The granular
texture is expressed on the weathered outcrop
surface as darker colour and matte luster (Fig. 7).
Clast-bearing black fault rock is a general term
for mixed clastic rocks with a significant matrix
component of black micron-scale grains, which
impart the characteristic black sooty luster. These
three types occur singly or in compound layers
(e.g. Fig. 7). The complex interbanding of different
types occurs in very thick layers, such as shown in
Figure 7, an outcrop photograph from WPT015
(see Fig. 1 for location.)
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Fig. 7. Thick composite layer of BFR at WPT015, and interpretive sketch of the photograph. The hanging wall is
deformed sandstone and the footwall is foliated cataclasite. Rounded sandstone clasts in cataclasite footwall are sharply
cross-cut by the base of the BFR layer (white arrows on the photograph). Black-headed arrow indicates the location of
cuspate– lobate folds. Dotted white line on the interpretive sketch divides event assemblages (two or fewer
BFR-forming events, both cross-cut by a sharp fault against the foot-wall cataclasite). The thickest part of the layer
(indicated by black arrowheads on the sketch) is approximately 30 cm. Upper composite layer thickness (interpreted as a
single event horizon) varies from 12.5 cm (south) to 20.4 cm (middle) to 19.5 cm (north) (shown by white double arrows
on the interpretive sketch).

Meneghini et al. (2010) showed that the aphanitic
BFR contains two distinct textures on the micronscale: crystalline textures, interpreted as pseudotachylyte; and microgranular, interpreted to have
formed by brittle grain fracturing. The intimate
flow banding of pseudotachylyte and microgranular
layers, often forming macroscopic folds (e.g. Fig. 7),
demonstrates that the cataclastic flow in the microgranular layers occurred on the same timescale (the
timescale of pseudotachylyte solidification: Rowe
et al. (2005)). The boundaries between pseudotachylyte and microgranular fault rock, as well as the
boundaries between BFR and cataclasite, were also
deformed by granular flow on these same timescales
(e.g. seismic to immediately post-seismic timescales) at rates of the order of cm s21 (Rowe et al.
2005; Brodsky et al. 2009; Meneghini et al. 2010).
As shown in the interpreted sketch (Fig. 7), the
approximately 30 cm layer contains only one

internal cross-cutting surface that is through-going
(white dotted line). The volumes between the crosscutting surface and the edges of the layer are internally coherently deformed, with the multiple layers
of different BFR types folding or pinching and swelling together. This outcrop therefore contains a
maximum of two active layers (or event layers).
For the purposes of the analysis below, we will
therefore use 30 cm as the maximum thickness of
the slip surface during earthquake slip. The presence
of the pseudotachylyte-bearing fault rocks demonstrate that multiple earthquakes occurred on the
Pasagshak Point Thrust, and the recycled, comminuted clasts of BFR found in cataclasites demonstrate
that interseismic deformation was also localized on
the thrust surface. Below, we compare the strainrate constraints given by the field observations to
variable slip rates observed on modern plateboundary faults.
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Seismic cycle and strain rates
The relationship between the cataclasites and the
BFRs is a good indication of relative deformation
rate, as it demonstrates that the long-term evolution
of the cataclasites is punctuated by seismic events
that form cross-cutting structures. This repetition
of deformation rates and mechanisms interpreted
from the rock textures invokes an obvious parallel
to the seismic cycle. Of the documented deformation mechanisms in the Pasagshak Point Thrust,
two are clearly rate-limiting: solution creep and frictional melting. We have argued above that dilational
granular flow, at least in this case, can be considered
rate-distinct in that it represents strain rates exceeding the rate of solution creep at local conditions.

Comparison to slip rates on modern faults
Strain rate along the subduction thrust (ġ) is
given by:

ġ = u̇/h
where u̇ is the slip rate on the subduction thrust and
h is the thickness of the deforming zone. Although it
is likely that some component of plate convergence
rates are accommodated by distributed plastic deformation off the plate-boundary fault, we will explore
the case where seismic slip, intermediate rate slip
(such as slow slip events or post-seismic slip) and
the majority of interseismic creep occur on the
plate-boundary thrust. Our measurements of the cataclasite zones in the Pasagshak Point Thrust give
observations for the thickness of the deforming
zone (h) at seismogenic depths of 7–31 m. Estimates of u̇ can be derived from observations of
modern convergence rates on similar subduction
zones (e.g. Nankai Trough 40 mm year21; Cascadia
40–45 mm year21; South Alaska 65 mm year21;
Chile 84 mm year21: Oleskevich et al. 1999).
These slip rates correspond to a strain rate of the
order of around 10212 s21 for a subduction thrust
surface about 20 m thick (Fig. 8). As these modern
examples of long-term slip rate include the contribution of seismic slip, we consider this an upper
bound on the interseismic strain rate.
The rate of solution creep in sedimentary rocks
is limited by a number of factors, most importantly
by the diffusion rate of dissolved ions through an
interconnected fluid phase (e.g. Farver & Yund
1999; Renard et al. 2000). Geological studies have
suggested that the maximum strain rate accommodated by solution creep in quartz rocks is about
10212 s21 (Gueydan et al. 2005; Mamtani 2010).
However, the interaction of quartz or feldspar with
phyllosilicates has been shown to accelerate pressure
solution of the tectosilicate (e.g. Renard et al. 1997)

by up to 5 times (Hickman & Evans 1995) or more
(Anzalone et al. 2006). Shimizu (1995) calculated
rates of solution creep of the order of approximately
1028 –10211 s21 for subducting sediments at
250 8C, and van Noort et al. (2008) observed
1027.8 s21 in compaction experiments at 300 8C. It
is important to note that geological strain rates may
certainly fall below the maximum rate allowed by
the deformation mechanism, as in the geochronologically constrained 10213 –10214 s21 measured by
Stöckhert et al. (1999) in quartz– muscovite rocks
at 300 8C.
Therefore, in theory, common tectonic plate
rates of the order of 40 –80 mm year21 could probably be fully accommodated by solution creep in
argillitic cataclasites within a zone 7 –31 m thick
at strain rates of around 10210 s21 (‘Foliated cataclasites’, Fig. 8), even in the conservative case that
neglects deformation of the encompassing mélange
or partitioning of slip into seismic events. In practice, the slip rate accommodated by solution creep
must be lower than the long-term plate rate at
most subduction margins where some or all of the
slip takes place during earthquakes. Therefore, it
is likely that solution creep is most efficient when
permeability of the fault rocks is high (e.g. postseismically), but as it acts to compact the rocks, it
effectively restricts the movement of dissolved
cations and reduces the rate of creep. In fact, this
healing and shut-off of solution creep is a prerequisite for storing elastic strain in the plate boundary. The porosity of our cataclasite samples is
4.5 + 0.6% (four repeat measurements for each of
eight diverse samples representing all the mapped
cataclasites: Brodsky et al. 2009). The narrow
range of measured porosities suggests that this
value may represent a threshold porosity where solution creep becomes inactive.
Intermediate strain rates on plate-boundary
faults occur during afterslip, slow slip events and,
possibly, during seismic slip when the slip surface
expands in thickness (locally and temporarily).
Slow slip events, where well located, appear to
occur in conditionally stable regions of the décollement, deeper than the locked zone (25–45 km
depth: Rogers & Dragert 2003; Shelly et al. 2006),
shallower, towards the toe, (Obana & Kodaira
2009), or in patches within the seismogenic zone
(Perfettini et al. 2010). We therefore consider afterslip and slow slip events, whether or not they are
associated with a normal earthquake, as possible
intermediate strain-rate episodes.
Afterslip refers to a period of slip exceeding the
plate rate, lasting months or years after a large earthquake, and often reaching near equal total slip to the
coseismic slip. In some cases, afterslip has been
shown to occur on segments near the main rupture,
thereby ‘catching up’ on total slip for adjacent,
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Fig. 8. Slip rate v. strain rate for different fault thicknesses. Slip rates corresponding to plate rate creep, afterslip, slow
earthquake and seismic slip are shown in green boxes. Tinted boxes show theoretical, experimental or geochronological
limits on strain rates accommodated by different mechanisms at relevant temperatures. The red box shows the upper
limit in strain rate for dissolution creep in quartz rocks at 350 8C as measured geochronologically (Stöckhert et al. 1999).
At 250 8C, we found no reports of diagnostic textures indicating dislocation creep in quartz-rich rocks. The orange box
shows the strain-rate limit for solution creep calculated from natural strain in quartz-rich rocks (Gueydan et al. 2005;
Mamtani 2010). The yellow box shows the calculated limit of solution creep for subducting sediments at 250 8C
(Shimizu 1995). Curves represent the slip rate –strain rate curve for various fault thicknesses. The range of cataclasite
zone thicknesses at the Pasagshak Point Thrust is shown as a thick blue line. The interpreted position of foliated
cataclasites (solution-creep-dominant), non-foliated cataclasites (faster than solution creep) and BFR (seismic)
are indicated.

up- or down-dip segments (e.g. Chen et al. 2007;
Iinuma et al. 2008). However, in many cases, geodetic observations are best matched by slip on the
coseismic rupture surface. Hutton et al. (2001)
showed approximately 3.5 m of slip in a 4 year
period following the 1995 Mw 8.8 Colima– Jalisco
earthquake (equivalent to 875 mm year21), Cheloni
et al. (2010) showed 25 cm of slip in 60 days
following the 2008 Mw 6.3 L’Aquila earthquake
(equivalent to 1520 mm year21) and Harsh (1982)
measured 5–20 mm day21 (equivalent to 1826 –
7305 mm year21) after the 1979 Mw 6.5 Imperial
Valley earthquake. In all cases, the afterslip rates
declined from peaks immediately after the event,
so these rates are a minimum estimate of peak afterslip rates. These slip rates, imposed on the 7–
31 m-thick fault surfaces that we have measured,
correspond to strain rates of the order of 1028 –
1027 s21 (‘Non-foliated cataclasite’, Fig. 8). These

slip rates could be accommodated by solution
creep if the deforming thickness was much greater,
and therefore the strain rate lower (.1 km, Fig. 8),
but geodetic observations in modern plate boundaries are better matched by slip along a narrow
fault zone (Harsh 1982; Hutton et al. 2001;
Cheloni et al. 2010).
There are examples of slow slip events as precursors to, or adjacent to, rupture areas of great subduction thrust earthquakes. These slip events are
observed geodetically as they do not produce a
seismic signal. Linde & Sacks (2002) reported foreslip at 15 cm h21 culminating in the Tonankai earthquake of 1944 (c. 1 × 106 mm year21; Fig. 8). In the
northern part of the rupture zone of the great
Sumatra–Andaman earthquake of 2004, Singh
et al. (2006) used tidal gauges to determine that
approximately 3 m of slip occurred coseismically
(during the timescale of the rupture front passing),

92

C. D. ROWE ET AL.

followed by roughly a further 2 m of slip over about
30 min. This translates to a slip rate of 4 m h21 for
the 30 min interval (3.5 × 107 mm year21, Fig. 8).

Ranges of intermediate strain rates
An important question is whether the textures in the
non-foliated cataclasites can be considered diagnostic of intermediate shear strain rates. It is clear that
the textures represent granular flow as the dominant
deformation mechanism, and experiments have
shown that the transition from viscous deformation
to granular flow is associated with weakening.
Therefore, it is likely that this transition is associated with, or resulted from, acceleration of slip.
However, if the rate of solution creep is depressed
by low temperature or lack of available fluid
media for solute transport, or if the permeability in
the rock is too low to allow fluids to migrate into
the deforming zone, granular flow could dominate
the rock textures at slower strain rates.
The absence of evidence for solution creep
places a lower bound on the strain rate of formation
of the non-foliated cataclasites, but what is the upper
bound? Brodsky et al. (2009) examined an injection
feature in the Pasagshak Point Thrust wherein
seismic fault rock (BFR) injected into the host
cataclasite, disrupting the fabric, which accommodated the injection by granular flow. They determined the rate of injection to have been of the
order of 10 cm s21. Furthermore, they showed
that the BFR produced during seismic slip injected
the wall rock in the 10–100 s following peak slip.
During a seismic rupture, the strain rate might be
effectively decreased by delocalization of the slip
surface, either in localized ‘soft’ patches or during
deceleration following the passage of the rupture
front. Textures formed during slip at these strain
rates (10 cm s21 as suggested by Singh et al.
(2006) over 7 –31 m-thick slip zone results in
c. 1023 s21) might also show evidence of granular
flow and dilation, similar to the texture of the
non-foliated cataclasite.
The great Sumatra earthquake of 2004 offers an
interesting example of variations in rupture propagation and slip speed during a large earthquake.
The earthquake propagated from Sumatra northwards towards the Andaman Islands, apparently
then hit some geological barrier and slowed
towards the north such that most of the slip there
was essentially aseismic (Singh et al. 2006).
Although Gahalaut et al. (2010) argued convincingly that the area of slow slip was well correlated
to the region where the 908E ridge is subducting,
they do not offer a mechanism by which this
change in the subducting plate character should
cause rupture and result in slip rates decreasing in

the affected area. Rupture and slip speeds also
decrease in areas with partially consolidated sediments in the plate interface owing to the lower rigidity in the sediments (Polet & Kanamori 2000). This
lower rigidity is a result of the granular materials’
capacity to loose strength during perturbation
(Moukarzel 1998), an attribute probably shared
with some granular fault rocks (including the Pasagshak Point Thrust non-foliated cataclasite).
Fault rocks like the Pasagshak Point Thrust nonfoliated cataclasite are not as well known as the
more abundant S– C cataclasites and mélanges previously described in subduction thrusts. The slip
conditions in which they form represent a small
portion of the total strain occurring over the
seismic cycle (in time and/or volume), so they are
probably volumetrically rare relative to the total
scale of deformation. Like pseudotachylytes, they
are easily destroyed by small amounts of solution
creep (Sibson & Toy 2007; Bjørnerud 2010) and
are unlikely to be preserved.

Conclusion
The Pasagshak Point Thrust contains fault rocks that
distinctly record three general rates of slip on the
palaeo-plate-boundary fault: seismic slip, recorded
by pseudotachyte-bearing, ultrafine-grained BFRs;
solution creep on discrete foliated cataclasites,
representing interseismic creep; and an intermediate
strain-rate texture in non-foliated cataclasites. This
intermediate strain rate could represent anything
from afterslip at 10 times the plate rate, and faster
than solution creep at these P–T conditions, to
slow slip events, to a delocalization of the shear
surface during or immediately after seismic slip.
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