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Earthquake faulting in subduction zones: insights
from fault rocks in accretionary prisms
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Abstract

Subduction earthquakes on plate-boundary megathrusts accommodate most of the global seismic moment release,
frequently resulting in devastating damage by ground shaking and tsunamis. As many earthquakes occur in
deep-sea regions, the dynamics of earthquake faulting in subduction zones is poorly understood. However, the
Integrated Ocean Drilling Program (IODP) Nankai Trough Seismogenic Zone Experiment (NanTroSEIZE) and fault
rock studies in accretionary prisms exhumed from source depths of subduction earthquakes have greatly improved
our understanding of earthquake faulting in subduction zones. Here, we review key advances that have been made
over the last decade in the studies of fault rocks and in laboratory experiments using fault zone materials, with a
particular focus on the Nankai Trough subduction zone and its on-land analog, the Shimanto accretionary complex
in Japan. New insights into earthquake faulting in subduction zones are summarized in terms of the following:
(1) the occurrence of seismic slip along velocity-strengthening materials both at shallow and deep depths;
(2) dynamic weakening of faults by melt lubrication and fluidization, and possible factors controlling coseismic
deformation mechanisms; (3) fluid-rock interactions and mineralogical and geochemical changes during
earthquakes; and (4) geological and experimental aspects of slow earthquakes.
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Introduction
Great subduction earthquakes (Mw > 8.0) commonly occur
along plate-boundary thrusts beneath accretionary prisms.
Ground shaking and tsunamis generated in association
with earthquake faulting in subduction zones inflict a
great natural hazard to humans, and yet our under-
standing of how subduction earthquakes and tsunamis
occur remains poor.
Thermal models suggest that subduction earthquakes

occur in a temperature range of approximately 100°C to
150°C to approximately 350°C to 450°C (Hyndman et al.
1997; Oleskevich et al. 1999). It was proposed that the
updip limit of the seismogenic subduction zone may be
controlled by diagenetic to low-grade metamorphic pro-
cesses such as quartz cementation and pressure solution
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(Moore and Saffer 2001), while the downdip limit could
correspond with the onset of plastic deformation or a
serpentinized mantle (Hyndman et al. 1997). It was
conventionally thought that the shallow portions of
the plate-boundary thrusts were aseismic, owing to the
velocity-strengthening frictional behavior of uncon-
solidated materials, while the seismogenic portions of
plate boundaries exhibited a velocity-weakening behavior
(Marone and Scholz 1988; Moore and Saffer 2001). Vrolijk
(1990) proposed that the transformation of smectite to
illite may control the updip limit of seismogenic sub-
duction zones because it occurs in the temperature
range of 100°C to 150°C. However, both smectite and il-
lite commonly show velocity-strengthening frictional
behavior at low slip rates; thus, it is unlikely that the
smectite to illite transformation controls the updip limit
of the seismogenic zone (Saffer and Marone 2003; Ikari
et al. 2007).
The 2011 Tohoku-Oki earthquake (Mw9.0) has provided

an invaluable opportunity to rethink the updip limit of the
seismogenic subduction zone. Seafloor global positioning
system measurements, repeated bathymetry and seismic
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surveys, and numerous coseismic slip distribution models
indicate that the coseismic slip extended all the way to the
Japan Trench axis with an unprecedented slip displace-
ment of approximately 50 m (e.g., Fujiwara et al. 2011; Ide
et al. 2011; Sato et al. 2011; Kodaira et al. 2012). The Inte-
grated Ocean Drilling Program (IODP) Expedition 343
and 343 T, Japan Trench Fast Drilling Project (JFAST),
successfully detected the residual heat associated with the
earthquake on the shallow plate-boundary thrust near the
Japan Trench axis (Fulton et al. 2013). Logging while dril-
ling and observations of the recovered cores indicated that
the plate-boundary faulting is localized along a pelagic
clay layer less than 5 m thick (Chester et al. 2013).
High-velocity friction experiments on the plate-boundary
thrust material suggest that the large coseismic slip can be
explained by a very low coseismic shear stress, which can
be attributed to both the abundance of smectite in the pe-
lagic clay and thermal pressurization effects (Ujiie et al.
2013). Notably, JFAST confirmed that the large coseismic
slip occurred in the shallow subduction thrust where
earthquakes are unlikely to nucleate.
Seismological and geodetic observations made in the

twenty-first century have revealed that seismic and aseis-
mic slips are the end members of various fault slip behav-
iors. Slow earthquakes in subduction zones, detected by
the widespread development of seismic observation net-
works and GPS stations, can be categorized according to
their predominant frequency or period, which comprise
low frequency tremors, low frequency and very low fre-
quency earthquakes, and slow slip events (e.g. Obara 2002;
Rogers and Dragert 2003; Shelly et al. 2006; Ito and Obara
2006a; Ito et al. 2007). Slow earthquakes reflect transient
modes of fault slip with longer characteristic durations,
and they radiate much less seismic energy than regular
earthquakes (Ide et al. 2007). The spatial distribution of
slow earthquakes suggests that transient slip appears to
occur in the transition zone between seismic and aseismic
slip zones (Ito and Obara 2006a; Ito et al. 2007; Sugioka
et al. 2012). Thus, a locked seismogenic zone with
aseismic zone above and below is an oversimplified
conceptual view.
Concurrently with an increased understanding of the

complex modes of fault slip in subduction zones, our
understanding of plate-boundary faulting associated with
dynamic earthquake rupture and slow earthquakes has
progressed. In recent years, active fault drilling has been
conducted by the IODP Nankai Trough Seismogenic
Zone Experiment (NanTroSEIZE) project, focusing on
the Nankai accretionary margin offshore the Kii Peninsula,
southwest Japan, where great subduction earthquakes
have repeatedly occurred (Figure 1a,b). The coseismic
slip distribution of the 1944 Tonankai earthquake (Mw8.1)
inferred from tsunami and seismic waveform inversions
suggests that the earthquake rupture propagated along a
megasplay fault (or an out-of-sequence thrust) that
branches from the plate-boundary megathrust and cuts
through the prism (Tanioka and Satake 2001; Kikuchi
et al. 2003). The ultimate goals of the NanTroSEIZE
deep drilling program are to sample the plate-boundary
megathrust and megasplay fault materials at an approxi-
mately 6-km depth and to instrument an observatory
system across the plate-boundary fault system (Tobin and
Kinoshita 2006). Although this complex ocean drilling
project is ongoing, fault rocks have been obtained from
the shallow portions of the megasplay fault and plate-
boundary thrust (Figure 1b). Moreover, field studies of
exhumed subduction thrusts and out-of-sequence thrusts,
microstructural and chemical analyses of fault rocks, and
laboratory experiments on fault zone materials have been
vigorously conducted over the past decade because fault
rocks in exhumed accretionary prisms have provided a
window to examine earthquake processes in subduction
zones that are not accessible or observable using ocean
drilling.
In this review, we summarize and discuss new findings

and major progresses that have been made in fault rock
studies of accretionary prisms. In particular, we focus on
identification of past seismic slips from fault rocks, coseis-
mic deformation mechanisms, physical and chemical pro-
cesses that occur during earthquake faulting, and the
estimation of earthquake source parameters through fault
rocks and laboratory experiments. First, we describe the
structure of the megasplay fault and active plate-boundary
thrust in the Nankai subduction zone and show how shal-
low earthquake ruptures were recorded in fault gouges.
Then, we review earthquake faulting and earthquake- or
earthquake cycle-related fluid-rock interactions recorded
in various fault rocks in exhumed accretionary complexes
with an emphasis on but not limited to research results
from the Shimanto accretionary complex in Japan, the on-
land analog of the Nankai accretionary prism (Figure 1c).
We also review progress made in the geological and
experimental investigations of slow earthquakes. Finally,
we make concluding remarks related to new insights
into earthquake faulting in subduction zones.

Fault rocks in the Nankai accretionary prism
Fault rocks in the shallow portions of the megasplay fault
and plate-boundary thrust of the Nankai accretionary
prism were collected during IODP NanTroSEIZE Exped-
ition 316 (Figures 2 and 3). In the following subsections,
we document primary results of fault rock studies that
were obtained during Expedition 316 (Kinoshita et al.
2009) and post-expedition research.

Fault zone structure
Megasplay fault The shallow portion of the megasplay
fault zone was drilled at site C0004 (Figure 1b), where it



Figure 1 Location maps of the Nankai Trough and the Shimanto accretionary complex. (a) Map of the Nankai accretionary margin offshore
southwest Japan. The orange area and red line indicate the rupture area during the 1944 Tonankai earthquake (Mw8.1) and the location of the
seismic reflection line in (b), respectively. (b) Seismic reflection profile of the Nankai accretionary prism showing drill sites C0004 and C0007 at the
shallow portions of a megasplay fault and plate-boundary thrust, respectively (modified from Moore et al. 2009). (c) Distribution of the Shimanto
accretionary complex along the Pacific side of southwest Japan and the Ryukyu Arc.
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was defined at 256 to 315 m below the sea floor (mbsf )
based on the abrupt occurrence of brecciated fragments
with polished and slickenlined surfaces at 256 mbsf and
the absence of brecciated and fractured rocks below 315
mbsf. The fault zone is developed in the middle Pliocene
hemipelagic mudstone in which volcanic ash layers are
frequently distributed (Figure 2). Two biostratigraphic age
reversals occur in the fault zone and are consistent with
thrust faulting along the megasplay fault. There is no
clear evidence of fluid-rock interactions having taken
place in the fault zone, such as mineralized veins or
alteration.
Structural elements found in the megasplay fault

zone include fractured rocks, fault breccia, microbreccia,



Figure 2 Lithologic units and distribution of fault rocks in the megasplay fault zone at site C0004.
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drilling-induced breccia, and fault gouge (Figure 2). Bore-
hole resistivity images obtained from logging while drilling
indicate the presence of multiple conductive fractures in
the megasplay fault zone, which may inhibit core recovery
(Kinoshita et al. 2009). Based on recovered cores, there is
a wide distribution of fractured rocks and drilling-induced
breccia in the fault zone, while the other abovemen-
tioned structural elements show a relatively limited spatial
distribution. Fractured rocks are defined by the presence
of centimeter- to decimeter-sized trapezoidal broken rock
fragments that occur along sets of polished and striated
fracture surfaces. Drilling-induced breccia is derived from
natural fractured and brecciated rocks that were enhanced
by the drilling processes (see Kinoshita et al. 2009 for add-
itional detail about drilling-induced breccia). Fault breccia
and microbreccia are characterized by the predominance



Figure 3 Lithologic units and distribution of fault rocks in the plate-boundary fault zone at site C0007.
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of centimeter- to millimeter-sized and millimeter- to
submillimeter-sized, angular to subangular fragments, re-
spectively. Brecciated fragments are commonly polished
with variable slip directions. Some fractured rocks and
fault breccia show foliations defined by the alignment of
fragments along inclined fracture surfaces. Shear dis-
placements along individual fractures and slip surfaces
are considered to be small because the original layering
of hemipelagic mudstone and ash is mostly preserved
despite intense fracturing and brecciation.
Fault gouges develop in microbreccia as approximately

10-mm-thick dark zones deficient in visible fragments
(Figure 4a). At site C0004, one fault gouge smoothly cuts
the microbreccia, while the other gouge is undulated
and fragmented, indicating the recurrence of microbrec-
ciation and shear localization along the thin gouge zones.
On X-ray computed tomography (CT) images, the gouges
are expressed as bright zones with relatively high CT
numbers, suggesting that they are denser than the sur-
rounding microbreccia.

Plate-boundary thrust The plate-boundary thrust was
drilled at site C0007 (Figure 1b), with the plate-boundary
fault zone defined at 398.5 to 446 mbsf based on the spa-
cing of fractures and the preservation of fault breccia and
fault gouge. The fault zone and its hanging wall occur in



Figure 4 Occurrence of fault gouges in recovered cores. Fault gouges are shown from the (a) megasplay fault zone and (b) plate-boundary
fault zone. See Figures 2 and 3 for the locations of fault gouges.
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Pliocene hemipelagic mudstone with volcanic ash layers,
while the cores recovered from the footwall show sand-
dominated sediments that are possibly of Pleistocene age,
suggesting that temporal and lithological changes are asso-
ciated with thrust faulting (Figure 3).
The fault zone is characterized by the heterogeneous

distribution of fractured and brecciated rocks and a very
limited distribution of fault gouges (Figure 3). Fractur-
ing and brecciation in the fault zone show similar
characteristics to those in the megasplay fault zone.
Microbreccia is absent in the fault zone associated with
the plate-boundary thrust.
Fault gouges are developed in two intervals. The fault

gouge at 418.83 to 418.94 mbsf shows foliations defined
by both the alignment of submillimeter fragments in the
clay matrix and color banding. Foliations are cut by the
anastomosing slip surfaces that surround fragments. The
foliations and slip surfaces locally exhibit a composite
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planar fabric such as a P-Y fabric (Chester and Logan
1987), with the shear sense consistent with thrust fault-
ing. Fault gouges are also found in the lowermost part of
the fault zone at 438.28 to 438.57 mbsf where hemi-
pelagic mudstone underwent intense brecciation into
approximately 1- to 10-mm-sized fragments along an
anastomosing network of polished and striated surfaces.
The gouges are also intensely brecciated, resulting in
fragmentation of gouge or irregular gouge boundaries.
However, the 2-mm-thick dark fault gouge at the base of
the interval exhibits planar upper and lower boundaries
and sharply separates the intensely brecciated hemipela-
gic mudstone above from the unbroken hemipelagic
mudstone and ash below (Figure 4b). A biostratigraphic
age reversal that occurs across the interval records an esti-
mated time difference of approximately 1.67 Myr, which
Figure 5 Microstructures of fault gouges. Fault gouges in (a) and (b) ar
upper boundaries. Fault gouges in (c) and (d) are from the plate-boundary
zone and the upper boundary of the fault gouge, respectively. All photom
suggests that this thin, dark gouge represents an extreme
localization of slip during thrust faulting.
Earthquake faulting recorded in fault gouges
Both the shallow portions of the megasplay fault and
the plate-boundary thrust show repeated localization of
shear along approximately 2- to 10-mm-thick dark
gouges that occur within broader zones undergoing dis-
tributed fracture and brecciation (Figure 4). These
gouges are marked by the preferred orientation of very
fine grained clay particles that are parallel and oblique
to gouge boundaries (Figure 5). This contrasts with the
surrounding brecciated materials, which show an anas-
tomosing network or relatively widely spaced clay folia-
tions. The relative concentration of clay particles within
e from the megasplay fault zone, with white arrows indicating their
fault zone, with a white double and single arrow indicating the gouge
icrographs were taken under cross-polarized light.
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the gouges is consistent with the higher bulk density of
gouges compared to the surrounding breccias.
The gouges in the megasplay fault and the plate-

boundary thrust appear to record evidence for frictional
heating associated with coseismic slip even at shallow
depths of 271 and 438 mbsf, respectively, as indicated
by optical reflectance anomalies in vitrinite (Sakaguchi
et al. 2011). Vitrinite is a constituent of bituminous
coal. Vitrinite reflectance (Ro) is an indicator of the
thermal maturation of coal, which increases with in-
creasing temperature and heating duration. Since an
increase in Ro is an irreversible reaction, it is expected
to record the maximum temperature. Sakaguchi et al.
(2011) measured Ro across the dark gouges in the megas-
play fault and the plate-boundary thrust and identified
zones of anomalous Ro values symmetrically distributed
around the gouges (Figure 6). Ro values were seen to be
largest within the gouges and decreased with distance
away. The maximum temperatures estimated from the
measured Ro anomalies were 390 ± 50°C in the megasplay
fault and 330 ± 50°C in the plate-boundary thrust, both
of which are much higher than the ambient temperatures
of <20 ± 15°C. It is likely that these high temperatures
are caused by the generation of frictional heat associated
Figure 6 Distribution of vitrinite reflectance (Ro) across fault gouges (
zone and (b) from the plate-boundary fault zone. Black dots on core surfac
smoothed Ro curves. See Figures 2 and 3 for locations of fault gouges.
with earthquake faulting along the thin (approximately 2
to 10 mm) gouges, while high Ro values adjacent to the
gouges could record the effects of heat diffusion away
from the gouge zones (Sakaguchi et al. 2011).
Hirono et al. (2009) examined other temperature proxies

(i.e., fluid-mobile trace elements, strontium isotopes, mag-
netic minerals, inorganic carbon content, and Raman
spectra of carbonaceous material) for the same gouge in
the megasplay fault zone. These proxies successfully
identified previous seismic slip on the Chelungpu thrust,
including that attributed to the 1999 Chi-Chi earthquake
(Mw7.6) in Taiwan (Hirono et al. 2006; Ishikawa et al.
2008). However, Hirono et al. (2009) did not detect any
thermal anomaly. No detection of thermal anomaly may
simply reflect the fact that vitrinite is more sensitive to in-
creased heat than other temperature proxies. Alternatively,
it is possible that the coseismic temperature does not ex-
ceed 300°C (Hirono et al. 2009), and/or the maximum
temperature estimated from Ro may have been overesti-
mated (Kitamura et al. 2012; Furuichi et al. 2013). The
kinetic model of Sweeney and Burnham (1990), which
considers a first-order Arrhenius law, was used to calcu-
late the maximum temperature from Ro values (Sakaguchi
et al. 2011). In this model, Ro is related to the extent of the
modified from Sakaguchi et al. 2011). (a) From the megasplay fault
es indicate coal particles used for Ro measurement. Red lines show
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parallel chemical reactions (F) associated with ther-
mal maturation, which is described by the empirical
relationship:

R0% ¼ e −1:6þ3:7Fð Þ ð1Þ

However, it is not possible to apply this chemical kinetic
model to short-lived thermal events such as frictional
heating on faults. In fact, recent high-velocity (1.3 m/s)
friction experiments on a mixture of 95 wt% clay-rich
powder and 5 wt% coal grains from the host rock of the
megasplay fault gouge and the Kumano forearc basin in
the Nankai subduction zone, respectively, demonstrated
that Ro can be increased by high-velocity shearing, but the
Ro determined from the kinetic model of Sweeney and
Burnham (1990) is greater than the Ro measured after
the experiments (Furuichi et al. 2013). Fulton and Harris
(2012) conducted numerical modeling to explain the
Figure 7 Geochemical and mineralogical data showing transformatio
Yamaguchi et al. (2011b). See Figure 2 for the location of the fault gouge.
showing the XRF mapping area in (b) (white rectangle). Red triangles indic
microbreccia. (b) Compositional maps across fault gouges (solid triangles).
spatial distribution of Ro across the fault gouges using
the thermal model for frictional heat generation and dif-
fusion with finite thickness, coupled with the kinetic
model of Sweeney and Burnham (1990). Their results
indicate that very large coseismic slip of several tens of
meters is necessary to account for both the peak and
spatial extent of anomalous Ro found in and around the
fault gouges. Thus, estimation of coseismic temperature
using the kinetic model of Sweeney and Burnham (1990)
is problematic and requires further investigation. However,
the increase in Ro in the fault gouges even at shallow
depths is evident, and several experimental studies have
demonstrated that Ro values can increase during high-
velocity shearing on short timescales comparable to an ap-
proximately 10-s earthquake rise time (O'Hara et al. 2006;
Kitamura et al. 2012; Furuichi et al. 2013).
Yamaguchi et al. (2011b) reported geochemical and

mineralogical anomalies in the same fault gouge in the
n of Ca-smectite into illite in the fault gouge. Modified from
(a) Photograph of the fault gouge in the megasplay fault zone
ate fault gouge (upper) and fragmented gouge (lower) in
(c) XRD patterns for fault gouge and microbreccia shown in (a).
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megasplay fault zone where Sakaguchi et al. (2011)
detected anomalous Ro values. They conducted a non-
destructive X-ray fluorescence (XRF) analysis using a
core-imaging scanner and X-ray diffraction (XRD) ana-
lysis on the fault gouge and surrounding microbreccia.
Their compositional maps indicate that the fault gouge
is chemically enriched in Al and K, and depleted in Ca
and Sr relative to the surrounding breccias, which is
consistent with the XRD data showing that the fault
gouge has a higher illite content in illite-smectite mixed-
layer clays (Figure 7). These results suggest that the trans-
formation of Ca-smectite into illite has progressed in the
fault gouge. It has been proposed that the transformation
of smectite to illite in the shear zone occurs by dissolution
and recrystallization processes, shear-related deforma-
tions, and frictional heating (Yan et al. 2001; Hirono et al.
2008; Casciello et al. 2011). The coexistent anomalies of
Ro and the clay mineralogy anomalies in the gouges sug-
gest that frictional heating is the most likely cause for the
illitization within the gouges (Yamaguchi et al. 2011b).
Fault zone structures and analyses of approximately

2- to 10-mm-thick dark gouges in the megasplay fault
and the plate-boundary thrust suggest that earthquake
rupture propagated to shallow depths. Clay-rich mate-
rials taken from the shallow megasplay fault and shallow
plate-boundary thrust show velocity-strengthening fric-
tional behavior at low slip rates, suggesting that earthquake
nucleation is unlikely to occur at shallow depths (Ikari and
Saffer 2011). However, the high-velocity (1.3 m/s), wet
(water-saturated) friction experiments on clay-rich ma-
terials taken from gouge host rocks and pure clays
demonstrated that earthquake rupture propagates eas-
ily through clay-rich fault gouge by high-velocity weak-
ening associated with thermal pressurization, which is
marked by low peak and steady-state friction, and a
very small slip weakening distance and fracture energy
(Ujiie and Tsutsumi 2010; Faulkner et al. 2011). The
permeabilities of the fault zone materials in the megasplay
fault and the plate-boundary thrust are in the orders
of 10−20 to 10−18 m2 (Ikari et al. 2009; Tanikawa et al.
2012). Unless dilatancy hardening operates in low-
permeability gouges (Rudnicki and Chen 1988; Segall
and Rice 1995), water is not expected to be able to es-
cape from a shear zone during earthquake faulting
(Lachenbruch 1980; Mase and Smith 1987; Rice 2006).
Therefore, when frictional heat is generated along nar-
row gouges approximately 2- to 10-mm thick, thermal
pressurization is likely to occur even at shallow depths.
This suggests that a shallow fault exhibiting stable, velocity-
strengthening behavior at low slip rates may be weakened
by thermal pressurization. Recent numerical modeling con-
sidering the rate- and state-dependent friction constitutive
law, and high-velocity weakening due to rapid shear heating
of pore fluids, has revealed that unstable slip occurs even in
fault segments where velocity-strengthening occurs at low
slip rates (Shibazaki et al. 2011; Noda and Lapusta 2013).
In summary, fault rock analyses and experimental in-

vestigations using fault zone materials highlight that the
propagation of seismic slip to shallow portions of the
megasplay fault and the plate-boundary thrust is likely to
have occurred during subduction earthquakes (Figure 8),
which would then have facilitated the generation of tsu-
namis in the Nankai subduction zone.

Fault rocks in exhumed accretionary complexes
Examination of fault rocks exhumed from various depths
in subduction zones is essential in order to understand
fault slip behaviors such as dynamic earthquake rupture,
low-frequency tremor and earthquakes, slow slip events,
and post-seismic and interseismic creep. In particular,
tectonic mélanges in exhumed accretionary complexes
can be regarded as fault rocks that formed along subduc-
tion plate boundaries and are thus expected to record
earthquake faulting in subduction zones (Kimura et al.
2012). Mélanges are characterized by competent blocks
(e.g., sandstone) in an incompetent (e.g., mudstone)
matrix. Fagereng and Sibson (2010) pointed out that
variation in the ratio of competent to incompetent ma-
terial causes spatial variations in shear strength, viscosity,
shear strain rate, and fault slip behavior. They suggested
that localization of shear occurs along lithological bound-
aries or within competent blocks, while distributed shear
is accommodated by foliated phyllosilicates in the in-
competent matrix. The competent blocks composed of
strong minerals tend to show high frictional strength
and velocity-weakening behavior, whereas the foliated
phyllosilicates commonly exhibit low frictional strength
and velocity-strengthening behavior (Collettini et al. 2011;
Ikari et al. 2011). It is likely that the heterogeneity of
mélange affects aseismic slip and earthquake nucleation
(Fagereng and Sibson 2010). Recently, Rowe et al. (2013)
compiled data on the thicknesses of subduction thrusts at
depths of <1 to 15 km. Although mélanges can be several
hundreds of meters thick, a simultaneously active part of a
subduction plate boundary consists of one or multiple
fault strands with a thickness of 5 to 35 m, which are
sharply cut by discrete slip surfaces with thicknesses of <1
to 20 cm. These observations suggest that dynamic earth-
quake rupture occurs in highly localized slip zones with
thickness of <1 to 20 cm, while post-seismic and interseis-
mic creep is generated in single to several strands with
thicknesses of 5 to 35 m (Rowe et al. 2013). In the following
subsections, we show representative results of fault rocks
studies conducted in exhumed accretionary complexes.

Frictional melting
Pseudotachylytes Pseudotachylytes (i.e., solidified fric-
tional melts produced during seismic slip) have been



Figure 8 Schematic profile of the Nankai accretionary prism offshore the Kii Peninsula, southwest Japan. Orange dots indicate locations of
fault gouges in which coal maturation and illitization were found by drilling into the shallow portions of the megasplay fault and the plate-boundary
thrust. The tectonic setting of the duplex underplating of the tectonic mélange and basalt is shown on the profile. Tectonic settings of
pseudotachylytes (red dots) and fluidized fault rocks (blue dots), which are identified in the Shimanto accretionary complex (the on-land analog
of the Nankai accretionary prism), are shown in the profile.
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found in exhumed accretionary complexes (Ikesawa et al.
2003; Kitamura et al. 2005; Rowe et al. 2005; Mukoyoshi
et al. 2006; Okamoto et al. 2006; Ujiie et al. 2007b;
Meneghini et al. 2010; Hashimoto et al. 2012). Geo-
logical settings associated with pseudotachylyte-bearing
faults are plate-boundary thrusts, roof thrusts of duplex
structures, and megasplay faults (or out-of-sequence
thrusts) (Figure 8) that were active at depths of 2.5 to
14 km and temperatures of 160°C to 320°C (Ikesawa
et al. 2003; Kitamura et al. 2005; Rowe et al. 2005;
Mukoyoshi et al. 2006; Okamoto et al. 2006; Hashimoto
et al. 2012). In many cases, pseudotachylyte-bearing
faults develop near the boundary between argillaceous
mélange and relatively coherent sandstone, and pseudo-
tachylytes are hosted in either foliated or non-foliated
mélange-derived cataclasites (Figure 9a). Pseudotachylyte-
bearing fault zones can range in thickness from less than
1 m to tens of meters. Pseudotachylyte-bearing fault zones
in the exhumed accretionary complexes commonly con-
tain quartz, calcite, ankerite, and laumontite veins and
their fragments, which are consistent with fluid-infiltrated
conditions (Ikesawa et al. 2003; Mukoyoshi et al. 2006;
Okamoto et al. 2006; Ujiie et al. 2007b) and are in contrast
to pseudotachylytes that form in crystalline rocks under
dry conditions (Sibson and Toy 2006). One explanation
for the occurrence of pseudotachylytes in fluid-saturated
fault zones is that seismic slip occurred along a thin slip
zone with a high permeability/compressibility. In such a
case, fluid could escape from the slip zone during earth-
quake faulting, generating temperatures high enough for
frictional melting. Pseudotachylyte-bearing dark veins
in the exhumed accretionary complexes are commonly
thinner than a few millimeters (typically 1 mm), which
is consistent with the presence of a thin slip zone during
earthquake faulting (Figure 9b).
The pseudotachylyte-bearing dark veins at outcrop are

continuous and straight, but in places show the appear-
ance of both fault and injection veins. The length of the
injection veins is less than 10 mm. Based on the following
observations, the dark veins are thought to have originally
been pseudotachylyte veins that subsequently suffered
hydrothermal alteration: the dark veins locally preserve
the embayed boundaries (Figure 9c) and are mostly
composed of illite, which was possibly derived from
hydrothermal alteration; mineralized veins are present
along the dark veins (Figure 9c); and some portions of
the dark veins and injection veins survived alteration
and are preserved as evidence for frictional melting
(Figure 9d). Under plane-polarized light, the unaltered
pseudotachylytes are characterized by the presence of
subangular to subrounded grains of quartz and feldspar,
and small dark grains in the transparent matrix. Under
cross-polarized light, the matrix is dark and optically
isotropic.
Examination under a scanning electron microscope

(SEM) and transmission electron microscope (TEM) has



Figure 9 Occurrences of the pseudotachylyte-bearing dark veins in the Shimanto accretionary complex. (a) Dark veins (red arrows)
sharply bounding the foliated cataclasite. (b) Enlarged view of the dark vein (red arrow). (c) Dark and injection veins under plane-polarized light.
(d) The pseudotachylyte surviving alteration, which is recognized as the transparent material under plane-polarized light (red arrow). The red
double arrow indicates the dark vein.
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revealed the following evidence for frictional melting
(Figure 10 and see also Mukoyoshi et al. 2006; Okamoto
et al. 2006; Ujiie et al. 2007b; Meneghini et al. 2010): a
glassy matrix, grains with irregular and embayed margins,
vesicles and amygdules, Fe-rich spherules, idiomorphic
acicular microlites of mullite or muscovite, and tabular
zoned microlites of plagioclase. Acicular and tabular
microlites were reported from the 1-mm and 10- to
100-mm-thick pseudotachylytes, respectively (Rowe et al.
2005; Mukoyoshi et al. 2006; Ujiie et al. 2007b; Meneghini
et al. 2010), with the latter being exceptionally thick
compared to typical pseudotachylytes (Sibson 1975,
2003; Di Toro and Pennacchioni 2004). Different crystal
morphologies may be the result of variations in the cool-
ing rate of the melt, although other parameters (e.g., the
presence and abundance of nuclei for crystallization) may
also contribute (Lofgren 1980; Corrigan 1982). The tabular
morphology of plagioclase microlites is consistent with
slow cooling in an exceptionally thick melt (Meneghini
et al. 2010). The presence of embayed grains, vesicles, and



Figure 10 (See legend on next page.)
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Figure 10 Microstructures of pseudotachylytes. (a-e) Pseudotachylytes from the Shimanto accretionary complex. (f) Pseudotachylyte from the
Kodiak accretionary complex (modified from Meneghini et al. 2010). (a) Back-scattered electron image of pseudotachylyte showing fragments in a
glassy matrix resulting from rapid cooling of the frictional melt. Albite grains (Ab) with irregular and embayed margins are present in the homogeneous
matrix. (b) Vesicles and idiomorphic acicular microlites of muscovite in the matrix. Location of the image is shown in (a). (c) Back-scattered electron
image of pseudotachylyte showing an embayed K-feldspar grain (Kf) in the homogeneous matrix. (d) Enlarged view of the embayed K-feldspar grain
(Kf), suggesting marginal melting. Vesicles are visible in the matrix. Location of the image is shown in (c). (e) TEM image of pseudotachylyte showing
idiomorphic acicular microlites of mullite in a homogeneous, glassy matrix. (f) Back-scattered electron image of pseudotachylyte showing tabular zoned
microlites of plagioclase.
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Fe-rich spherules in the homogeneous, glassy matrix was
successfully reproduced in the pseudotachylytes produced
by high-velocity (1.3 m/s) friction experiments on argillite
from the pseudotachylyte host rock in the Shimanto accre-
tionary complex (Ujiie et al. 2009).
The chemical composition of the pseudotachylyte

matrix determined by an electron probe microanalyzer
(EPMA) is similar to that of illite (Table 1), which is con-
sistent with the selective melting of phyllosilicates due to
their low shear yield strength, fracture toughness, and
thermal conductivity (Spray 1992). Heating experiments
on illite reveal that illite melts at approximately 950°C to
1,200°C and that crystallization and melting of mullite
occur at 1,100°C and ≥1,400°C, respectively (Grim and
Bradley 1940; Moecher and Brearley 2004; McConville
and Lee 2005). The rounded and embayed shapes of albite
and K-feldspar grains (Figure 10) are attributed to disequi-
librium marginal melting, which has occurred due to a
decrease in the melting temperature of feldspar caused
by the release of OH− from hydrous phases or by viscous
shear heating at >1,100°C (Spray 1992). It is therefore
Table 1 Average chemical composition of pseudotachylyte m
unmelted grains

Mugi area

Mg-1 Mg-2 Mg-3

ϕ 0.09 0.26 0.26

R 1.58 1.56 1.55

n 11 6 13

SiO2 52.55 ± 0.85 51.80 ± 1.50 52.79 ± 0.31

TiO2 0.27 ± 0.08 0.16 ± 0.11 0.08 ± 0.01

Al2O3 30.22 ± 0.65 27.88 ± 1.15 27.97 ± 0.00

FeO 2.55 ± 0.48 4.68 ± 1.88 3.72 ± 0.12

MnO 0.21 ± 0.29 0.16 ± 0.04 0.13 ± 0.01

MgO 1.63 ± 0.08 1.96 ± 0.29 1.60 ± 0.08

CaO 0.55 ± 0.08 0.66 ± 0.10 0.94 ± 0.49

Na2O 0.13 ± 0.02 0.13 ± 0.01 0.11 ± 0.03

K2O 7.82 ± 0.35 6.92 ± 0.51 6.97 ± 0.08

Total 95.93 94.34 94.30

Missing mass 4.07 5.66 5.7

Modified from Ujiie et al. (2007b). ϕ, volume fraction of unmelted grains; R, average
considered that the frictional melts reached a minimum
temperature of 1,100°C.
The common feature of frictional melting is that hydrous

minerals melt preferentially, whereas refractory minerals
such as quartz survive as clasts (Allen 1979; Maddock
1992; Magloughlin 1992; Magloughlin and Spray 1992;
Spray 1992; Otsuki et al. 2003). As frictional melting ex-
hibits disequilibrium characteristics, a higher degree of
melting leads to a greater degree of melting of refractory
minerals. Thus, the chemical composition of a pseudota-
chylyte matrix would be expected to change as the degree
of melting increases. However, the chemical composition
of the pseudotachylyte matrix from the Shimanto accre-
tionary complex samples remained constant (i.e., similar
to that of illite), despite the volume fraction (ϕ) of un-
melted grains ranging from 9% to 26% (Table 1). These
variations in volume fraction of unmelted grains cannot
be explained by differences in the degree of melting and
instead may reflect differences in the initial volume
fraction of illite prior to frictional melting (Ujiie et al.
2007b). It is likely that the illite was either derived from
atrix, and volume fraction and average aspect ratio of

Okitsu area

Mg-4 Ok-1 Ok-2 Ok-3

0.26 0.13 0.18 0.12

1.54 1.39 1.5 1.41

5 13 8 10

51.65 ± 1.24 53.40 ± 0.92 53.05 ± 0.66 52.46 ± 1.13

0.13 ± 0.03 0.14 ± 0.07 0.29 ± 0.05 0.21 ± 0.02

27.03 ± 0.58 29.25 ± 0.80 29.03 ± 0.37 28.92 ± 0.36

5.32 ± 0.39 2.40 ± 0.49 2.32 ± 0.09 2.28 ± 0.11

0.19 ± 0.02 0.03 ± 0.02 0.05 ± 0.02 0.02 ± 0.01

2.15 ± 0.15 2.51 ± 0.14 2.52 ± 0.14 2.51 ± 0.05

0.57 ± 0.02 0.45 ± 0.40 0.33 ± 0.04 0.42 ± 0.33

0.15 ± 0.01 0.06 ± 0.02 0.06 ± 0.01 0.06 ± 0.01

6.88 ± 0.14 6.90 ± 0.81 8.38 ± 0.52 8.23 ± 0.19

94.11 95.15 96.04 95.12

5.89 4.85 3.96 4.88

aspect ratio of unmelted grains; n, numbers of analyses.



Figure 11 Matrix viscosity versus temperature for seven
pseudotachylyte samples from the Shimanto accretionary
complex. Both Arrhenian (blue lines) and non-Arrhenian (red lines)
temperature dependences of the melt are considered in the
calculation of the matrix viscosity.
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hydrothermal alteration, which may be a precursor to
frictional melting (Magloughlin 1992), or from the alter-
ation of the pseudotachylyte matrix. The presence of
illite and chlorite was also reported in pseudotachylyte
layers from the Kodiak accretionary complex, Alaska, and
was interpreted as representing the alteration of the pseu-
dotachylyte matrix (Meneghini et al. 2010). Pseudotachy-
lytes are rarely preserved in a recognizable form due to
recrystallization, alteration, and subsequent deformation
by cataclastic and crystal-plastic mechanisms (Kirkpatrick
and Rowe 2013). In accretionary complexes, the primary
control on the scarcity of pseudotachylytes appears to
result from hydrothermal alteration in fluid-saturated
fault zones.

Effects of frictional melting on earthquake faulting
The estimation of shear resistance during frictional melting
is crucial to evaluate coseismic fault behavior. Earthquake
faulting associated with frictional melting is controlled by
factors such as strain rate, melt thickness, fault roughness,
melt escape from the slip interface, and melt viscosity
(Fialko and Khazan 2005; Nielsen et al. 2008). In this sec-
tion, we show how shear resistance was determined from
pseudotachylytes in exhumed accretionary complexes.
By assuming the Arrhenian temperature dependence of

melt viscosity, the matrix viscosity of frictional melts was
calculated using the Shaw (1972) model (Spray 1993; Ujiie
et al. 2007b; Kirkpatrick et al. 2012):

η Tð Þ ¼ Aexp
B
T

� �
ð2Þ

where T is the absolute temperature, and A and B are
the reference viscosity (temperature-independent pre-
factor) and the activation temperature, respectively.
This model is able to predict the melt viscosity from
the melt composition and has been used for calculation
of the temperature dependence of melt viscosity under
anhydrous and hydrous conditions. In the case of the
frictional melt formed in accretionary complexes, the
chemical composition of the pseudotachylyte matrix
listed in Table 1 was used for the calculation of the
matrix viscosity. It is considered likely that the fric-
tional melting of illite produced the hydrous melt. The
water content in the frictional melt estimated from the
missing mass in the pseudotachylyte matrix is 3.96% to
5.89% (Table 1), which is comparable to the content of
structural water from the OH− ions in illite (Deer et al.
1992). Since most of the adsorbed and interlayer water
of the illite would be driven off under the temperature
conditions in pseudotachylyte-bearing fault zones (160°C
to 320°C), the estimated water content appears to be rea-
sonable. The calculated matrix viscosity at a minimum
melting temperature of 1,100°C is low, ranging from 21 to
130 Pa s (Figure 11).
In contrast, frictional melts may show non-Arrhenian

Newtonian viscosity (Dingwell and Webb 1989; Dingwell
et al. 1993). The non-Arrhenian temperature dependence
of the melt viscosity was expressed by the Vogel-Fulcher-
Tammann (VFT) equation based on >1,770 measurements
of viscosity on multicomponent anhydrous and hydrous
silicate melts:

logη ¼ Aþ B
T−C

ð3Þ

where A, B, and C are adjustable parameters (Giordano
et al. 2008). We calculated the non-Arrhenian temperature
dependence of the matrix viscosity of frictional melt
using the viscosity calculator of Giordano et al. (2008)
and adopted the same chemical composition of the
pseudotachylyte matrix and water content as used for
the Arrhenian temperature dependence of the matrix
viscosity of frictional melt (Table 1). The fluorine con-
tent is assumed to be zero. The matrix viscosity at
1,100°C is in the order of 20 to 111 Pa s, which is of the
same order as that used to consider the Arrhenian
temperature dependence (Figure 11).
Unmelted grains and bubbles influence the viscosity

of a melt (Metzner 1985; Mueller et al. 2010); for ex-
ample, the viscosity of silicate melts becomes non-
Newtonian when the volume fraction of the crystals in
melts exceeds 40% (Lejeune and Richet 1995). The rela-
tive viscosity (i.e., the ratio of the viscosity with solid
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grains to the inclusion-free fluid viscosity) can be expressed
as (Kitano et al. 1981):

ηr ¼ 1−
ϕ

A

� �� �−2
ð4Þ

with A = 0.54 − 0.0125R, where A is the parameter re-
lated to the packing geometry of solid grains, and R is
the average aspect ratio of the unmelted grains deter-
mined from SEM back-scattered electron images (Table 1).
The Arrhenian and non-Arrhenian temperature depend-
ence of the viscosity of the frictional melt at 1,100°C was
estimated to be in the range of 85 to 290 and 79 to
258 Pa s, respectively. The volume fraction of vesicles in
the pseudotachylyte is less than 5%; therefore, the effect of
the bubbles on the bulk viscosity would be negligible.
The viscosity of the frictional melt in accretionary

complexes is low and is independent of the Arrhenian
and non-Arrhenian temperature dependence. This low
viscosity is attributed to the high melting temperature
of ≥1,100°C, the water content of illite, and the small
volume fraction of unmelted grains. The seismic slip along
the thin (mostly less than a few millimeters in thickness)
layer would induce the high heat production rate and
temperature, which in turn would reduce the viscosity
of the frictional melt. Assuming the Arrhenian Newtonian
viscosity of the frictional melt, the shear resistance (τ)
along the melt layer is expressed as:

τ ¼ η
dγ
dt

ð5Þ

where η is the viscosity of the frictional melt and dγ/dt is
the shear strain rate. Considering τ along a 1-mm-thick
melt layer at a slip rate of 1 m/s and η at a minimum melt-
ing temperature of 1,100°C, τ is in the range of 0.1 to
0.3 MPa. The estimated shear resistance could provide a
lower bound of the melt strength because the calculation
assumes a Newtonian rheology.
Provided that most of the mechanical work during

earthquake faulting is converted into heat, the shear re-
sistance of the frictional melt is estimated as (Sibson
1975; Di Toro et al. 2005):

τ ¼ ρ Cp Tm−Thrð Þ þ 1−ϕð ÞH� �w
d

ð6Þ
Table 2 Shear resistance of frictional melt at given fault displ

Magnitude Fault displacement

M d (m) Mg-1 Mg-2

5 0.1 30.3 28.9

6 0.4 7.6 7.2

7 1 3.0 2.9

8 4 0.8 0.7

Modified from Ujiie et al. (2007b).
where ρ = 2,500 kg/m3 is the rock density, Cp =
1,000 J kg−1°C−1 is the specific heat at constant pressure,
Tm = 1,100°C is the melting temperature, Thr = 180°C or
250°C is the host rock temperature, ϕ = 0.09 to 0.26 is the
volume fraction of unmelted grains (Table 1), H = 3.2 ×
105 J kg−1 is the latent heat of fusion, w = 1 mm is the typ-
ical thickness of the melt layer, and d = 0.1 to 4 m is the
fault displacement during earthquakes of magnitudes M5
to M8 (Sibson 1989). The estimated shear resistance in
the presence of the melt layer is in the order of 0.7 to
30.3 MPa (Table 2), and the shear resistance calculated
from Equation 5 is in the same order of that during an M8
earthquake, which occurs in subduction zones.
The high-velocity friction experiments on argillite

(typical host rock of pseudotachylytes in exhumed ac-
cretionary complexes) show the slip-strengthening be-
havior during the growth (thickening) of the melt layer
(Ujiie et al. 2009), which is in contrast to the typical
slip-weakening behavior during the formation of the melt
layer in crystalline rocks (Tsutsumi and Shimamoto 1997;
Hirose and Shimamoto 2005; Di Toro et al. 2006). This
slip strengthening is attributed to dehydration increasing
the viscosity of the melt layer, which may be specific to
clay mineral-dominated argillite (Ujiie et al. 2009). On the
other hand, the apparent coefficient of friction (the ratio
of shear to normal stress) during slip strengthening pro-
gressively decreases from 1.2-1.4 to 0.4-0.6 when normal
stress (σn) increases from 2.7 to 13.3 MPa (Ujiie et al.
2009), which is consistent with theoretical predictions
showing that viscous shear stress is almost independent of
σn (Fialko and Khazan 2005). These experimental results
on argillite imply that suppression of seismic slip due to
viscous braking is expected at shallow depths in accretion-
ary complexes if substantial melt dehydration occurs on
the timescale of seismic slip. However, melt lubrication
may occur at greater depths because the ratio of viscous
shear stress to σn progressively decreases with depth.
Assuming the Newtonian rheology of the frictional
melt, there may be a critical depth at which the fric-
tional strength overcomes the viscous strength (Fialko
and Khazan 2005):

η
dγ
dt

< μσn ð7Þ
acement during earthquake of magnitudes M5 to M8

Shear resistance, τ (MPa)

Mg-3 Mg-4 Ok-1 Ok-2 Ok-3

28.9 28.9 28.2 27.8 28.3

7.2 7.2 7.1 7.0 7.1

2.9 2.9 2.8 2.8 2.8

0.7 0.7 0.7 0.7 0.7
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where dγ/dt is the shear strain rate, and μ is the friction
coefficient. This may explain why pseudotachylytes in
exhumed accretionary complexes were found at depths
of ≥2.5 km. Field observations and high-velocity friction
experiments suggest that there is a transition from melt
lubrication at greater depths to viscous braking at shallow
depths. This could be one of the factors controlling the
updip limit of the earthquake rupture zone in subduction-
accretion complexes.

Fluidization
Fluidized fault rocks Fluidized fault rocks that are
thought to be associated with earthquake faulting have
been reported from various geological settings including
normal faults (Smith et al. 2008, 2011), strike-slip faults
(Monzawa and Otsuki 2003; Otsuki et al. 2003), and
thrusts in the exhumed accretionary complexes (Rowe
et al. 2005; Ujiie et al. 2007a; Boullier et al. 2009; Brodsky
et al. 2009; Meneghini et al. 2010). Fluidization is a
phenomenon by which granular materials in a suspension
move freely, akin to molecules in a gas. Fluidization of
granular materials occurs at high shear rates in a grain-
inertia regime in which stress is transmitted by inter-
granular collisions (Bagnold 1954; Hanes and Inman
1985). Fluidized fault rocks may be then cohesive and
are composed of extremely comminuted granular mate-
rials, which could be classified as ultracataclasite. Grains
in the ultrafine-grained matrix are subangular to rounded,
suggesting preferential abrasion and wearing of the grain
corners. In the exhumed accretionary complexes, fluid-
ized fault rocks were typically found in the argillaceous
mélange and the underplated basalt (Figure 8).
In the early Tertiary accretionary complex of Kodiak

Island, Alaska, the argillaceous mélange continuously
develops along strike and has been interpreted as repre-
senting a paleo-subduction thrust that was subducted at
depths of 12 to 14 km and temperatures of 230°C to
260°C (Byrne 1984; Fisher and Byrne 1987; Vrolijk et al.
1988). The approximately 0.3-m-thick black and aphani-
tic fault rocks have developed in the 15- to 20-m-thick
cataclasite that is derived from the argillaceous mélange
(Rowe et al. 2005; Meneghini et al. 2010). The cataclasite
is considered to represent episodes of localized deform-
ation during subduction (Rowe et al. 2013). At outcrops,
the black fault rock commonly exhibits deformational
features consistent with fluidization (Rowe et al. 2005;
Brodsky et al. 2009; Meneghini et al. 2010). While the
lower boundary of the black rock is smooth and subpla-
nar, the upper boundary is marked by flame-like intru-
sions of black rock into the cataclasite or flow structures
and in places the black rock mixes with the overlying
cataclasite (Figure 12a). The smoothly curved forms of
the upper boundary and the ductilely deformed catacla-
site adjacent to the black rock suggest the mobilization
of black rock and cataclasite during intrusions. The cus-
pate form of the black rock intrusions suggests that it is
less viscous than the overlying cataclasite. When the upper
boundary is composed of a sandstone-rich mélange, the
black rock shows sharp-walled injection veins into the
overlying sandstone.
At the microscale scale, the black fault rock displays

internal layering composed of ultracomminuted granular
and crystalline materials, with the latter interpreted to
represent tabular zoned microlites of plagioclase in pseu-
dotachylytes (Meneghini et al. 2010). Flow, intrusion, and
folding structures are observed along the boundary be-
tween granular and crystalline microlayers, suggesting
that granular material and frictional melt deformed to-
gether in a ductile manner (Figure 12b). The granular
material shows a homogeneous texture without any in-
dication of slip localization. The intimate association
of granular and crystalline microlayers suggests that
fluidization is synchronous with frictional melting, but
that it occurred prior to solidification of the frictional
melt. In another case, clasts of granular and crystalline
materials are found in the crystalline and granular
microlayers, respectively, showing mutual brittle trun-
cation and incorporation into the surrounding granular
material (Figure 12c). This suggests that each earth-
quake faulting event occurred after the solidification of
frictional melt and fluidized material.
In the Late Cretaceous to early Tertiary Shimanto accre-

tionary complex of eastern Shikoku, the basalt slices and
mélange (blocks of hemipelagic red shale, acidic tuff, and
sandstone in a sheared argillaceous matrix) are imbricated
along thrusts, representing a duplex underplating associ-
ated with the downward step of the subduction thrust at
depths of 4 to 6 km and temperatures of 130°C to 150°C
(Ikesawa et al. 2005) (Figure 8). One well-exposed duplex
fault zone is a few tens of meters thick and is composed
of basalt and basalt-derived fault rocks, in which slip
was concentrated along a few-centimeters-thick ultraca-
taclasite at mélange and basalt/basalt-derived foliated
cataclasite boundary. The ultracataclasite is thought to
have recorded the fluidization of comminuted granular
materials (Ujiie et al. 2007a) given that the basalt-derived
comminuted material is commonly injected into the over-
lying mélange, suggesting the mobilization of the fluidized
material (Figure 12d); basalt- and mélange-derived com-
minuted materials are locally intermixed without shear
surfaces, suggesting non-laminar (or turbulent) flow asso-
ciated with fluidization (Figure 12e); fragmented counter-
parts (i.e., clast fragments that were originally part of a
larger clast) are rarely identified in the injected materials,
indicating that most of the fragmented counterparts
moved away from one another in relation to fluidization
(Monzawa and Otsuki 2003; Otsuki et al. 2003); and the
homogeneous texture without discrete slip surfaces



Figure 12 (See legend on next page.)
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Figure 12 Macroscopic and microscopic occurrences of fluidized fault rocks. (a-c) Fluidized fault rocks from the Kodiak accretionary
complex (modified from Brodsky et al. 2009; Meneghini et al. 2010). (d-f) Fluidized fault rocks from the Shimanto accretionary complex (modified
from Ujiie et al. 2007a). (a) Flame-like intrusions of the black fault rock into the overlying cataclasite, and mixing flow between the black fault rock
and the cataclasite. (b) Flow deformation developed in granular (Gr) and crystalline (Cy) microlayers (plane-polarized light). (c) Back-scattered electron
image showing clasts of crystalline material (white arrow) in the granular (Gr) microlayer. (d) Injection of the basalt-derived comminuted material into
the overlying mélange. Black double arrows indicate the ultracataclasite showing injection structures. (e) Zone of mixing flow between basalt- and
mélange-derived comminuted materials (black double arrow). (f) Homogeneous texture typically observed in the slipping zone showing
injection structures (plane-polarized light).
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could reflect that fluidization homogenized the internal
texture of the slipping zone (Figure 12f ). The very simi-
lar grain size distribution between the tip and the root
of the injection vein indicates that settlement of the
coarser grains by gravity is unlikely to have occurred
during the injection, suggesting a rapid injection of
fluidized granular material during faulting (Ujiie et al.
2007a).
The fluidized rock and the basalt slice immediately

below (≤1 m) the fluidized rock constitute the altered zone
where the magnetic susceptibilities are 1 or 2 orders of
magnitude lower than those of basalt and basalt-derived
foliated cataclasite in the fault zone due to a loss of
magnetite and maghemite, and where color changes
from dark green/dark red to light green/light brown are
observed due to increased amounts of alteration products
such as chlorite, mixed-layer chlorite/smectite, corrensite,
and calcite (Ujiie et al. 2007a; Kameda et al. 2011). In
addition, calcite and laumontite veins are also concen-
trated in and around the altered zone, showing a mutually
crosscutting relationship between veins and the fluidized
zone. These features suggest that fluidization occurred
under fluid-infiltrated conditions.
The fluidized rock in the underplated basalt preserves

evidence for frictional heating (Ujiie et al. 2008; Kameda
et al. 2011). Fluid inclusions trapped in calcite can re-
equilibrate and increase in volume (i.e., stretching) when
heated to temperatures higher than those of the initial
entrapment at the entrapment pressure, resulting in an
increase in homogenization temperatures (Roedder 1984).
Ujiie et al. (2008) examined a distribution of homoge-
nization temperatures across fluidized rock and revealed
that the asymmetric, skewed frequency distributions of
the homogenization temperatures due to stretching of
fluid inclusions in calcite only occur in the fluidized
rock; this feature was absent in the surrounding rocks
including the altered basalt immediately below the flu-
idized rock (Figure 13a). Based on rapid overheating
experiments on fluid inclusions in calcite, those au-
thors also showed that histograms of homogenization
temperatures from the fluidized rocks could be repro-
duced by a 50°C to 150°C temperature rise along the
fluidized rock with respect to the ambient temperatures
of 130°C to 150°C.
Kameda et al. (2011) examined the clay mineralogy
across the fluidized rock where the stretching of fluid
inclusions in calcite due to frictional heating was de-
tected by Ujiie et al. (2008). They found that the fluid-
ized rock shows a markedly higher chlorite content in
the mixed-layer chlorite/smectite with respect to the
surrounding rocks (Figure 13b), which cannot be ex-
plained by hydrothermal alteration or regional very low
grade metamorphism, but is consistent with frictional
heating associated with localized slip. The estimated tem-
peratures during the increased heating determined from
chlorite geothermometry and the presence of small quan-
tities of corrensite range from 185°C to 260°C (Kameda
et al. 2011). This suggests that the temperature rise during
frictional heating is in the range of 35°C to 150°C, consist-
ent with that determined from the stretching of fluid in-
clusions in calcite. Fluidization requires a reduction of
normal stress on the fault, and several driving mechanisms
have been proposed for fluidization in faults, including
strong, short-wavelength and normal interface vibrations
(Brune et al. 1993; Melosh 1996) and fluid pressurization
and reduction of effective normal stress due to frictional
heating (i.e., thermal pressurization) (Sibson, 1973; Rice
2006). Theoretical models of thermal pressurization
suggest that the temperature rise is <200°C when pore
dilation and loss of heat and fluid are negligible during
seismic slip (e.g., Lachenbruch 1980; Mase and Smith
1987). Therefore, fluidization at a small temperature
rise of less than 150°C under fluid-infiltrated conditions
most likely occurred under thermal pressurization.

Effects of fluidization on earthquake faulting Com-
pared to a grain friction regime in which grain friction and
comminution are the dominant deformation mechanisms,
fluidization in a grain-inertia regime is expected to reduce
the shear strength of faults. In fact, high-velocity (1.3 m/s)
friction experiments on natural fault gouges successively
reproduced fluidization-related microstructures found in
nature, during which the apparent coefficient of friction
(ratio of shear to normal stress) decreased to approxi-
mately 0.1 to 0.2 (Mizoguchi et al. 2009; Kitajima et al.
2010; Ujiie and Tsutsumi 2010).
Mizoguchi et al. (2009) reported folding and flutter-

ing structures in the gouge after high-velocity friction



Figure 13 Evidence for frictional heating preserved in fluidized rock. (a) Histograms of homogenization temperatures of fluid inclusions in
calcite (modified from Ujiie et al. 2008). (b) XRD patterns for oriented samples of the <2-μm size fractions in ethylene-glycolated state (modified
from Kameda et al. 2011).
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experiments under dry (room humidity) conditions. Such
microstructures suggest that the Reynolds number was
large enough for the generation of turbulent flow, possibly
due to a decrease in viscosity and/or an increase in the
effect of inertial flow.
Ujiie and Tsutsumi (2010) demonstrated that the steady-
state shear stress at high slip rate is almost independent of
normal stress under wet (water-saturated) conditions, with
the resultant microstructure showing grain size segrega-
tion associated with granular collision in the fluidized flow
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(Figure 14). A similar microstructure was reported from
the fault gouge that is interpreted to be the principal slip
zone during the 1999 Chi-Chi earthquake in Taiwan
(Boullier et al. 2009). The dispersive pressure (P) related
to granular collision in the fluidized flow is proportional
to the square of the shear rate (dγ/dt) (Bagnold 1954;
Hanes and Inman 1985):

P∝ρ λDð Þ2 dγ
dt

� �2

≈ρ λDð Þ2 V
w

� �2

ð8Þ

where ρ is the density of the granular fluid materials, λ
is the linear grain concentration defined by the ratio of
the grain diameter to the mean free separation distance
between the grains, D is the grain diameter, V is the slip
rate, and w is the thickness of the slip zone. Equation 8
indicates that the difference in P between the large and
small grains is greater at high V, which results in the for-
mation of voids around the larger grains. Small grains
have a higher probability of filling these voids than the
larger ones do, and so the larger grains migrate upwards
as the smaller grains fill the voids through downward
movement under the influence of gravity. Such grain size
segregation is comparable to the Brazil-nut effect: when
grain mixtures are shaken or collided, the larger grains
rise to the top, whereas smaller grains move downwards
under gravity (Rosato et al. 1987; Breu et al. 2003). Grain
size segregation is observed in the gouge sheared at slip
rates of ≥0.62 m/s, possibly reflecting the fact that the
Brazil-nut effect is caused by the large difference in P
between the large and the small grains at high V (Ujiie
and Tsutsumi 2010). These experimental and micro-
structural features suggest that the gouge behaved like a
fluid during fluidization at high slip rates. As the shear
stress of gouge exhibiting fluid-like behavior is nearly in-
dependent of the normal stress, the apparent coefficient
Figure 14 Grain size segregation seen in the gouge after
high-velocity friction experiments under wet conditions. This
microstructure is absent at low slip rates and is potentially a new
microstructural indicator of fluidization at high shear rates
(back-scattered electron image).
of friction would be very low, particularly at larger
normal stresses.
Analysis of the geometry of intrusive structures may be

useful in estimating the shear resistance during earthquake
faulting. As shown in Figure 12a, cusped intrusions ex-
tending upward from the black fault rock could represent
gravitational (Rayleigh-Taylor) instability that occurs when
a lower density layer is overlain by a higher density layer,
and the denser layer flows to accommodate intrusions
from the less dense layer (Allen 1985). Brodsky et al.
(2009) measured both the spacing of intrusions and the
density of layered materials, and then conducted a linear
stability analysis using the fluid dynamics of the Rayleigh-
Taylor instability. Their results show that the spacing be-
tween intrusions is best explained by a moderately inertial
flow with fluid velocities in the order of 0.1 m/s. The
viscosity determined from the Reynolds number of the
buoyant flow is less than 1 Pa s, which requires a very
low shear resistance of less than 20 Pa (Brodsky et al.
2009).
There are limited studies on dynamic processes occur-

ring during fluidization in faults. However, all results cur-
rently available suggest that the fault was lubricated due to
fluidization.

Fluid-rock interactions in fault zones
Fault zones in exhumed accretionary complexes record
fluid-rock interaction processes, many of which are inter-
preted in terms of a seismic cycle or coseismic fluid-rock
interactions (Okamoto et al. 2006; Meneghini and Moore
2007; Ujiie et al. 2007a; Ishikawa et al. 2008; Hamada et al.
2011; Yamaguchi et al. 2011a, 2012; Kimura et al. 2013).
The Taiwan Chelungpu Fault Drilling Project success-

fully recovered the fault zone associated with the Chi-Chi
earthquake, for which a large coseismic displacement of
approximately 8.3 m was recorded near the drill sites
(Ma et al. 2006). Ishikawa et al. (2008) analyzed the
trace element concentrations and isotope ratios across
the active Chelungpu Fault. The results show that there
are marked enrichments of Sr; depletions in Li, Rb, and
Cs; and a decrease of strontium isotope in the 2- to 15-
cm-thick fault gouges (Figure 15). Indeed, one of gouges
at a depth of 1,136 m is very likely to have slipped during
the Chi-Chi earthquake (Ma et al. 2006). Model calcula-
tions reveal that the observed patterns of fluid-mobile
trace elements and isotope ratios in the gouges are well
reproduced when solid-fluid interactions occur at temper-
atures higher than 350°C. Abrupt changes of fluid-mobile
elements and of strontium isotopes in the gouges are sug-
gested to represent the interaction of high-temperature
pore fluid and gouge materials during earthquake faulting
(Ishikawa et al. 2008). A very similar feature was found in
the 5- to 10-mm-thick slip zone in the thrust of the Emi
Group, Boso Peninsula, Japan, where the accretionary



Figure 15 Trace-element concentrations and isotope ratios across the possible rupture zone during the 1999 Chi-Chi earthquake.
Modified from Ishikawa et al. (2008).
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prism has been exhumed from 1- to 4-km depth following
the arc-arc collision in central Japan (Hamada et al. 2011).
These studies demonstrate that fluid-mobile trace el-
ements and isotope ratios are useful tools for the de-
tection of the recent and past coseismic presence of
high-temperature fluid (>350°C) in the slip zones.
The Rodeo Cove thrust in the Marine Headlands

terrane, Franciscan complex, which imbricates basalt-
chert-sandstone sequences, is considered to have been
formed by a duplex underplating at depths of 8 to 10 km
and temperatures of 200°C to 250°C (Meneghini and
Moore 2007). Thrust-related deformations mainly occur
along the basalt, which shows repeated brittle shear,
carbonate-filled vein formation, and pressure solution.
The veins are oriented parallel to foliations that formed
in association with brittle shear and pressure solution,
which can be explained by either a switching of the princi-
pal stress orientations between the intervals of veining
and the pressure solution, or a fixed stress orientation with
a difference in tensional strength parallel to and perpen-
dicular to the foliation. In either case, very high fluid pres-
sure is required. Meneghini and Moore (2007) interpreted
the veining as representing an immediately post-seismic
fluid pressure drop and consequent carbonate precipita-
tion, while shear- and pressure solution-related foliations
reflect slow interseismic deformations.
The underplating-related thrust in the Late Cretaceous

to early Tertiary Shimanto accretionary complex of
eastern Shikoku, which imbricates basalt-mélange se-
quences (Figure 8), shows different aspects of veining
(Ujiie et al. 2007a; Yamaguchi et al. 2012). Here, both net-
work and fault-filled veins are recognized (Yamaguchi
et al. 2012). Network veins develop in the mélange adja-
cent to the basalt-derived ultracataclasite that records
fluidization, and many are extensional veins that are
oriented perpendicular to the thrust. The vein-filling
minerals are primarily calcite and secondarily laumontite/
quartz. In some cases, the network veins show a mutually
crosscutting relationship with the ultracataclasite, and
in other cases, the mélange, in which the network veins
are intensely developed, is fragmented and incorporated
into the basalt-derived foliated cataclasite. These fea-
tures indicate repeated episodes of faulting and veining.
The orientation of extension veins suggests that σ1 was
perpendicular to the thrust between faulting episodes,
suggesting the presence of a weak fault due to fluid
pressurization. The fault-filling veins are restricted to the
gently dipping segment of the thrust with a length shorter
than a few tens of meters. This type of vein is marked by
angular to subangular fragments of ultracataclasites and
altered basalts in calcite matrix. The non-planar geometry
of the thrust and the spatial distribution and textural
features of fault-filling veins are suggested to represent
implosion brecciation (Sibson 1986), which could occur
in association with a rapid depressurization at dilatant
jogs in a thrust system during earthquake faulting (Ujiie
et al. 2007a; Yamaguchi et al. 2012). Yamaguchi et al.
(2012) revealed that the rare earth element patterns are
different between the two vein types; while the source
fluid of network veins was affected by a sorption process,
that of fault-filling veins was affected neither by sorption
nor by complexation processes. This suggests a temporal
change in the physico-chemical behavior of the fluid along
the thrust, which may occur in response to a seismic
cycle.
Possible implosion breccia was also reported from the

subsidiary fault in the hanging wall of the major out-of-
sequence thrust (Nobeoka Thrust) in the Cretaceous-
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Tertiary Shimanto accretionary complex of eastern Kyushu
(Okamoto et al. 2006; Kimura et al. 2013). The results
of fluid-inclusion microthermobarometry indicate that
the Nobeoka Thrust was active at temperatures of 180°C
to 300°C and fluid pressures of 140 to 250 MPa, which
may be analogous to the deeper part of the megasplay
fault in the Nankai Trough (Kondo et al. 2005) (Figure 8).
The breccia is marked by fragments of host rock (phyllite)
in the carbonate matrix and is found in dilational jogs (or
releasing bends along the undulatory fault plane) of less
than a few tens of centimeters in length. The 1-mm-thick
pseudotachylyte, found along the fault, cuts the breccias.
Okamoto et al. (2006) and Kimura et al. (2013) interpreted
the breccias as representing implosion brecciation at
dilational jogs, while the pseudotachylyte resulted from
frictional melting under relatively high effective normal
stress after depressurization.
The fault zone associated with the Nobeoka Thrust

contains mutually crosscutting faults and extension veins.
Yamaguchi et al. (2011a) conducted major element map-
ping and trace element analyses of these veins and found a
temporal change in fluid redox state. Here, quartz-calcite
extension veins were derived from relatively oxidized
fluids, while ankerite fault veins with a positive europium
anomaly originated from relatively reduced fluids. Such a
temporal change in fluid redox state may be linked to the
seismic cycle (Yamaguchi et al. 2011a). Relatively oxidized
fluids likely induced hydraulic fracturing at the pre-failure
stage, resulting in the formation of extension veins. In
contrast, the relatively reduced fluids precipitated along
the faults at the immediate post-failure stage, which could
have been caused by the advection of an exotic reducing
fluid from serpentinized mantle peridotites or by the gen-
eration of hydrogen from coseismic mechanochemical
reactions.

Geological and experimental aspects of slow earthquakes
Studies using seismic reflection, ocean bottom seismom-
eters, and seismic tomography suggest that the source
regions of low-frequency seismic events correspond to
zones of elevated fluid pressure, suggesting a very low
stress drop during these events (Ito and Obara 2006b;
Shelly et al. 2006; Matsubara et al. 2009; Kitajima and
Saffer 2012). Low-frequency tremors and earthquakes at
depths of 30 to 45 km and temperatures of 400°C to
550°C under increased fluid pressures are generally as-
sumed to result from dehydration of the subducting
oceanic plate (Obara 2002; Shelly et al. 2006; Matsubara
et al. 2009). However, the geological aspects and physical
mechanisms controlling slow earthquakes remain elusive
(Schwartz and Rokosky 2007). Recently, geological records
of slow earthquakes were examined in accretionary com-
plexes that were exhumed from hypocentral depths and
temperatures of slow earthquakes (Fagereng et al. 2011;
Hayman and Lavier 2014). In addition, experimental in-
vestigations of slow earthquakes have been conducted
using possible representative rocks from their hypocentral
regions (Burlini et al. 2009; Katayama et al. 2012; Ikari
et al. 2013; Saito et al. 2013).
The Triassic accretionary mélange in the Chrystalls

Beach Complex, South Island, New Zealand is consid-
ered to have formed during subduction at pumpellyite-
actinolite facies metamorphic conditions at temperatures
of 220°C to 350°C (Fagereng and Sibson 2010). In this
mélange, the shear and extension veins developed con-
temporaneously, and the shear veins developed at angles
subperpendicular to σ1, consistent with shear slip at ele-
vated fluid pressure during subduction (Fagereng et al.
2010). The shear veins are subparallel to cleavage in the
mudstone matrix and are marked by incrementally de-
veloped quartz slickenfibers (Figure 16). Fagereng et al.
(2011) revealed shear slip increments of 10 to 100 μm
based on measurements of inclusion band spacing. The
quartz-coated shear surfaces are traceable for meters to
tens of meters; thus, the ratio of slip to potential rupture
length (i.e., u/L) is in the range of 10−6 to 10−5. Consid-
ering u/L = Δτ/G (Wells and Coppersmith 1994), where
Δτ is the stress drop and G is the shear modulus for
subducting sediments (3 GPa), Δτ can be estimated in
the range of 3 to 30 kPa (Fagereng et al. 2011). It is likely
that the tectonic setting of the mélange and the very low
stress drop during a single shear slip event are comparable
to the low-frequency earthquakes observed in swarms
during episodic tremors and slow slip events along sub-
duction thrusts. Thus, shear veins with incrementally
developed slickenfibers (Figure 16) may be a product of
tremor and slow slip (Fagereng et al. 2011).
Saito et al. (2013) examined the fault rocks and frictional

properties of thrusts in the Eocene Kayo Formation in
the Shimanto accretionary complex of Okinawa Island,
Ryukyu Arc. The Kayo Formation consists of coherent
turbidites that were scraped off and accreted to the
overriding plate by subduction of the young oceanic
plate, during which folds and thrusts were buried at
depths of 5 to 6 km (Ujiie 1997). The geological setting
of the Kayo Formation is comparable to that of shallow
very low frequency earthquakes (VLFE) in accretionary
prisms (Ito and Obara 2006a; Ando et al. 2012; Sugioka
et al. 2012). Two types of deformations are recognized
in thrusts: a localized slip along the quartz-coated discrete
slip surface and a distributed shear along clay foliations.
The frictional velocity dependence of thrust materials
indicates that quartz-rich thrust material shows velocity
weakening at 0.0028 to 0.28 mm/s but velocity strength-
ening at 0.28 to 2.8 mm/s, which is favorable for the
occurrence of VLFE. In contrast, the thrust material
with clay foliations only exhibits velocity strengthening
at 0.0028 to 2.8 mm/s. These data suggest that the



Figure 16 Shear veins developed in the mélange (modified from Fagereng et al. 2010). Pairs of half arrows indicate sense of shear.
(a) Mesoscopic appearance of a shear vein with slickenfibers. (b) Microscopic appearance of a shear vein cut parallel to the slickenfibers and
perpendicular to the shear surface, showing the small angle between the slickenfibers and the vein margin, and the solid inclusion bands
subperpendicular to the slickenfibers (cross-polarized light). (c) Schematic diagram showing incremental growth of slickenfibers.
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occurrence and spatial distribution of VLFE may be
controlled by the quartz content and development of
clay foliations along thrusts. Quartz-rich thrusts derived
from sandy turbidites (quartzose arenite) and quartz-
coated slip surfaces (or quartz fibrous shear veins) are
potential sources of VLFE, whereas foliated thrust mate-
rials are frictionally stable, thereby arresting the generation
of VLFE (Saito et al. 2013).
On the basis of friction experiments on brecciated

hemipelagic silty claystone taken from shallow portions
of the megasplay fault and the plate-boundary thrust in
the Nankai subduction zone, Ikari et al. (2013) proposed
that slip-weakening behavior may be a viable mechanism
for the generation of VLFE, rather than velocity-weakening
behavior. They measured the slip dependence of friction
and the change in friction associated with velocity steps in
the range of 0.03 to 100 μm/s. Although all samples
showed velocity strengthening, the effect of slip weakening
overcomes the initial velocity-strengthening behavior, with
this effect being greatest in the velocity range of 0.3 to
3 μm/s. The maximum effect of slip weakening in this
velocity range can facilitate slip acceleration, but the ef-
fect of velocity-strengthening behavior becomes domin-
ant at high slip velocities, which likely generates slow
slip events or VLFE. Ikari et al. (2013) also reported that
nucleation patch sizes estimated from physical property
measurements on the Nankai samples are comparable
to those expected for the VLFE in the Nankai subduc-
tion zone.
Katayama et al. (2012) shed light on the inferred fluid

overpressure in regions of episodic tremor and slip (ETS)
at depths of around 30 km. Hydrous minerals in sub-
ducting oceanic plates release water into the overlying
mantle wedge due to dehydration reactions, resulting in
serpentinization at the plate interface. The serpentinite
has a strong foliation associated with the preferred orien-
tation of highly anisotropic minerals parallel to the plate
interface (Katayama et al. 2009). Kawano et al. (2011)
demonstrated that fluid flow parallel to serpentinite fo-
liation is at least 1 order of magnitude faster than that
perpendicular to foliation based on permeability mea-
surements. It is likely that this permeability anisotropy
of serpentinite induces preferential fluid migration
along the subducting plate interface. However, migrat-
ing fluid could become trapped at the Moho, because
the gabbro in the lower crust is 2 orders of magnitude
less permeable than the serpentinite in the underlying
mantle (Katayama et al. 2012). This could lead to an
increase in fluid pressure at the corner of the mantle
wedge that overlies the subducting plate, thereby trig-
gering ETS at a depth of about 30 km. Katayama et al.
(2012) proposed that slow earthquakes under elevated
fluid pressure are likely to occur when the velocity of
upward fluid migration is faster than the subduction
velocity, potentially causing regional variations in low-
frequency seismic events.
The generation of seismic tremor was confirmed from

dehydration experiments on serpentinite (Burlini et al.
2009). The experiments were conducted in a Paterson
apparatus at isostatic stresses of 200 or 320 MPa and
temperatures up to 1,000°C, during which the acoustic
emission (AE) output was recorded by piezoelectric trans-
ducers. The results show that tremor and swarms of AEs
were generated when the expulsion of water occurred
from the dehydration of serpentinite (the timing of de-
hydration was detected by transient sample cooling due
to the endothermic dehydration reaction of serpentinite).
Seismic signals in the form of AEs are closely similar to
those in natural tremor, and frequency scaling can be
established between experimental and natural tremors
(Burlini et al. 2009). Dehydration of serpentinite, the
typical rock of a subducting oceanic mantle, is expected
to occur at the temperatures in the hypocentral region
of ETS, which is located in the transition zone between
the locked section of the subduction thrust and the
aseismically/plastically deforming zone (Obara 2002;
Shelly et al. 2006; Matsubara et al. 2009). The experi-
ments demonstrated that dehydration triggers tremor,
even in the absence of an external differential stress.
Dehydration-derived water may increase the fluid pres-
sure and makes the transition zone highly unstable under
a small differential stress, which could trigger ETS and re-
sultant increase in stress acting on the locked section
(Burlini et al. 2009).

Conclusions
We have reviewed recent advances in the study of fault
rocks in accretionary prisms. Compared to other tectonic
settings (for example fault zones in the continental crust,
as recently reviewed by Faulkner et al. 2010), studies of
fault rocks in subduction zones are still immature. Studies
of the physical and chemical processes that occur during
subduction earthquakes also remain in their infancy (see
the detailed review of earthquake physics and chemistry
based on the integrated field and laboratory approach by
Niemeijer et al. 2012). Nevertheless, in the last decade,
our understanding of earthquake faulting in subduction
zones has greatly improved through fault rock studies
in accretionary prisms. These new insights gained into
earthquake faulting in subduction zones are summarized
below.
The major result from fault rock studies stemming from

the NanTroSEIZE project is the detection of past frictional
heating along 2- to 10-mm-thick, dark, clay-rich fault
gouges of the megasplay fault and the plate-boundary
thrust, even at shallow depths (<450 mbsf). High-velocity
friction experiments and permeability measurements con-
ducted on fault zone materials have demonstrated that
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earthquake rupture propagates easily through clay-rich
fault gouge by dynamic weakening at high slip rates (e.g.,
thermal pressurization). On the other hand, the clay-rich
materials commonly exhibit velocity-strengthening be-
havior at low slip rates. The NanTroSEIZE project has
clarified that once high-velocity weakening mechanisms
begin to operate, the propagation of seismic slip could
occur even in initially velocity-strengthening materials
at shallow depths (Figure 17). This fault behavior would
therefore enhance tsunami generation during subduc-
tion earthquakes.
Propagation of seismic slip along velocity-strengthening

materials may also occur at deeper depths in subduction
zones. Pseudotachylytes in the Shimanto accretionary
complex are derived from frictional melting of illite-rich
slip zones that commonly show velocity-strengthening
behavior at low slip rates (Saffer and Marone 2003), al-
though some low-velocity friction experiments on illite
gouge exhibit stick-slip behavior (Moore et al. 1989).
The estimated viscosity and shear resistance during fric-
tional melting are very low, suggesting the enhancement
of earthquake rupture propagation due to melt lubrica-
tion. However, high-velocity friction experiments on the
host rock of pseudotachylytes (argillite) suggest that vis-
cous braking associated with the dehydration increasing
viscosity of the melt layer could occur at shallow depths.
If frictional melting is a dominant coseismic deformation
Figure 17 Concept of earthquake faulting in subduction zones shown i
view of seismogenic zone. Seismogenic zone shows velocity-weakening frictio
frictional behavior. (b) Improved view of earthquake faulting in subductio
accretionary complex. Fault segments showing velocity-strengthening be
weakening. This could occur at various depths in the subduction zone, in
updip limit of the earthquake rupture zone corresponds to the location w
earthquake rupture termination include viscous braking due to an increas
due to increased effective normal stress associated with decreased fluid p
mechanism along the fault in a subduction zone, then the
transition from melt lubrication at deep depths to viscous
braking at shallow depths may be one of the factors con-
trolling the updip limit of the earthquake rupture zone.
An important implication of this is that the updip limit of
the earthquake rupture zone should be viewed in terms of
dynamic processes that operate at high slip rates, rather
than the change from velocity-weakening to velocity-
strengthening frictional behavior (Figure 17).
A further discovery made using fault rock studies in the

exhumed accretionary complexes is the fluidized rocks
within or along the margin of the tectonic mélanges,
which are thought to represent paleo-subduction thrusts.
The fluidized rock-bearing fault zones commonly record
fluid-related phenomenon, and some of fluidized rocks
preserve evidence for a small temperature rise of less than
150°C associated with frictional heating. These features
suggest that fluidization may be caused by the restraint
of a temperature rise by thermal pressurization. In the
Shimanto accretionary complex, the thickness of the
fluidized zones is typically a few centimeters, which is 1
order of magnitude thicker than that of molten zones.
In contrast to frictional melting, it is probable that fluid
does not escape from the slipping zone during earthquake
faulting, which results in thermal pressurization-induced
fluidization. In addition to transport properties such as
permeability, the thickness of the seismic slip zone appears
n schematic profile of the Nankai accretionary prism. (a) Previous
nal behavior, whereas aseismic zone exhibits velocity-strengthening
n zones after fault rock studies in the NanTroSEIZE and the Shimanto
havior at low slip rates could be weakened as a result of dynamic
some cases resulting in shallow slip. In this conceptual model, the
here dynamic weakening is no longer effective. Possible causes of
e in melt viscosity and ineffective thermal pressurization/fluidization
ressure.
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to be an important factor controlling coseismic deform-
ation mechanisms. The estimated viscosity and apparent
coefficient of friction (or shear stress) during fluidization
are very low, showing that fluidization is also a dynamic
weakening mechanism of faults during subduction
earthquakes.
The fluid-rock interaction recorded in fault zones of

exhumed accretionary complexes has been mostly inter-
preted in terms of a seismic cycle or coseismic fluid-rock
interactions. Geological and experimental investigations
of subduction zone rocks suggest that fluid plays a key
role in slow slip processes in subduction zones, which is
consistent with the results of geophysical measure-
ments. However, there has been limited research in this
area, and future study is required to examine the frictional
properties of various lithologies in subduction zones.
On-land accretionary complexes and metamorphic rocks
exhumed from source depths of slow earthquakes are ex-
pected to record the slow slip processes in subduction
zones. Future geological studies are required to shed light
on slow earthquakes.
Finally, multi-disciplinary and integrated approaches

are crucial to gain a better understanding of the dynamics
and physico-chemical processes operating during earth-
quakes in subduction zones. They include investigations
of fault rocks in accretionary prisms, laboratory experi-
ments using subduction zone materials, numerical model-
ing incorporating the results of fault rock studies and
laboratory measurements, geophysical surveys in subduc-
tion zones, and sampling and monitoring of active fault
zones by deep-ocean drilling. In particular, geophysical
surveys and deep-ocean drilling are considered the most
promising and only avenues for investigating earthquake
processes in non-accreted, erosive margins.
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