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[1] The frictional properties of clay‐rich fault material col-
lected from a megasplay fault within the Nankai accretionary
complex were examined in frictional experiments performed
at a normal stress of 5 MPa under water‐saturated conditions
for slip velocities from 0.0026 to 260 mm/s with >250 mm of
displacement. Our results reveal that the fault material can
show two stages of velocity weakening behavior: weakening
at slow velocities (v < 2.6 mm/s), characterized by a small
degree of friction velocity dependence (the absolute value
of (a − b) is typically <0.005), and a dramatic weakening at
high velocities (v > 26 mm/s). Such a process of fault weak-
ening may provide important constraints on models of fault-
ing along a megasplay fault. At slip velocities from 0.026 to
2.6 mm/s, there exist both velocity‐weakening and velocity‐
strengthening fault materials. The frictional coefficient
values, m, for slow slip velocities (v = 0.26 mm/s) are rela-
tively low (m = 0.28–0.35) for velocity‐strengthening samples
compared with velocity‐weakening samples (m = 0.38–0.49).
Microstructural analyses reveal that velocity‐strengthening
samples show homogeneous deformation textures in which
the entire gouge layer is deformed, whereas velocity‐weaken-
ing materials show evidence of shear localization in which
deformation is concentrated along narrow subsidiary shears.
Citation: Tsutsumi, A., O. Fabbri, A. M. Karpoff, K. Ujiie, and
A. Tsujimoto (2011), Friction velocity dependence of clay‐rich
fault material along a megasplay fault in the Nankai subduction
zone at intermediate to high velocities, Geophys. Res. Lett., 38,
L19301, doi:10.1029/2011GL049314.

1. Introduction

[2] At the Nankai Trough margin, a large out‐of‐sequence
fault system, termed the “megasplay fault,” branches upward
from the plate boundary to the seafloor, and has been impli-
cated in coseismic slip and tsunami genesis [e.g., Fukao,
1979; Park et al., 2002; Moore et al., 2007]. An analysis of
past frictional heating in materials along the megasplay fault
in the Nankai accretionary prism has demonstrated that

seismic fault slip propagated to the shallow up‐dip end of
the megasplay fault [Sakaguchi et al., 2011]. Furthermore,
recent seismological observations have revealed that very‐
low‐frequency earthquakes (VLF) occur in the shallow por-
tion of the Nankai Trough [Ito and Obara, 2006]. This
finding suggests that earthquakes nucleate along the shallow
parts of faults within the Nankai Trough. To understand the
variety of earthquake phenomena in such a setting, it is
important to study the frictional properties of shallow‐level
fault material within a subduction zone over a wide range of
slip rates.
[3] In the context of rate‐ and state‐dependent friction

laws, the sliding behavior of a fault is governed by frictional
velocity dependence a − b and by the critical slip distance Dc

[e.g., Dieterich, 1979, 1981; Scholz, 1998; Marone, 1998,
and references therein]. The velocity dependence of clay‐rich
megasplay fault material along the megasplay fault, with the
surrounding wall rocks, generally shows velocity strength-
ening at low slip rates (0.03‐100 mm/s) [Ikari et al., 2009a].
Ujiie and Tsutsumi [2010] reported high‐velocity frictional
data of the megasplay fault material, which are relevant to
coseismic slip at velocities higher than 1 m/s. The authors
showed that at high velocities, the frictional strength of the
megasplay fault material becomes lower and Dc becomes
larger than the values predicted by rate‐ and state‐dependent
friction laws. Consequently, the frictional constitutive para-
meters estimated for low slip rates (v < ∼0.1 mm/s) may not
be applicable to higher slip rates.
[4] Here, we present the results of a series of frictional

experiments performed over a range of slip velocities from
0.0026 to 260 mm/s on the megasplay fault material from
the Nankai accretionary complex. Knowledge of frictional
properties at intermediate slip velocities should provide an
important connection between the frictional behavior of
seismic faults at slow and high slip rates.

2. Experimental Samples

[5] All of the samples tested in this study were collected
from the Nankai accretionary prism, along a transect located
offshore from Kii Peninsula, at Sites C0001 and C0004
during Integrated OceanDrilling Program (IODP) Expedition
316 (Figure 1). At Site C0004, the drilling successfully
penetrated the megasplay fault zone at 256–315meters below
the sea floor and collected fault zone materials (Figure 1)
[Expedition 316 Scientists, 2009]. The fault zone consists
of brecciated and fractured hemipelagic mudstone and vol-
canic ash layers [Expedition 316 Scientists, 2009]. Within the
fault zone, a zone of slip localization is developed along a
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∼10‐mm‐thick dark gouge in microbreccia [Expedition 316
Scientists, 2009]. Five fault rock samples and two host rock
samples were used in the presented friction experiments,
which were collected on board during Expedition 316. The
fault rock samples include three fractured rocks, one fault
breccia (C0004D‐28R‐2), and one microbreccia (C0004D‐
29R‐2; see Table S1 in the auxiliary material for sample
descriptions).1 Among the fault rock samples, the fault
breccia and the microbreccia were recovered from the fault
core zone of the megasplay fault [Expedition 316 Scientists,
2009]; in fact, the fault breccia sample was collected from
just 100 mm above the discrete zone of slip. One of the host
rock samples was recovered from a core at Site C0001
(lithologic Unit II, upper accretionary prism of Pliocene age
[Expedition 315 Scientists, 2009]), in the hanging wall of
the mega‐splay fault zone.

[6] Each of the sample core sections contains clay minerals
(smectite, chlorite, illite and few kaolinite), quartz, plagio-
clase and calcite with total clay contents in a range from
53% to 64% [Expedition 316 Scientists, 2009; Expedition 315
Scientists, 2009]. A semi‐quantitative X‐ray diffraction
(XRD) analysis of the oriented fine clay fractions from bulk
samples revealed that the proportion of clay minerals is
rather uniform with prevalent smectites, and the variations
are subtle (see the auxiliary material for XRD data).

3. Experimental Procedure

[7] Friction experiments were conducted on the samples
using a rotary‐shear, intermediate‐ to high‐velocity friction
testing machine, as also used by Ujiie and Tsutsumi [2010].
The machine has a similar design to that of the machine
used in previous high‐velocity friction experiments [e.g.,
Tsutsumi and Shimamoto, 1997]. In addition to enabling
high velocities (up to an equivalent velocity v = 1.3 m/s for a

Figure 1. (a) Map of the Nankai area showing the location of drill sites C0004 and C0001, (modified from Moore et al.
[2009]). (b) Interpreted cross‐section showing the locations of drill sites C0004 and C0001 near the megasplay fault zone
(modified from Moore et al. [2009]). Seismic profile (c) at site C0004 and (d) at site C0001 [after Moore et al., 2007].
(e) Lithologic units at site C0004 (modified from Expedition 316 Scientists [2009]). Red arrows show the depth intervals
of the core sections from which experimental samples were collected.

1Auxiliary materials are available in the HTML. doi:10.1029/
2011GL049314.
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cylindrical sample of 25 mm in diameter), this apparatus is
equipped with a servomotor and reduction gears to control
the input rotation speed, enabling velocities as low as
0.0026 mm/s. The experimental fault consists of a pair of

granite cylinders (25.0 mm in diameter) with an intervening
thin layer of gouge (the initial gouge thickness was 0.5 mm
except in the run denoted as “1.0 mm” in Figures 2b and 2f).
A PTFE (Teflon) ring surrounds the fault to avoid gouge

Figure 2. Evolution of the coefficient of friction and axial shortening of the gouge layer vs shear displacements for two
representative fault samples, (a–d) C0004D‐29R‐2 and (e–h) C0004D‐28R‐2. A decrease in gouge‐layer thickness is
shown as a negative value. Velocity step tests employed velocities ranging from 0.026 to 2.6 mm/s. Note that sample
C0004D‐28R‐2 shows a negative velocity dependence of friction and that C0004D‐29R‐2 shows a positive dependence.
Constant velocity tests were performed at sliding velocities of 26 and 260 mm/s. Detailed views of the velocity steps
are shown in Figures 2b and 2f for steps from 0.026 to 0.26 mm/s, and are shown in Figures 2c and 2g for steps from
0.26 to 2.6 mm/s. Inset figures show an enlarged plot at the time of the velocity step.
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expulsion during rotation. The collected samples were dis-
aggregated, oven dried at 50°C for 24 hours and then sieved
to eliminate clasts larger than about 0.17 mm. Distilled
water (0.5 ml) was added to the 0.5‐mm‐thick gouge layer
(1.0 ml for the 1.0 mm gouge) to prepare saturated (wet)
conditions for the experimental gouge layer. The assembled
gouge was axially pre‐compacted under the test conditions
(5 MPa) for 30 min.
[8] All of the samples were subjected to an initial slip

velocity of 0.26 mm/s until about 150 mm of displacement
(three rotations of the sample cylinder), over which sliding
the friction increased to attain a roughly steady state value
and the gouge layer was compacted to about 0.1 mm in
thickness (Figures 2a and 2e). After this pre‐sliding, a
sequence of velocity stepping by a factor of 10 was imposed
for the velocity to examine the velocity dependence of friction,
for loading velocities of 0.0026–2.6 mm/s and displacements
of more than 250 mm (Figures 2a and 2e). Following the
procedure described in previous studies [e.g., Marone et al.,
1990], we limited our measurement to the steady state por-
tion of the friction curve after initial compaction (Figure 2).
[9] In addition to the velocity‐step tests, constant‐velocity

tests were conducted for slip velocities of 26 and 260 mm/s
to examine the way in which the steady‐state level of fric-
tion changes with velocity at high velocities. An instanta-

neous velocity step‐change test at high velocities, which
would provide a direct measure of the velocity dependence,
cannot be performed with our machine at the moment.

4. Experimental Results

[10] Velocity dependence was measured directly from
plots of data like those in Figures 2b and 2f, as the frictional
constitutive parameter combination a − b ( =Dmss/DlnV) for
a step change in sliding velocity using the first several
hundred microns of displacement after the up‐step velocity
changes.
[11] The samples tested in this study can be divided into

two groups in regard to velocity dependence of steady state
friction for velocities from 0.0026 to 2.6 mm/s (Figures 2
and 3). Samples of the first group, which is represented
by sample C0004D‐29R‐2, show mainly neutral or positive
velocity dependence, whereas those in the second group,
which is represented by C0004D‐28R‐2, show negative
velocity dependence. Two sets of representative results are
shown in Figure 2. Note that the frictional behavior depends
on the testedmaterials, and the results shown in Figures 2b and
2f are reproducible. Samples C0004D‐29R‐2 and C0004D‐
28R‐2 showed consistently positive and negative velocity
dependence, respectively, for initial gouge thicknesses of
0.5 and 1.0 mm. The friction value for the 1.0‐mm‐thick
gouge is lower than for the 0.5‐mm‐thick layer (Figures 2b
and 2f), possibly reflecting the difference in friction of the
PTFE sleeves used in the experiments with different gouge
thickness (the contact area between the granite cylinders and
the internal surface of the PTFE sleeve is smaller for the
1.0‐mm‐thick gouge samples). Further work is needed to
evaluate the effect on friction of the PTFE sleeve.
[12] Steady state friction values for lower velocities (v <

26 mm/s) are difficult to measure because the friction value
fluctuates with slip. Note that the friction at v = 0.26 mm/s
fluctuates with a long wavelength (∼50 mm of displacement),
most likely reflecting the rotation of the sample (Figures 2a
and 2e). For sliding at v = 2.6 mm/s, the friction fluctuates
at a higher frequency (Figures 2c and 2g), for which the
average wavelength is 1–2 mm of displacement. The cause
of this behavior remains unknown. The amplitude of these
fluctuations is sometimes larger than the measured values of
the instantaneous friction velocity dependence.
[13] The frictional coefficient determined at a velocity of

26 mm/s initially decreases from 0.42 to 0.33 (e.g., sample
C0004D‐29R‐2) and then increases gradually to attain a
roughly constant friction value of about 0.4 (Figure 2d). At a
velocity of 260 mm/s, the friction coefficient shows a gradual
decrease with a large weakening displacement toward the
establishment of a nearly constant level of friction at 0.2–
0.25 (Figure 2d). Thus a dramatic slip weakening with large
weakening displacement (>∼2000 mm) characterizes the
frictional behavior of the sample slid at 260 mm/s (Figure 2).

5. Deformation Textures

[14] Microstructural observations of the deformation
textures generated during the friction experiments reveal
that velocity‐strengthening samples possess a homogeneous
deformation texture in which the entire gouge layer is
deformed, whereas, the velocity‐weakening samples contain

Figure 3. (top) Values of frictional velocity dependence,
a − b = Dmss/DlnV estimated from the velocity step curves
in Figure 2 for a range of velocities (from 0.026 to 2.6 mm/s).
Up‐step velocities are used for the plot. (bottom) The velocity
dependence of roughly steady state values of frictionmeasured
in constant velocity tests at a sliding velocity of 0.26 mm/s for
all samples, and at 26 and 260mm/s for the two representative
samples, C0004D‐28R‐2 and C0004D‐29R‐2. Also shown
for comparison are the results of high‐velocity friction tests
on a megasplay fault material at a sliding velocity of 1.3 m/s
[from Ujiie and Tsutsumi, 2010]. Dashed lines indicate the
approximate relationship between steady state friction values
and slip velocities for low velocities, for the two representa-
tive fault rock samples, C0004D‐29R‐2 and C0004D‐29R‐2.
Approximate steady state values of friction measured in
constant velocity tests at v = 0.26 mm/s are used as reference
points for drawing the dashed lines.
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a shear localization texture in which deformation is concen-
trated along narrow subsidiary shears (see auxiliary material).

6. Discussion and Conclusions

[15] The results reveal that fault rocks in megasplay fault
zones within the shallow portion of the Nankai accretionary
prism can exhibit not only a positive velocity dependence of
friction but also a negative velocity dependence under wet
conditions for a range of sliding velocities from 0.026 to
2.6 mm/s at large shear displacements of more than 150 mm.
It could be argued that this result appears to be inconsistent
with a previous study that reported completely positive
dependence of friction in the case of clay‐rich megasplay
fault material [Ikari et al., 2009a]. We interpret that the
negative velocity dependence is due to the development of
localized shear textures (see auxiliary material) at large shear
displacements. The higher than previously studied range of
sliding velocities of our study may also be an important factor
for the textural development. As reported in many references,
a large shear displacement induces structural evolution in a
gouge shear zone from distributed shearing to slip localiza-
tion along Y‐shears and the localization is associated with a
change from velocity‐strengthening to velocity‐weakening
frictional behavior [e.g., Dieterich, 1981;Moore et al., 1989;
Logan et al., 1992; Beeler et al., 1996; Ikari et al., 2011]. The
negative velocity dependence of friction observed in the
present study for experimental gouge may represent a cor-
responding transition from distributed to localized shear
during the initial sliding to a displacement of 150 mm. In fact,
with ongoing displacement, some of the samples showed a
transition from a slightly positive velocity dependence to a
negative dependence within the slowest range of slip veloc-
ities from 0.0026 to 0.026 m/s (Figure 3).
[16] The present results suggest that shear localization at

intermediate velocities plays an important role in controlling
the velocity dependence of friction for megasplay fault
materials. Nevertheless, it should be noted that not all the
tested gouge materials exhibited a negative velocity depen-
dence (Figure 3). What properties control whether the steady‐
state deformation textures within gouge samples become
pervasive or localized?
[17] Although the available data are still limited, our

experimental results show that the friction values of the
velocity‐strengthening samples are relatively low compared
with those of the velocity‐weakening samples (Figures 2
and 3). Similar relationships between frictional strength and
the velocity dependence of clayey gouges have been reported
by Ikari et al. [2011] for experiments performed in a range
of slip velocities from 0.001 to 0.3 mm/s. Low values of
friction may indicate a higher content of weak clays in gouge
layers [e.g., Summers and Byerlee, 1977; Morrow et al.,
1992, 2000; Brown et al., 2003: Kopf and Brown, 2003;
Moore and Lockner, 2004; Ikari et al., 2009a, 2009b; Tembe
et al., 2010]. However, variation of the total amount of clays
within the tested samples of our study must be small, within
a range from ∼53–64% [Expedition 316 Scientist, 2009;
Expedition 315 Scientist, 2009]. For example, sample section
interval for C0004D‐28R‐2 contains ∼53% of total clays,
and sample section C0004D‐29R‐2 contains ∼61% clays
(see auxiliary material), thus the difference is <10%
[Expedition 316 Scientists, 2009]. In addition, as noted
above, clay composition is more or less uniform and the

variations are subtle (see auxiliary material). This observa-
tion would imply that the different deformation textures
were not influenced by the clay content or by the compo-
sition of clays in the samples.
[18] It is not clear what material properties control the

development of deformation textures and the frictional velocity
dependence. However, the observed relations among fric-
tional strength, the velocity dependence of friction, and
deformation texture have important implications for earth-
quake mechanics along megasplay faults. It is suggested that
localized shear deformation, which is characteristic of a
velocity‐weakening fault, could occur along a section of fault
with high frictional strength, whereas, deformation may be
distributed along a section of the fault that is relatively weak,
corresponding to a positive frictional velocity dependence.
[19] Our results reveal that clay‐rich megasplay fault

materials from the Nankai accretionary prism show two
stages of velocity weakening behavior; weakening for a range
of slow velocities (v < 2.6 mm/s), which is characterized by a
small degree of the friction velocity dependence (the absolute
value of (a − b) is typically <0.005, Figure 3), and a dramatic
weakening at high velocities (v > 26 mm/s) (Figure 3). Such a
process of fault weakening may provide important constraints
on models of faulting along a megasplay fault. Velocity
weakening behavior would contribute to initiate unstable fault
motion along a fault at shallow depths; e.g., VLF events within
the shallow portion of the Nankai accretionary prism [Ito and
Obara, 2006]. The frictional strength of a fault would show a
marked decrease with further increases in slip amount and slip
rate, if the amount of fault slip is sufficiently large compared
with the large weakening distance Dc observed for high‐
velocity weakening (Figures 2d and 2h). Such a weakening
process would cause fault instability that fosters seismic slip
along a megasplay fault at shallow depths. In contrast, velocity
strengthening behavior at slow to intermediate velocities may
act to stabilize the propagation of earthquake ruptures that
nucleate in the velocity weakening portion of a fault [e.g.,
Scholz, 1998].
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