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[1] We examine exhumed seismogenic faults to investigate the mechanisms that may
have achieved dynamic fault weakening during ancient ruptures. Field and microscope
observations imply more than one weakening mechanism must have been active during
slip events on the faults. Pseudotachylytes that are continuous over the scale of field
exposures are indicative of melt lubrication. A fault breccia crosscutting earlier formed
cataclasites was mobilized during faulting and possibly represents a pressurized fault rock
that resulted from thermal pressurization or elastohydrodynamic lubrication. In some
faults, pseudotachylytes are developed in patches several meters long. Cataclasites in
which there is no evidence for melting are present immediately along strike from the
pseudotachylyte patches. By considering the energy required for melting, we show that the
pseudotachylytes must have formed during ruptures larger than the patches, implying
that the cataclasites also accommodated seismic slip. The distribution of fault rock types
shows that the frictional response to slip during a single event was spatially variable.
Reworked pseudotachylytes also indicate that coseismic processes change over time at a
point on a fault. These observations emphasize that macroscopic dynamic fault
weakening is a function of multiple coeval processes at microscales to mesoscales.
Detailed observations of the discontinuous pseudotachylytes show that slip zone thickness
is the critical parameter that controls active coseismic processes. The frictional response
of a fault to slip is therefore dependent on the internal structure of faults; given the
along-strike heterogeneity of most mapped fault zones, the coexistence of multiple

slip weakening mechanisms in a single earthquake will be common.
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1. Introduction

[2] Earthquake rupture propagation is controlled by the
rheological response of the slip zone to coseismic slip. Fault
instability requires the strength of a fault to decrease more
rapidly than the release of tectonic stresses, implying that
faults weaken as slip progresses (see reviews by Rice and
Cocco [2007] and Cocco and Tinti [2008]). The classic slip
weakening model describes the change in strength of a fault
from an initial static value, 7,, to a steady state dynamic
value, 7¢ (often associated with the frictional sliding resis-
tance [Cocco and Tinti, 2008]), following rupture initiation
when the yield stress, 7y, of a fault is exceeded [e.g., Ida,
1972; Andrews, 1976]. The rate at which the reduction in
strength occurs is characterized by the slip weakening
distance D, which is the amount of slip required to achieve
T¢. The manner in which the frictional strength of a fault
changes is inherently related to stress drop, slip magnitude
and slip velocity through the slip weakening model, and is
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of fundamental importance to energy partitioning during an
earthquake [Kanamori and Rivera, 2006; Cocco and Tinti,
2008].

[3] Coseismic fault slip is observed to be spatially and
temporally variable at a variety of scales [Mai and Beroza,
2002; Aochi and Ide, 2009, and references therein]. Esti-
mates of D, for earthquakes from seismological data gen-
erally yield values of tens of centimeters to a meter (e.g.,
~1 m [Bouchon et al., 1998]; ~0.4 m [Ide, 2002]) and in
some cases are shown to vary spatially for a single event
(0.5 to 1 m [Ide and Takeo, 1997]; 0.4 to 0.9 m [Mikumo et
al., 2003]). Finite source inversions also show that disloca-
tion rise times, slip distributions and static stress drops are
heterogeneous for a single rupture event [e.g., Beroza and
Spudich, 1988; Cohee and Beroza, 1994; Sekiguchi et al.,
2000]. These spatial variations are thought to occur because
the prerupture shear stress field [Das and Aki, 1977] and/or
the fault friction [e.g., Kanamori and Stewart, 1978] are
spatially heterogeneous. However, dynamic rupture simu-
lations that constrain D. and shear stress by matching
recorded strong motion data are not able to distinguish
spatial variations in the frictional response to slip. Such
simulations provide nonunique solutions that are unable to
differentiate between scenarios of homogeneous shear stress
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and heterogeneous D, and vice versa [e.g., Guatteri and
Spudich, 2000; Peyrat et al., 2004].

[4] The coseismic processes that have been proposed to
achieve a dynamic reduction in the strength of a fault (slip
weakening mechanisms) include thermal pressurization
[Sibson, 1973; Lachenbruch, 1980], flash heating [Rice,
2006; Rice and Cocco, 2007], elastohydrodynamic lubrica-
tion [Brodsky and Kanamori, 2001], melt lubrication
[Jeffreys, 1942; McKenzie and Brune, 1972; Di Toro et
al., 2006], silica gel formation [Di Toro et al., 2004],
acoustic fluidization [Melosh, 1996] and normal interface
vibration [Brune et al., 1993]. In natural faults, the slip
weakening mechanisms that are active in the slip zone
control the frictional response to slip and will be influenced
by fault zone properties such as grain size distribution and
permeability of fault rocks in and around the slip zone, the
presence or absence of fluids, and the melting temperature
of the material in the slip zone [e.g., Rice, 2006]. Faults that
have a long and complex history are often structurally
heterogeneous. Faults are observed to comprise macroscale
discontinuities such as bends and step overs [King and
Nabelek, 1985; Wesnousky, 2006], juxtapose different rock
types along strike [e.g., Dor et al., 2006], frequently display
changeable macroscale architecture along strike [e.g.,
Faulkner et al., 2003], and also contain a variety of
deformation products [e.g., Evans, 1990]. The dependence
of slip weakening mechanisms on the physical properties of
fault rock assemblages suggests that fault complexity will
influence rupture propagation. Constraining the interaction
between fault structure and coseismic processes could
therefore provide insight into the causes of spatial variations
in seismic source parameters.

[5] Fault zones exhumed from the depths at which earth-
quakes nucleate provide an opportunity to study the seismic
source in detail. Field studies of exhumed faults are neces-
sarily restricted by the degree of exposure of any particular
structure, limiting the extent to which direct correlations can
be made between field and seismic data. For example, the
observations presented in this study document the structure
of seismogenic faults at the meter to tens of meters scale,
whereas the inversion of seismic data typically has a
minimum spatial resolution of hundreds of meters. How-
ever, Aagaard and Heaton [2008] point out that frictional
stress changes occur over a few milliseconds, suggesting
that corresponding slip weakening distances, or breakdown
zone widths, might be of the order of millimeters. The
relatively short length scales exposed in the field are
therefore of relevance to the rupture process. Ancient fault
zones can be used to investigate rupture processes if the
faults can be shown unequivocally to have experienced
ancient earthquakes [e.g., Di Toro et al., 2005a]. To date,
the only fault rock type that is a certain indicator of past
earthquake ruptures along ancient faults are pseudotachy-
lytes, the cooled remnants of melts formed by frictional
heating during slip at seismic slip rates [Cowan, 1999].

[6] We present observations of pseudotachylyte-bearing
faults exhumed from seismogenic depths in the Sierra
Nevada, California, with the aim of (1) attempting to
identify slip weakening mechanisms and (2) investigating
spatial and temporal variations in the frictional response of
the slip zone to coseismic slip. The faults vary in compo-
sition along strike and contain both cataclasites and pseu-
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dotachylytes. By considering the energy required for
melting, we show that pseudotachylytes developed in
patches meters long can only have formed during earth-
quakes that ruptured a length of the fault greater than the
length of the pseudotachylytes. At least some of the
adjacent cataclastic rocks must also have therefore formed
during the same events. Given the observed variability in
fault rock type and composition, the faults contain evidence
for multiple slip weakening mechanisms as well as a
spatially variable frictional response to slip during a single
rupture. Our combined outcrop and microscope scale obser-
vations indicate that the fault structure controls the active
coseismic processes, suggesting that fault heterogeneity
plays a critical role in controlling dynamic fault weakening.

2. Predicted Microstructural Evidence for
Slip-Weakening Mechanisms

[7] In this section we review previously described slip
weakening mechanisms with the intention of determining
what deformation products each mechanism might leave in
a fault zone that could be used for the purpose of identifi-
cation. We emphasize here that although the observation of
pseudotachylyte in a fault is the strongest possible evidence
that the fault accommodated at least part of its total slip
through coseismic rupture [Cowan, 1999], the absence of
pseudotachylytes doesn’t automatically mean that the fault
developed entirely through aseismic processes. In fact,
many mature fault zones do not appear to contain pseudo-
tachylyte, suggesting that alternative slip weakening mech-
anisms must be involved during earthquakes on these faults.
However, at present there are no generic criteria that
distinguish cataclasites generated during fast seismic slip
from those generated by aseismic slip (i.e., subseismic
rupture duration or particle velocities, as defined by Cowan
[1999]) or by quasi-static processes during an interseismic
period. Identifying slip weakening mechanisms from obser-
vations of cataclasites is therefore problematic in the ab-
sence of associated pseudotachylytes.

[8] Melt lubrication is an effective slip weakening mech-
anism if a continuous layer of melt forms during slip
[McKenzie and Brune, 1972; Fialko and Khazan, 2005;
Hirose and Shimamoto, 2005; Di Toro et al., 2006], and is
the best described slip weakening mechanism in natural
faults. The structural organization of pseudotachylyte veins
within faults shows that pseudotachylytes are generated by
frictional heating along slip zones, and therefore record the
occurrence of melt lubrication during past seismic events
[Sibson, 1975]. To demonstrate a melt origin for these rocks
compositional and textural characteristics of rapidly
quenched melt must be observed, requiring optical and
scanning electron microscope analyses, though fresh glass
is rarely reported [Maddock, 1983; Magloughlin and Spray,
1992]. In the Sierra Nevada, pseudotachylytes have recently
been identified in a number of faults [Griffith et al., 2008;
Kirkpatrick et al., 2008, 2009]. Studies of pseudotachylyte
bearing faults have used field observations to calculate
coseismic shear resistance [Sibson, 1975; Killick and
Roering, 1998; Barker, 2005; Di Toro et al., 2006], slip
weakening distance [Di Toro et al., 2005b], energy parti-
tioning [Pittarello et al., 2008] and static stress drops
[Barker, 2005].
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[o] Flash heating involves heat generation at microscale
to nanoscale asperity contacts across a sliding surface [e.g.,
Rice, 2006; Beeler et al., 2008]. The physical products of
flash heating should be deformed asperity contacts, non-
melting grain breakdown products, and small (microscale to
nanoscale) pockets of quenched melt at asperity boundaries
[Beeler et al., 2008]. Rapid slip experiments to determine
the frictional properties of quartz-rich rocks have shown a
velocity-dependent weakening that is thought to be brought
about by the formation of a thin layer of silica gel at asperity
contacts [Di Toro et al., 2004]. Silica gel, which is com-
posed of an amorphous silica-water mix, might therefore
form thin films of amorphous material coating a fault
surface. The potential signatures of both flash heating and
silica gel formation are exceptionally fine scale, and the
likelihood of small amounts of solidified melt or gel
remaining without being subsequently deformed or chemi-
cally altered in a fault zone seems low.

[10] Thermal pressurization [e.g., Sibson, 1973;
Lachenbruch, 1980] requires fluid-filled pore spaces in the
slip zone. After the onset of slip, frictional heating causes
thermal expansion of the fluid phase, and if the fluid cannot
escape this reduces the effective normal stress and therefore
shear strength across the slip zone. This mechanism is
considered to work in combination with other thermally
driven processes such as flash heating and melting [Rice,
2006]. Analyses of the fluid transport properties of exhumed
fault zones show that thermal pressurization is likely to occur
during large earthquakes [e.g., Noda and Shimamoto, 2005;
Wibberley and Shimamoto, 2005; Mizoguchi et al., 2008].
Elastohydrodynamic lubrication [Brodsky and Kanamori,
2001] occurs when a fluid within pore spaces in the slip
zone lubricates solid-solid contacts because the viscous
shear resistance of the fluid is lower than the friction between
solids. During slip, the pressure of the fluids increases in
response to changes in the thickness of the flow path
between grains in the slip zone, supporting part of the normal
stress. Both thermal pressurization and elastohydrodynamic
lubrication result in a pressurized fluid phase in the slip zone.
As pore fluids become pressurized, one potential product
could be mobilized fault gouges or cataclasites. Evidence for
mobilized cataclasite thought to be indicative of high pore fluid
pressures during slip events is observed in some fault zones,
primarily in the form of mesoscale veins of cataclasite injected
from slip zones into adjacent wall rock [Lin, 1996; Miller and
Cowan, 1998; Cowan et al., 2003; Otsuki et al., 2005; Rowe et
al., 2005; Brodsky et al., 2009; Boullier et al., 2009].

[11] Coseismic slip weakening may also be achieved by
fluidization of granular materials whereby the bulk material
achieves a fluid-like state [Otsuki et al., 2003; Lu et al.,
2007]. Note that the presence of a fluid phase in pore spaces
in the slip zone is not required for fluidization. Otsuki et al.
[2003] suggest that transient displacement of the fault zone
walls in a direction perpendicular to rupture propagation by
elastic waves associated with the rupture [Melosh, 1996] or
normal interface vibrations [Brune et al., 1993] could
enhance the likelihood of fluidization. Thin section evi-
dence describing examples of fluidized active slip zones is
presented for some major faults containing clay-rich gouge
[e.g., Otsuki et al., 2003; Hirono et al., 2008], cataclasites
[Smith et al., 2008], and microscale analyses show that
fluidization can be identified on the basis of the detection
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probability of fragmented counterpart particles [Monzawa
and Otsuki, 2003].

3. Geologic Setting

[12] The left-lateral strike-slip faults examined in this
study are located in two areas within the central Sierra
Nevada, California: the Granite Pass region of Kings Canyon
National Park, and the Bear Creek drainage in the Mount
Abbot Quadrangle (Figure 1). The Sierra Nevada mountain
range is composed primarily of a continuous chain of
plutonic rocks that represent part of a continental magmatic
arc that stretches the entire length of the west coast of North
America [Bateman, 1992]. The faults cut granites or gran-
odiorites analogous to the crystalline basement rocks in
which many earthquakes are observed to nucleate. The
majority of the faults are contained within a single pluton
so do not juxtapose contrasting rock types. Where faults
crosscut and displace pluton boundaries, or late stage aplite
dykes, the strike-slip separation can be determined.

[13] Various lines of evidence suggest that faults in the
central Sierra Nevada were active at middle to lower crustal
depths. Radiometric K-Ar and **Ar-*’Ar dates [Segall et al.,
1990; Pachell et al., 2003] obtained from muscovite that
crystallized in faults in the central Sierra Nevada show that
they were active close to the time that the host rock plutons
were cooling through the biotite Ar retention temperature, i.e.,
~300 to 350°C [Evernden and Kistler, 1970]. Depending on
the geothermal gradient, these thermochronological data sug-
gest the faults were active at depths in the region of 5 to 11 km
(see Pachell et al. [2003] for a detailed discussion). Early
ductile deformation within the faults is consistent with ambi-
ent temperatures greater than ~400°C. Ductile deformation
textures are consistently crosscut by brittle fracturing and
cataclasis [Griffith et al., 2008; Kirkpatrick et al., 2008].
Exhumation of the faults from depth in the crust has occurred
without significant accompanying reactivation of the faults,
which therefore preserve primary deformation textures asso-
ciated with deformation at midcrustal levels.

[14] The faults in the two field areas have a range of
lengths and total observed strike-slip separations. The max-
imum length of any of the faults is ~9 km; the corresponding
largest rupture that could have occurred on the faults is M ~
5.8 so the observations documented here are directly related
to earthquakes smaller than M = 5.8 (Figure 1). In the
Granite Pass area (Figure 2), we focus on the Granite Pass
fault and subparallel faults defined by Kirkpatrick et al.
[2008]. Left-lateral strike-slip separations on these faults
range from ~20 to ~80 m, and lengths range from ~2 to
9 km, though the ends of the largest faults are poorly
exposed so the lengths reported here are minimum estimates.
In the Bear Creek area, we focus on an excellent exposure of
the Seven Gables Trail fault [Kirkpatrick et al., 2009] though
the scarcity of offset markers in the Bear Creek area
means the total displacement remains unknown. We do not
intend to give an exhaustive description of the fault rocks;
for further details, see Kirkpatrick et al. [2008, 2009].

4. Field and Microscope Observations

[15] Using the identification criteria summarized in
Section 2, we use field, optical microscope and scanning
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(a) Map showing the location of the two study areas in Sequoia and Kings Canyon National

Park and the Mount Abbot Quadrangle (SF, San Francisco, SAF, San Andreas fault). (b) Graph showing
the relationship between earthquake rupture area, A, and magnitude for continental strike-slip
earthquakes (from Hanks and Bakun [2002]; data from Wells and Coppersmith [1994]). The ellipse
indicates the range of possible earthquake magnitudes that could have occurred on the faults described in
this study. Areas are calculated assuming circular ruptures occurring on faults with lengths less than the
thickness of the seismogenic crust (15 to 20 km [cf. Hanks and Bakun, 2002]).

electron microscope (SEM) observations to investigate the
slip weakening mechanisms active during ancient faulting
by analyzing the deformation products they generate. Note
that microscope observations are frequently required to
confidently identify pseudotachylytes, but several out-
crop-scale characteristics are distinctive to pseudotachy-
lytes, allowing them to be distinguished in the field [e.g.,
Kirkpatrick et al., 2009]. Some occurrences we report are
identified on the basis of field observations alone because
of sampling restrictions in the National Parks and National
Forests. Following Scholz [2002] and Sibson [1977] we use
the term cataclasite to refer to random fabric, brittle fault
rocks. The proportion of matrix material within the rock
allows a subclassification into fault breccia (10—50%),
cataclasite (50—90%), and ultracataclasite (90—100%).
All of the fault rocks in this study are cohesive in the
terminology of Sibson [1977], but for brevity we will omit
the term cohesive in the following rock descriptions.

[16] The faults at both sites have complex internal struc-
tures (Figure 2), characterized by one to four fault core
strands containing cataclasites and ultracataclasites that
crosscut early localized crystal-plastic deformation. Slip
zones developed at the edges of, within and between fault
cores are defined by pseudotachylytes and cataclasites with
thicknesses of ~0.01 to 20 mm. Fault-related subsidiary
structures are developed on either side of fault cores,
defining damage zones with thicknesses of up to 30 m
orthogonal to the fault. Chlorite and epidote precipitated
from hydrothermal fluid flow are concentrated in fault core
cataclasites and along fractures in the damage zones.

4.1. Pseudotachylytes

[17] Pseudotachylytes have recently been described from
several faults in the central Sierra Nevada [Griffith et al.,
2008; Kirkpatrick et al., 2008, 2009]. In the two study
areas, we have identified pseudotachylytes in nine different
faults. The pseudotachylytes generally consist of planar
generation surfaces with shorter injection veins branching
from the generation surfaces at high angles (Figure 3a).
Generation surfaces crosscut undeformed host rock as well
as cataclasites and are typically oriented subparallel to the
overall fault zone trend. In some places, generation surfaces
can be traced continuously along strike throughout the
extent of exposure for up to around ten meters. The
pseudotachylytes are up to 20 mm thick and contain
cohesive, gray or black material which is often banded
parallel to the vein margins in veins wider than ~5 mm.
Rounded or embayed clasts within the veins are less than
3 mm long and are composed of wall rock quartz and
feldspar. Interconnected, subparallel generation surfaces
occasionally form networks. The generation surfaces in
networks are 0.5 to 4 mm thick and are frequently curved.
Some exposures contain abundant pseudotachylyte, with
multiple generation surfaces that are up to 20 mm thick.
Injection veins are common in these outcrops giving the
host rock a brecciated appearance.

[18] Under the optical microscope, pseudotachylytes
comprise dark brown or black veins that frequently have
highly irregular geometries (Figure 4). Optical microscope
and SEM analyses show that veins contain microcrystallites
that are up to 100 pum long and around 20 um wide.
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Figure 2. (a) Detailed map of the left-lateral faults in the Kings Canyon study area [from Kirkpatrick et
al., 2008] showing locations where pseudotachylytes have been identified (black stars). The Glacier Lakes
fault and subsidiary structures (black) terminate in the region of older Granite pass faults (gray) (SKF,
Skeeter fault; GLF, Glacier Lakes fault; LLF, Little Lake fault; GPF, Granite Pass fault; contours are in
100 m intervals). (b) Structural logs constructed perpendicular to the fault through three portions of the
Granite Pass fault documenting its complicated internal structure and along strike variability. Ticks on
vertical axes define 1 m intervals. The cataclasites and ultracataclasites define fault core strands, some of
which contain pseudotachylytes (Pst), between which arrays of subsidiary faults and joints are developed
(black lines). The logs are recorded qualitatively, but angular and crosscutting relationships are accurately
portrayed. Three fault cores are present in the western log, which can be traced along strike to the east and
correlated with the central log (dashed lines show where fault core strands are continuous). The distance
between fault core strands changes along strike. Between the central and eastern logs, one of the fault cores
terminates (open circle). Note that the logs are limited by the extents of the exposures at each locality.

Microcrystallites of different sizes form domains within the include characteristic lath-shaped, bow-tie and sheaf-like
pseudotachylyte veins, and occasionally have aligned long arrangements of crystals. Close to the vein margins, all
axes that define flow fabrics. Microcrystallite morphologies  crystals are poorly developed and the vein fill is dominated

5of 14



B12401 KIRKPATRICK AND SHIPTON: EVIDENCE FOR VARIABLE SLIP WEAKENING B12401

Figure 3. (a) Photograph of a pseudotachylyte generation surface and injection vein in the Seven
Gables Trail fault. Camera lens for scale is ~60 mm diameter (location of photograph shown with a circle
in Figure 3b). (b) Map of the fault core strands of the Seven Gables Trail fault (dashed where uncertain)
and the patches of pseudotachylytes developed in the fault (heavy black lines). The pseudotachylytes are
limited in lateral extent to several meters along strike. The map was constructed using the baseline
mapping technique: the accuracy is +5 cm. The fault cores are defined by the degree of grain size
reduction compared to the host rock, i.e., the presence of cataclasites and ultracataclasites. Note that the
internal detail of the fault cores is not discernable at the scale of this map.

Figure 4. (a) Photomicrograph of a pseudotachylyte vein from Skeeter fault (plane polarized light). The
vein has sharp edges and contains rounded and embayed lithic clasts. The vein matrix is mostly dark,
cryptocrystalline material except where it is replaced with chlorite (pale gray). (b) Scanning electron
microscope backscattered electron (BSE) image of pseudotachylyte from Skeeter fault. Note the sheaf-
like bundles of microcrystallites. (c) A cataclasite from the Granite Pass fault with a clast (CATA) that
contains a fragment of previously formed pseudotachylyte (PST, plane polarized light). (d) A
pseudotachylyte vein from the Little Lake fault that has been brecciated forming large, angular fragments.
The pale matrix between the fragments is chlorite (plane polarized light).
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Figure 5. (top) Map showing detail of a single left-lateral fault core strand in Skeeter fault (note vertical
exaggeration). The map was constructed using the baseline mapping technique; positions are accurate to
+0.5 cm. The wider parts of the fault core contain epidote- or chlorite-rich cataclasites, where the core
narrows, pseudotachylytes are developed. Only one subsidiary fracture was mapped in this exposure,
which is too fine to include at this scale of observation (see text for further description). (bottom)
Photomicrographs of samples collected from along the fault core strand (plane polarized light, scale bars
are | mm in all cases). Sample SK10 contains a random fabric cataclasite, sample SK9 is crosscut by a
pseudotachylyte generation surface (injection vein also shown), and SK8 contains a foliated cataclasite
(orientations of the foliations correspond to the P and R Riedel shear orientations as indicated). In all
images the white bar represents 1 mm, and the white arrow delimits the width of the inferred slip zone.
A black arrow highlights the representative thickness of the narrow pseudotachylyte generation surface

in SK9 (center).

by cryptocrystalline material. Sulphide and titanite droplets
(identified by energy dispersive X-ray spectroscopy) are
common in the pseudotachylyte veins. Vesicles (indicative
of pseudotachylyte generation at shallow depths) are not
observed. Some pseudotachylyte veins are altered, or
replaced with granular chlorite and epidote. Fault rock
samples from the Granite Pass faults contain brecciated
pseudotachylytes, and fragments of pseudotachylyte are
frequently found as reworked clasts within cataclasites
(Figure 4). Such pseudotachylyte clasts are often rounded,
altered and are crosscut by veins containing quartz or
chlorite.

[19] Pseudotachylyte generation surfaces are developed
in patches up to 4 m long along well-exposed portions of
the Seven Gables Trail fault (Figure 3) and Skeeter fault
(Figure 5). The Seven Gables Trail fault has a complex

internal structure consisting of several anastomosing fault
core strands. Within the fault core strands pseudotachylytes
are developed in patches adjacent to cataclasites that display
no evidence for melting. The longest observed patch is
developed along one of the fault core strands of the Skeeter
fault and is 4 m long. The thickness of this fault core strand
changes from ~35 to ~2 cm within 10 m along strike
(Figure 5). The fault core is flanked on either side by zones
of altered host rock ~10 cm wide in which biotite and
hornblende are chloritized, indicating microscale damage.
Only one subsidiary fracture was identified in the mapped
exposure. This fracture is ~0.8 m long with an aperture of
much less than 1 mm and branches several times in a
direction away from the fault core strand. Microscope
analyses of samples from the Skeeter fault core confirm
that pseudotachylyte is present in the narrow part of the
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Figure 6. Photograph of a typical fault core strand in
the Granite Pass fault containing juxtaposed cataclasites
(midgray) and ultracataclasites (black). Compass for scale is
10 cm long.

strand. The pseudotachylyte defines a slip zone with a
thickness up to 0.25 mm and is not itself deformed so must
have been generated in the most recent increment of slip on
the strand. In the adjacent, wider, parts of the fault core
foliated and nonfoliated cataclasites are developed. Thin
section scale crosscutting relations suggest that the most
recent increment of slip in the cataclastic parts of the fault
core was localized onto zones 13 and 4 mm thick within the
cataclasites. Hydrothermal chlorite and epidote are more
abundant in the wider parts of the fault core, in particular
epidote comprises a large proportion of the cataclasites, but
are limited in the narrow part of the fault core.

4.2. Cataclasites

[20] Brittle fault rocks in the Sierra Nevada faults range in
their degree of comminution from fault breccias to catacla-
sites and ultracataclasites. Fault rocks are developed in
strands that delimit the most intensely deformed parts of
the faults, the fault cores. Fault cores frequently contain
juxtaposed fault breccias, cataclasites and ultracataclasites
with crosscutting relations consistently showing that the
most comminuted unit is the most recent (Figure 6). The
edges of fault core strands are typically sharp but have
irregular geometries, so order of magnitude thickness
changes frequently occur within tens of meters along strike.

[21] Optical microscope and SEM analysis of the brittle
fault rocks shows that they are composed of fragments of
unaltered host rock minerals (quartz, plagioclase, alkali
feldspar and occasional biotite and hornblende) and also
hydrothermal chlorite and epidote (Figures 5, 6, 7, and 8).
Fault breccias typically contain wall rock fragments in
which the igneous texture of the host granodiorite remains
intact. Biotite and hornblende are frequently chloritized in
the breccias and cataclasites, and chlorite is abundant in
pervasive intergranular and intragranular fractures. Catacla-
sites mostly have random fabric and comprise angular to
rounded clasts that are fragments of host rock minerals or
previously formed cataclasites. Occasionally, foliated cata-
clasites can be identified where ordered sets of slip zones
correspond to Riedel shear orientations consistent with left-
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lateral slip on the fault (e.g., Figure 5). Matrix material in
the cataclasites is chlorite, epidote, a mix of the two, and
may also include finely comminuted host rock fragments.
Ultracataclasites are more comminuted than cataclasites.
The ultracataclasites comprise up to ~90% matrix material
consisting predominantly of granular (~10 pm) chlorite and
epidote surrounding rounded quartz and alkali feldspar
clasts (Figure 7). Quartz-filled veins crosscut ultracatacla-
sites and are variably deformed, showing that fracturing and
hydrothermal fluid migration required to form the quartz
veins were coeval with cataclasis.

[22] The Granite Pass fault contains evidence for mobi-
lization of cataclasite. Juxtaposed cataclasites and ultra-

Figure 7. (a) Photomicrograph (plane polarized light) of a
typical ultracataclasite from the GPF. Rounded clasts of
quartz and alkali feldspar are present in an aphanitic matrix
(which appears dark in thin section because it is so fine
grained) than can comprise up to ~90% of the ultracatacla-
site (scale bar 1 mm). (b) SEM backscattered electron (BSE)
image of part of the matrix from the same ultracataclasite
sample as in a. Fragment compositions (Qtz, quartz; Kfsp,
alkali feldspar; Pfsp, plagioclase feldspar; Epi, epidote; Chl,
chlorite) are assessed using energy dispersive X-ray spectro-
scopy (EDS). The composition of the ultracataclasite matrix
(chlorite 47%, epidote 37%, quartz 11%, alkali feldspar 4%,
plagioclase, titanite and other metal oxides ~1%) was
assessed by point counting.
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Figure 8. (a) Photograph of a polished sample of cataclasite from the Granite Pass fault from which a
thin section was prepared for microscope and SEM analyses. The oriented sample is cut perpendicular to
the fault and contains the slip vector (assumed horizontal for a strike-slip fault [cf. Kirkpatrick et al.,
2008]). Two different rock types are discernable, which are identified from microscope observations as
quartz- and alkali feldspar-rich cataclasites (Qtz cataclasite) and a mobilized breccia (Mbz breccia). Black
arrows indicate the locations of geometric irregularities in the breccia-cataclasite boundary that are filled
with breccia. (b) Montage of photomicrographs of the oriented sample showing a mobilized fault breccia
in the Granite Pass fault (plane polarized light). The mobilized breccia is in the upper part of the image
and contains angular clasts up to 2.3 mm long. The breccia clasts contain a higher proportion of dark
material (often pseudotachylyte fragments) than the adjacent quartz-rich cataclasite in the lower part of
the image. A fracture with a geometry similar to an injection vein can be seen cutting the quartz-rich
cataclasite, extending to the lower left corner of the image. Similar structures can be seen along the
boundary between mobilized breccia and the lower quartz-rich cataclasite at the arrows in Figure 8a. The
breccia material is the same in the fracture and the main breccia domain. Boxes show the locations of
Figures 8c and 8d. (c) Scanning electron microscope BSE image of the mobilized breccia showing clasts
of varied compositions in a chlorite-rich matrix. Clast boundaries are shown by white arrows (labels as in
Figure 7, except for Cata which is a previously formed cataclasite). (d) BSE image of the quartz
cataclasite showing the more uniform composition of the cataclasite and lack of matrix compared to the
breccia (labels as in Figure 7).
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Figure 9. Clasts in the mobilized breccia, defined by
optical microscope analysis of the image in Figure 8b at
100x magnification, show continuous texture of the
mobilized breccia into the injection vein. All visible clasts
at this scale of observation are shown; clast long axes are
0.01 to 2.3 mm. The dark gray clasts are those that extend
beyond the area analyzed (shown by back bounding box).

cataclasites are evident in exposure (Figure 6), but distinc-
tive injection vein-like structures have not been identified at
the outcrop scale. In thin section, one fault core sample
contains a random fabric fault breccia consisting of ~53%
angular to rounded clasts in a chlorite-rich matrix (Figure
8). The clasts are 0.01 to 2.3 mm long and have a variety of
compositions including fragments of previously formed
cataclasite, pieces of pseudotachylyte, fragments of quartz
veins, and occasional fragments of wall rock quartz, pla-
gioclase and alkali feldspar. The matrix is almost exclu-
sively composed of chlorite grains (<0.01 mm diameter),
which have a hydrothermal origin. The fault breccia cross-
cuts a quartz- and alkali feldspar-rich cataclasite in which
fragments are smaller (<0.8 mm), more rounded and
contain pronounced crystal-plastic deformation textures.
Chlorite and epidote are rare in the cataclasite, which is
clast-supported at all observed scales up to ~1000x mag-
nification (Figure 8).

[23] The boundary between the fault breccia and quartz
cataclasite domain is clear under the microscope. The main
breccia domain is oriented subparallel to the macroscale
fault zone. A fracture filled with the same breccia material
branches from the main breccia domain with an injection
vein-like geometry (Figure 8). Crosscut clasts in the adja-
cent quartz cataclasite show that the fault breccia has
‘intruded’ into the cataclasite. Although the breccia-filled
fracture has a similar orientation to Riedel shears observed
in other sampled cataclasites (e.g., Figure 5), those Riedel
shears are defined by extremely fine, comminuted shear
planes crosscutting the cataclasite, rather than breccia.
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Several similar, though smaller, irregularities in the bound-
ary between the fault breccia and quartz-rich cataclasite can
be seen in hand specimen. In each case, the irregularities are
filled with the fault breccia. The continuity of the breccia
composition into the fracture shows that the breccia filled
the fracture during the same deformation event that formed
the breccia (Figure 9). If the fracture had formed later
than the breccia, then by comparison with other samples,
the fracture would be filled with chlorite only (see Figure 4d).
Analogous intrusive fault gouges and cataclasites filling
injection veins and other geometric irregularities have also
been interpreted as being indications that the gouge was
mobilized [e.g., Cowan et al., 2003; Otsuki et al., 2005; Rowe
et al., 2005].

5. Interpreted Slip-Weakening Mechanisms

[24] Field and microscope observations should be useful
for inferring the active slip weakening mechanisms during
ancient earthquakes if deformation products of the mecha-
nisms are preserved in fault rocks (section 2). Our results
show that pseudotachylytes are often preserved in the Sierra
Nevada faults, indicating that melt lubrication may have
been a significant processes. The presence of discontinuous
pseudotachylytes could result in increases in dynamic shear
resistance causing velocity strengthening rather than slip
weakening by melt lubrication [Fialko and Khazan, 2005;
Hirose and Shimamoto, 2005]. However, in some instances
individual pseudotachylyte generation surfaces can be
traced throughout the extent of exposure indicating contin-
uous lengths of over ten meters. The abundance, lengths and
thicknesses of these throughgoing pseudotachylytes sug-
gests that frictional melting was likely to have weakened the
faults during coseismic slip [Di Toro et al., 2006]. It is not
possible to obtain an independent estimate of stress drop for
the pseudotachylyte-bearing faults we study, so the lubrica-
tion effect of the melts remains somewhat speculative.
Estimates of stress drops from field observations of excep-
tional exposures of nearby small displacement faults in the
Sierra Nevada by Griffith et al. [2009] show that cataclasite
bearing faults with no pseudotachylytes experienced large
(90-250 MPa) stress drops. Similar magnitude stress drops
on the faults in our study area would imply that the faults
weakened during coseismic slip, even where continuous
pseudotachylytes are absent.

[25] Cataclasites are common in all of the faults, the
majority of which do not contain obvious evidence for slip
weakening mechanisms, or more generally seismic slip.
However, fault breccia filling several injection vein-like
structures (Figure 8) appears to have been mobilized during
deformation. This fault rock is texturally different to the
adjacent cataclasites as it is matrix-supported with chlorite
forming a fine-grained matrix (Figure 9). The adjacent
cataclasite is clast-supported, and does not contain an
identifiable matrix. The clasts in the cataclasite are domi-
nated by quartz and alkali feldspar, contrasting with the
diverse range of clast types in the breccia. The ‘intrusive’
nature of the breccia, which is texturally continuous into the
injection, indicates that the breccia was mobilized during
the deformation event that formed the breccia.

[26] As discussed in Section 2, mobilization of brittle
fault rocks is one potential indicator of pressurization as a
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result of thermal pressurization or elastohydrodynamic
lubrication. Given that pseudotachylytes in these faults
attest to seismic slip rates, the mobilized breccia may
represent the product of one of these weakening mecha-
nisms. Chlorite is the major constituent of the matrix in the
breccia, suggesting that hydrothermal fluids were either
present during coseismic slip or at some time afterwards.
If the breccia formed in the absence of a free fluid phase, the
chlorite could subsequently have filled porosity induced by
cataclastic dilation after slip had finished. However, micro-
scope and SEM analyses of the breccia show that it is
matrix-supported, indicating that the matrix formed at the
same time as the clasts. Chlorite could also have replaced an
original matrix material formed exclusively from commi-
nution of the host rock, though such replacement would
effect the clasts as well, which has not occurred. The
textural observations suggest that a coseismic hydrothermal
fluid was present in the breccia at the time it formed.
Pressurization of the hydrothermal fluid is the best expla-
nation for the mobilization of the breccia. The fault breccia
and injection vein therefore potentially represent the prod-
ucts of processes such as thermal pressurization or elasto-
hydrodynamic lubrication, although it is not possible to
distinguish the two.

[27] The outcrop-scale distribution of deformation prod-
ucts in the faults shows that multiple processes were active
synchronously along strike during a single rupture event. In
the Skeeter fault and Seven Gables Trail fault, pseudota-
chylytes are limited in lateral extent to several meters along
strike, and are developed between cataclasite-rich fault
cores that do not contain obvious evidence for seismic slip.
The pseudotachylytes could potentially have formed during
tiny earthquakes, with rupture lengths approximately equal
to the patch lengths. Following Sibson [2003], the temper-
ature rise, A7, for uniform adiabatic shearing in a slip zone
of width ¢ is given by
Ty

AT = ——
Cp-pls

(°C), (1)

where 7, is the shear resistance (assumed to be constant)
during a slip increment u, p is the rock density, ¢, is the
specific heat. If the coseismic slip is ~10* times smaller
than the rupture length [Scholz, 2002], the slip in earthquake
with a rupture length of 4 m (the length of the
pseudotachylyte patch in the Skeeter fault) would be u =
0.0004 m. Assuming a coefficient of friction of 0.6 and that
the normal stress acting on the fault is lithostatic, then at the
maximum likely depth of fault slip, 11 km, 7,is ~170 MPa.
Using ¢, = 1000 J/kg °C [Sibson, 2003] and p = 2500 kg/m®,
the temperature rise, AT is ~109°C for z, = 0.25 mm, which
is insufficient to melt any of the minerals in the host rock
even at the elevated temperatures likely at the depths these
faults were slipping at (~240°C at 8 km for a geothermal
gradient of 30°C/km). This simple analysis shows that
pseudotachylytes must have formed during small earth-
quakes that ruptured areas greater than the length of the
pseudotachylytes. The distribution of pseudotachylytes in
the fault shows that melt lubrication can only have been an
active slip weakening mechanism over part of the rupture
surface. Similar patches of pseudotachylyte in the Granite
Pass fault and other faults show that the frictional response to
slip was commonly spatially variable on these faults.
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[28] One exposure of the Skeeter fault demonstrates that
slip zone thickness, and more generally fault structure,
appears to control which process is active at a point along
the fault. The northern fault core strand of Skeeter fault
contains a pseudotachylyte generation surface that is ~4 m
long (Figure 5). The pseudotachylyte is not subsequently
deformed, and so must have formed during the most recent
slip increment along this part of the fault. The slip zone
thickness defined by the pseudotachylytes in the narrow part
of the fault core is less than 0.25 mm. In the adjacent, wider
parts of the fault core, the last increment of slip appears to
be localized onto zones 4 to 13 mm thick within cataclastic
fault rocks that do not contain evidence of frictional
melting. More generally, the cataclasites do not contain
obvious evidence for seismicity, showing that identifying
slip weakening mechanisms in cataclasites elsewhere is
likely to be extremely difficult. The deformation product
along the fault core strand, and by inference the coseismic
frictional response of the fault, varies along strike for a
single rupture event, and correlates with slip zone thickness.
Griffith et al. [2008] also noted melting was restricted to the
narrowest slip zones in other faults in the central Sierra
Nevada. Multiple noncoplanar pseudotachylyte generation
surfaces have been observed at several localities along the
Granite Pass fault, demonstrating that the spatial distribu-
tion of the pseudotachylytes with respect to the mesoscale
fault architecture is complex.

[29] There is also evidence that the slip weakening
mechanism may change through time at an individual point
along the fault. Fault rock samples in the Little Lake and
Granite Pass faults frequently contain reworked and frag-
mented pseudotachylytes (Figure 4). If these fragmented
pseudotachylyte veins were deformed in response to seismic
slip, the slip weakening mechanism must have changed at a
point on the fault from melt lubrication (at the time the
pseudotachylytes formed) to something else. Sibson [1973]
suggested that melt generation is limited to incipient struc-
tures in which low fault permeability restricts the potential
for fault-hosted fluids to decrease the effective normal stress
across the slipping zone (i.e., thermal pressurization is
inhibited). Reworked pseudotachylyte material in the
Granite Pass fault in particular is evidence for repeated
pseudotachylyte generation and repeated seismic slip events.
Evidence for syndeformation fluid-related alteration is present
in the form of chlorite and epidote mineralization in the matrix
of the cataclasites, some of which were subsequently crosscut
by pseudotachylytes. Fluids were therefore present in the
faults before, after, and potentially during slip events. That
the fluids did not preclude melt generation suggests either
that no free fluid phase was present at the onset of slip, or
that competition between weakening mechanisms is inherent
in the frictional response to slip and that the conditions in
the slip zone dictate which mechanism prevails.

6. Discussion

[30] The exhumed faults in the Sierra Nevada are analogs
for modern tectonically active faults as they have been
exhumed from seismogenic depths without significant as-
sociated deformation. Our results demonstrate that these
faults contain evidence for multiple slip weakening mech-
anisms during faulting as well as spatially variable coseis-
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mic processes and frictional response to slip during a single
rupture. The microstructures used to define melt lubrication
and a pressurization mechanism define slip zones with
thicknesses of 0.01 to 25 mm from pseudotachylytes and
up to 20 mm for mobilized fault breccias within cataclastic
fault cores. Cocco and Tinti [2008, p. 125] point out that the
seismologically derived slip weakening model is a descrip-
tion of the macroscopic behavior of an entire rupture and
argue that it cannot ‘““distinguish the diverse physical
processes acting at the micro- and meso-scale within the
fault zone” (length scales from millimeters to hundreds of
meters). The observations we present emphasize that mac-
roscopic dynamic fault weakening is a function of multiple
coeval processes at the microscale to mesoscale, which
cannot be distinguished by seismological techniques.

[31] Dynamic rupture simulations show that the frictional
response of a fault to slip is inherently related to stress drop,
slip magnitude and slip velocity. However, several studies
also demonstrate that matching strong motion data with
rupture simulations cannot resolve both the stress drop and
slip weakening distance [e.g., Guatteri and Spudich, 2000;
Peyrat et al., 2004]. The mixed deformation products of
seismic slip that we document suggest that both spatially
variable slip weakening distance and dynamic shear resis-
tance may be expected during coseismic slip. Though the
geologic observations are at a small scale compared to the
macroscopic seismic source, this interpretation is in agree-
ment with inversions of seismic data that suggest D, is
spatially variable [Ide and Takeo, 1997]. The rheology of a
fault is impossible to define from observations of the fault
rock assemblage alone, but the implications of spatially
varying dynamic weakening processes can be qualitatively
assessed for various source parameters if the traction
evolution is different for different active processes. Stress
drop corresponds to slip magnitude [4agaard and Heaton,
2008] so the slip distribution during the earthquakes on the
Sierra Nevada faults was probably heterogeneous. Addi-
tionally, numerical simulations show that spatially variable
D, can cause changes in slip velocity and ultimately arrest
rupture propagation [Guatteri and Spudich, 2000]. The
overall implications of the geologic observations are con-
sistent with finite source inversions of strong ground motion
data, which frequently show that source parameters such as
static stress drops, slip magnitudes and dislocation rise
times are vary across a rupture surface [e.g., Beroza and
Mikumo 1996].

[32] Geologic observations provide an opportunity to infer
the distribution of yield stress, 7y, from the deformation
products within fault zones. In the case of the Sierra Nevada
faults, the deformation products in the slip zones and fault
cores are spatially variable as a result of varying coseismic
processes. The deformation products themselves likely have
differing yield strengths. Recent studies of pseudotachylytes
that decorate large proportions of faults in the Gole Larghe
fault zone, Italy, suggest that pseudotachylyte generation
effectively locks a fault by fusing the opposing wall rocks
with molten material [Di Toro and Pennacchioni, 2005].
Pseudotachylyte generation in those faults caused the faults
to “lock up” and slip to transfer to adjacent structures. In the
Sierra Nevada faults, pseudotachylytes have a patchy distri-
bution, so likely result in regions of higher yield stress on the
faults compared to adjacent chlorite- and epidote-rich cata-
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clasites and ultracataclasites. Healing processes and rates are
also probably different for friction-induced melts and mobi-
lized breccias; quenching of melts likely occurs within
seconds of rupture arrest [Di Toro and Pennacchioni,
2004], whereas cementation of the breccias with chlorite
could occur over days or years [e.g., Olsen et al., 1998].
Furthermore, for an initially uniform stress distribution, if
melt lubrication and a pressurization slip weakening mech-
anism are characterized by different 7 and stress drop, the
spatial distribution of deformation products could lead to
spatially variable postrupture shear stress. Geologic evidence
therefore supports the inference of Rivera and Kanamori
[2002] that shear stress distribution as well as friction is
spatially heterogeneous.

[33] The coseismic processes active in the slip zone in the
Sierra Nevada faults appear to be controlled by the structure
of the fault zone, and in particular the thickness of the slip
zone. Experimental [e.g., Marone and Kilgore, 1993] and
theoretical [e.g., Brodsky and Kanamori, 2001; Rice, 2006]
studies demonstrate that thickness of the slip zone is a
critical parameter to the slip weakening behavior. Fault
zones with varying internal structure should therefore be
expected to demonstrate complex frictional behavior. The
Sierra Nevada faults are relatively immature structures (total
slip <100 m) compared to many of the faults that make up
plate boundary systems. Scaling relations suggest that the
largest earthquake that could have occurred on the studied
faults would have been My, ~ 5.8 (Figure 1), implying that
the frictional behavior for ancient earthquakes interpreted
from the faults would correspond to small to moderate sized
events. Some exposures of mature faults, for example the
Punchbowl fault, suggest that they have characteristically
simple internal structures [e.g., Chester and Chester, 1998].
However, natural faults are widely known to involve bends
and step overs that strongly influence rupture propagation
[e.g., King and Nabelek, 1985; Wesnousky, 2006]. Recent
studies have also revealed that mature faults including the
Punchbowl fault [Schulz and Evans, 2000], San Andreas
fault [Dor et al., 2006], Chelungpu fault [Heermance et al.,
2003; Boullier et al., 2009] and the Nojima fault [e.g.,
Mizoguchi et al., 2008] do contain along-strike variability in
their internal structure. These faults have accumulated kilo-
meters of displacement, suggesting that geologic heteroge-
neity is present over a wide range of scales in mature faults.

7. Conclusions

[34] Faults exhumed from seismogenic depths in the
central Sierra Nevada, California, contain evidence for
multiple slip weakening mechanisms during ancient earth-
quake ruptures. Pseudotachylytes attest to slip at seismic
slip rates, and where continuous likely represent melt
lubrication. Mobilized and chloritized fault breccias are
indicative of pressurized coseismic fluids that could have
resulted from either thermal pressurization and/or elastohy-
drodynamic lubrication. Energy considerations show pseu-
dotachylytes that developed in patches several meters long
must have formed during ruptures larger than the patch
sizes, implying that cataclasites adjacent to the patches also
localized seismic slip. The distribution of the deformation
products in the faults shows that the coseismic processes,
and by inference the frictional response to slip, during a
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single rupture event are spatially variable, and also that the
active slip weakening mechanism at a point on the fault can
change over time. Geologic evidence therefore emphasizes
that macroscopic dynamic weakening is a function of
multiple coeval processes at microscales and mesoscales.
Combined field and microscope observations suggest that
fault zone structure, and particularly the width of the slip
zone, controls which processes are activated during slip.
Along-strike changes in the slip zone thickness indicate that
the frictional response to slip that occurred on the Sierra
Nevada faults was characterized by spatially variable source
parameters such as slip weakening distance, dynamic fric-
tional strength, stress drop and slip magnitude. By analogy,
heterogeneous friction may be expected during slip on
tectonically active faults. Our results emphasize that the
frictional response of a fault to slip is dependent on the
internal structure of faults and that given the along-strike
heterogeneity of most mapped fault zones, the coexistence
of multiple slip weakening mechanisms in a single earth-
quake will be common.
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