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Abstract

part of the Tohoku subduction zone.

The 2011 Tohoku earthquake (Mw 9.0) produced a very large slip on the shallow part of a megathrust fault that
resulted in destructive tsunamis. Although multiple causes of such large slip at shallow depths are to be expected,
the frictional property of sediments around the fault, particularly at coseismic slip velocities, may significantly
contribute to large slip along such faults. We have thus investigated the frictional properties of incoming pelagic
sediments that will subduct along the plate boundary fault at the Tohoku subduction zone, in order to understand
the rupture processes that can cause large slip in the shallow parts of subduction zones. Our experimental results
on clayey sediment at the base of the sedimentary section on the Pacific Plate yield a low friction coefficient

of <0.2 over a wide range of slip velocities (0.25 mm/s to 1.3 m/s), and extremely low fracture energy during slip
weakening, as compared with previous experiments of disaggregated sediments under coseismic slip conditions.
Integrated Ocean Drilling Program (IODP) Expedition 343 confirmed that the clay-rich sediment investigated here is
identical to those in the plate boundary fault zone, which ruptured and generated the Tohoku earthquake. The
present results suggest that smectite-rich pelagic sediment not only accommodates cumulative plate motion over
interseismic periods but also energetically facilitates the propagation of earthquake rupture towards the shallow

Keywords: 2011 Tohoku earthquake; Friction; Fracture energy; Smectite; DSDP Leg 56; IODP Expedition 343

Findings

Introduction

An unexpectedly large coseismic slip at a shallow plate
interface was produced by the 2011 Tohoku earthquake,
and it extended near the trench (e.g., Fujiwara et al
2011; Ide et al. 2011; Ito et al. 2011; Ozawa et al. 2011;
Mitsui et al. 2012). Frictional properties of a fault, par-
ticularly at coseismic slip velocities, are a key control on
whether an earthquake rupture can propagate up-dip
through subduction forearcs (e.g., Faulkner et al. 2011).
Recently, the active slip zone of the Tohoku earthquake
was successfully sampled by the Integrated Ocean Dril-
ling Program (IODP) Expedition 343 (Chester et al.

* Correspondence: michiyosawai@hiroshima-u.acjp
'Graduate School of Science, Hiroshima University, Higashi-Hiroshima
739-8526, Japan

Full list of author information is available at the end of the article

@ Springer

2013; Fulton et al. 2013). The fault zone is highly local-
ized and consists of clay-rich material with a scaly fabric
(Chester et al. 2013). The clay-rich materials in the fault
zone exhibit very low friction not only at coseismic slip
velocities (ca. m/s) but also at low slip velocities (ca.
um/s) (Hirose et al. 2013; Uijiie et al. 2013). These stud-
ies have proposed that this frictional property of the
fault zone potentially facilitated the shallow and large
slip during the Tohoku earthquake. However, it is also
possible that the measured very low friction of the plate
boundary fault resulted from the large slip (>50 m) dur-
ing the Tohoku earthquake, and the frictional property
of the fault prior to the earthquake is poorly known.

In this study, we investigate the frictional properties of
incoming pelagic sediments at the Tohoku subduction
zone that were collected from the outer rise of the Pacific
Plate by Leg 56 of the Deep Sea Drilling Project (DSDP;
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Figure 1). In particular, we focus on the clay-rich sediment
at the base of the sedimentary section of the Pacific Plate,
which is a potential section to be the plate boundary fault
confirmed by Expedition 343 (Chester et al. 2013). We
consider this clay-rich sediment as an analog of the mater-
ial along the plate boundary fault prior to the Tohoku
earthquake. Thus, the results of our friction experiment of
this sediment at coseismic slip conditions provide infor-
mation on the frictional property of the plate boundary
fault during the Tohoku earthquake. Based on the fric-
tional property of the pelagic sediments, we discuss a pos-
sible mechanism of the large slip along the shallow plate
boundary during the Tohoku earthquake.

Experimental methods

We used pelagic sediments deposited on the Pacific
Plate collected from Site 436 of DSDP Leg 56 (Core 38
at 358 mbsf and Core 40 at 376.8 mbsf) for our friction
experiments (Figure 1b). The core sites are located ca.
260 km northeast of Site C0019 drilled during IODP Ex-
pedition 343 (Figure 1a). Core 38 is composed mainly of
diatomaceous amorphous silica (approximately 69 wt.%)
with some clays, quartz, and plagioclase, whereas Core
40 is dominated by clay minerals (approximately 85 wt.%)
with minor quartz, amorphous silica, and plagioclase.
The clay in both samples is mainly smectite, with minor
illite and kaolinite, as quantitatively identified by X-ray
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diffraction (XRD) analysis (Figure 2). Based on the min-
eralogy and lithology of that region, the smectite-rich
Core 40 sediment appears to be identical to the material
in the plate boundary fault zone observed at Site C0019
(Chester et al. 2013).

Friction experiments were conducted on disaggregated
samples that are analogs of fault gouge, following the
procedures of Mizoguchi et al. (2007). One gram of sam-
ple was placed between porous sandstone cylinders with
diameters of 25 mm and porosity of approximately 18%.
The sample was confined using a Teflon sleeve. The ef-
fect of Teflon friction on mechanical data was corrected
by subtracting the intercept value obtained from a shear
stress versus normal stress plot (Figure 3b,e), following
Togo et al. (2011). The experiments were performed at
constant slip velocities ranging from 0.25 mm/s to 1.3
m/s, constant normal stresses of 0.7 to 2.0 MPa, and
with a nearly constant total displacement of approxi-
mately 16 m using a rotary shear friction apparatus
(Shimamoto and Tsutsumi 1994; Hirose and Shimamoto
2005). Both the gouge sample and host rocks were satu-
rated with brine in a vacuum chamber before the experi-
ments. A high-velocity slip on the fault was obtained by
keeping one specimen stationary while rotating the other
at high speed using a servomotor. Equivalent slip vel-
ocity and displacement, which are used in this study to
present experimental results, follow the definitions in
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Figure 1 Locations of Site 436 and Site C0019 and lithologic zonation of DSDP Site 436. (a) Locations of Site 436 (DSDP Leg 56) and Site
C0019 (IODP Expedition 343) (J-FAST) (red triangles). Orange contour lines at 4-m intervals show the coseismic slip displacement of the 2011
Tohoku earthquake off the Pacific coast of Japan, as compiled from Ozawa et al. (2011). The yellow star denotes the epicenter of the mainshock,
and gray circles are the aftershocks and the largest foreshock. The blue line shows the Japan Trench. (b) Lithologic zonation of DSDP Site 436
(modified from Shipboard Scientific Party 1980). The drilling depth was 397.5 m below sea floor (mbsf) at this site. Core 38 (blue line) and Core 40
(red line) used in this study were recovered from 358 and 376.8 mbsf, respectively.
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Figure 2 X-ray diffraction patterns of the pelagic sediments
used for the experiments. Sm, smectite; Ill, illite; KIn, kaolinite;
Qz, quartz.

Hirose and Shimamoto (2005). We also measured the
temperature increase by frictional heating in this simu-
lated fault zone with a K-type thermocouple that was
placed on a surface between the gouge zone and host
rock on the stationary side.
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Results

In both Cores 38 and 40 at a coseismic slip velocity of
1.3 m/s, typical slip weakening behavior appears at all
normal stresses between 0.7 and 2.0 MPa. The friction
coefficient (=measured shear stress/applied normal stress)
rapidly increases with slip velocity to 1.3 m/s at the onset
of sliding (hereafter referred to as the initial peak of fric-
tion) and subsequently decreases almost exponentially to
below 0.2 with displacement over a characteristic slip
weakening distance of 0.03 to 1.08 m (Figure 3a,d; Table 1).
The slip weakening distance and steady-state values were
calculated by fitting the entire data set from the peak fric-
tion to the end of runs with the empirical equation of
Mizoguchi et al. (2007):

u(d) = s + (y=11s) exp[In(0.05)d/D]

where 4 is the friction coefficient at displacement d, 4,
is the peak friction coefficient, y is the steady-state fric-
tion coefficient, and D, is the slip-weakening distance
defined as the displacement corresponding to the 95%
reduction of (¢, — p4ss). The temperature in the fault zone
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Figure 3 Frictional behavior of pelagic sediments sampled from Cores 38 and 40 of DSDP Site 436. (a, d) Friction coefficient versus
displacement curves at a constant slip velocity of 1.3 m/s under normal stresses of 0.7 to 2.0 MPa. Temperature evolution of the fault zone
during the run at a normal stress of 1.0 MPa is shown by the red dotted lines. Inserted plots show an enlarged view of the onset of the slip.
(b, e) Measured shear stress plotted against applied normal stress at initial peak friction (blue diamonds) and steady-state friction (red circles).
Intercepts have been interpreted as due to friction between the Teflon sleeve and the outer surface of the specimen. (¢, f) Friction coefficient
versus displacement curves at a constant normal stress of 1 MPa and different slip velocities of 0.25 to 1.3 m/s.
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Table 1 Summary of friction experiments on Cores 38 and 40 from DSDP Site 436

Experimental number Normal Slip velocity (m/s) Displacement (m) Hp Uss D (m) Specific fracture
stress (MPa) energy (MJ/m?)

Core 38
HVR 3269 15 131 16.2 040  0.09+0.001 0.08 +0.005 0017
HVR 3270 20 1.31 157 045 0.11 £0.000 0.03 +0.001 0.013
HVR 3271 08 1.31 16.1 0.57 0.14 £ 0.001 0.05 +0.004 0.008
HVR 3272 1.7 1.31 16.0 042 0.11 £0.001 0.04 +£0.003 0.012
HVR 3273 1.0 0.35 154 042 0.33£0.001 0.01 +£0.005 0.001
HVR 3274 1.0 0.13 1.8 045 045 £ 0.001 0.04 +0.031 0.001
HVR 3275 1.0 0013 6.0 - 0.50+ 0.066 - -
HVR 3276 1.0 0.0014 58 - 0.57£0.036 - -
HVR 3277 1.0 0.00031 3.2 - 0.52+0.015 - -
HVR 3278 1.0 131 16.2 043 0.07+0.001 0.21+0.009 0.039
HVR 3440 1.0 1.31 16.0 048 0.10£0.001 0.06 +£0.003 0.012

Core 40
HVR 3190 1.0 131 477 029  007+0000  084+0022 0.067
HVR 3192 1.5 1.31 16.1 0.17 0.08 £ 0.000 1.07 £0.042 0.068
HVR 3193 20 131 16.7 022  006+0000  1.08+0.026 0.121
HVR 3194 1.0 0.13 15.7 021 0.15+ 0.000 - -
HVR 3195 1.0 0.013 24 0.19 0.14 £ 0.000 - -
HVR 3196 1.0 0014 56 0.11 0.10+0.010 - -
HVR 3197 1.0 035 135 021 0.10+ 0.000 - -
HVR 3199 1.0 0.00025 6.7 0.09 0.09 £ 0.008 - -
HVR 3200 1.0 1.31 16.2 0.22 0.11 £ 0.000 041+0.035 0.017
HVR 3206 0.7 1.31 165 0.28 0.07 £0.001 0.23+0.019 0.013
HVR 3208 1.7 1.31 16.1 0.22 0.09 £ 0.000 0.73+0.024 0.062
HVR 3265 1.0 1.31 16.2 033 0.18 £0.000 0.11+0.011 0.006

at a slip velocity of 1.3 m/s and normal stress of 1.0
MPa increased to 150°C and 110°C after a displacement
of approximately 16 m in Cores 38 and 40, respectively
(Figure 3a,d). However, little temperature rise was ob-
served during slip weakening.

Figure 3b,e shows the normal stress dependence of
shear stress at the initial peak and steady-state stages
(coseismic slip velocity =1.3 m/s). The linear slope of
the steady-state data shows low friction coefficients of
0.1 and 0.07 for Cores 38 and 40, respectively. Thus,
shear stress is nearly independent of normal stress at
this coseismic slip velocity. The slope of the initial peak
data is quite different for the two samples, with the fric-
tion coefficient being 0.63 for Core 38 and 0.18 for Core
40. This difference appears to reflect the friction coeffi-
cients at lower slip velocities. For Core 38, the friction
coefficient at steady state shows a decrease from 0.52 to
0.09 over slip velocities ranging from 0.31 mm/s to 1.3
m/s. In contrast, Core 40 exhibits nearly constant fric-
tion values of 0.06 to 0.18 over more than 4 orders of
magnitude change in slip velocity (Figure 3c,f).

Microstructures of the two core samples sheared at a
normal stress of 1.0 MPa and a slip velocity of 1.3 m/s
were compared under a scanning electron microscope
(SEM). In Core 38, deformation features such as com-
paction and grain size reduction are developed within a
0.5-mm-thick zone on the rotation side (Figure 4a). No
localized slip surfaces are evident in this zone. On the
stationary side, diatoms still retain their original shape.
These microstructures indicate that fracturing and sub-
sequent shear-enhanced compaction are the dominant
deformation processes taking place during the experiment.
In contrast, Core 40 exhibits widely distributed oblique
shear planes characterized by the preferential alignment of
clay particles towards the rotation side of the host rock
(Figure 4b). This texture is similar to the scaly fabric ob-
served in the drilling core from the plate boundary fault
collected by IODP Expedition 343 (Chester et al. 2013).
The difference in deformation textures between Cores 38
and 40 might result from the differences in clay content,
which have a strong effect on frictional behavior at low
velocities.
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Figure 4 SEM photomicrographs of Cores 38 (a) and 40 (b). The two core samples were deformed at a normal stress of 1.0 MPa and slip
velocity of 1.3 m/s (run numbers are HVR 3278 and 3265, respectively).
.

Discussion Apart from Core 40, the overall trend of the friction-
Figure 5 shows the steady-state friction of Cores 38 and  velocity curve is consistent with other rock types (e.g.,
40 as a function of slip velocity, compared with the Di Toro et al. 2011). Core 40 characteristically exhibits
steady-state friction of the core samples recovered from low friction of 0.06 to 0.18 at slip velocities from 0.25
the Japan Trench as well as the Nankai subduction zone. mm/s to 1.31 m/s. This relationship could reflect clay
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Figure 5 Steady-state friction coefficient plotted against the logarithm of slip velocity. Blue and red circles show the data determined in
this study using samples from DSDP Site 436. Yellow triangles are the data obtained through rotary shear experiments on the plate boundary
fault collected at the Japan Trench (Expedition 343; Site C0019), reported in Ujiie et al. (2013). Other symbols are experimental results obtained by
rotary shear experiments on sediments that occur around faults in the Nankai Trough (Expedition 316; Sites C0004D and C0007D), from Ujiie and
Tsutsumi (2010), Tsutsumi et al. (2011), and Hirose et al. (2008), shown for comparison.
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content and, in particular, smectite content, as the fric-
tion of smectite is relatively low for a clay mineral due
to the low strength of its interlayer bond (Moore and
Lockner 2004). A similar velocity dependence on the
friction of clay-rich gouge with 60% to 70% smectite has
been reported by Ferri et al. (2011). The total clay con-
tent of Core 40 is estimated to be 85%, including a
smectite content of 76%, whereas that of Core 38 and
the Nankai samples ranges from 53% to 64% (Expedition
316 Scientists 2009a, b). It appears that at least 50%
smectite is necessary to lower frictional strength, al-
though the effect of the smectite fraction in gouge on
friction depends strongly on slip velocity, normal stress,
strain, fluid saturation conditions, and interlayer cations
(e.g., Saffer and Marone 2003; Behnsen and Faulkner
2013). Smectites are abundant in sediments on subduct-
ing oceanic plates, and thus, further studies are needed
to investigate the effect of smectite on frictional behavior
and fault rheology under various conditions in the shal-
low parts of plate boundaries.

The frictional work on a fault plane during slip weak-
ening is known as the fracture energy, and its magnitude
indicates the ease with which a rupture may propagate
(Tinti et al. 2005; Cocco et al. 2006). We calculated the
fracture energy at coseismic slip velocity from the area
under the shear stress versus displacement curve, as
shown in the inset in Figure 6. We also roughly estimated
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the fracture energy of the plate boundary fault from the
shear stress versus displacement curves reported in
Uijiie et al. (2013), for comparison. The calculated values
range between 0.001 and 0.121 MJ/m? in both Cores 38
and 40 (Table 1), and that in the plate boundary fault is
approximately 0.2 MJ/m?. These values are 2 orders of
magnitude lower than for other gouges, apart from talc,
which were deformed previously under nearly the same
experimental conditions using similar rotary shear ap-
paratuses (Mizoguchi et al. 2007; Brantut et al. 2008;
Boutareaud et al. 2012; Sawai et al. 2012). Based on the
microstructural observations and temperature data, the
observed low fracture energy probably results from a
shorter slip weakening distance. The shorter weakening
distance is most likely due to pressurization of pore fluid
by shear-enhanced compaction, and probably not by shear
heating because almost no temperature rise takes place
during slip weakening (Figure 3a). Ujiie and Tsutsumi
(2010) and Faulkner et al. (2011) suggested the same
mechanism of dynamic weakening at the onset of rapid
slip. Although such fluid pressurization might commonly
occur in gouge experiments at high slip velocities and
large displacements, the lower fracture energy as com-
pared with other gouge samples is confirmed as a charac-
teristic of incoming sediments as well as the plate
boundary fault at the Japan Trench (Figure 6). A primary
factor for lowering the fracture energy of those sediments
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Figure 6 Logarithm of fracture energy (Eg) plotted against normal stress. Fracture energy represents a part of the frictional work that occurs
during slip weakening over a characteristic distance (D.), which is defined by the shaded area under a shear stress versus displacement curve
(inset). D. was calculated by fitting data with an empirical exponential equation (Mizoguchi et al. 2007) (red dashed curve). Data for Cores 38 and
40 from Site 436 are shown as blue and red circles, respectively. Also shown are the fracture energy of the plate boundary fault from the Japan
Trench (Ujiie et al. 2013), the Nojima fault gouge (Mizoguchi et al. 2007; Sawai et al. 2012), kaolinite-bearing gouge from the Median Tectonic Line
(Brantut et al. 2008), and talc gouge (Boutareaud et al. 2012), as determined under similar experimental conditions to those of the present study.
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is currently unclear and will be investigated in detail in fu-
ture work.

The low fracture energy of the investigated sediments
and the plate boundary fault suggests that when the in-
coming pelagic sediments subduct into the plate bound-
ary at the Japan Trench, those can energetically facilitate
earthquake ruptures to propagate to shallow depths in
the Tohoku subduction zone, where smectite is present
and has not been transformed to illite (Figure 6). How-
ever, there is a significant contrast in steady-state friction
at low velocities in the two cores. Core 38 has a friction
coefficient of approximately 0.5 at slip velocities of 0.31
mm/s to 0.13 m/s, whereas Core 40 is characterized by
low friction of <0.2 over a velocity range from 0.25 mm/s
to 1.31 m/s, which is much lower than the value predicted
by Byerlee's law (Figure 5). Such a weak formation in a
sedimentary sequence on the subducting Pacific Plate
could become a potential site for a future plate bound-
ary fault. In fact, this smectite-rich formation is identical
to that in the plate boundary fault zone recognized by dril-
ling in the Tohoku forearc during IODP Expedition 343
(Chester et al. 2013). The observed frictional properties of
the smectite-rich pelagic sediment appear to be respon-
sible for accommodating not only the cumulative plate
motion over interseismic periods but also the coseismic
slip during the Tohoku earthquake.

Conclusions

A series of rotary shear friction experiments was per-
formed on the pelagic sediments entering the Japan
Trench in order to understand the rupture processes
that caused the large slip during the Tohoku earthquake.
The main results of our study are as follows:

1. Incoming pelagic sediments on the Pacific Plate
collected from Site 436 of DSDP Leg 56 (Cores 38
and 40) show slip weakening behavior at coseismic
slip velocities. However, at low velocities, there is a
significant difference in the friction coefficient
between the two cores. The steady-state friction co-
efficient of Core 38 has high values of approximately
0.5 at low velocities, but decreases to <0.1 as seismic
slip velocity increases to 1.3 m/s. In contrast, the
steady-state friction coefficient of Core 40 is
remarkably low (<0.2) over a wide range of
velocities (0.25 mm/s to 1.31 m/s).

2. SEM observations of the samples revealed different
deformation processes in the fault zone. Core 40 is
characterized by the preferred orientation of clay
particles along distributed shear planes, resulting in
the development of a scaly fabric, similar to that
from the Tohoku plate boundary fault documented
by IODP Expedition 343. In contrast, fracturing and
subsequent shear-enhanced compaction appear to
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be the dominant deformation processes in Core 38.
The difference in frictional properties between the
two sediments can be attributed to a difference

in smectite content that potentially controls
deformation processes during fault zone shearing.

3. The specific fracture energy of the sediments during
slip weakening at coseismic slip velocity ranges from
0.001 to 0.121 MJ/m?. These values are lower by
more than 2 orders of magnitude than those of
previous experiments conducted under similar
conditions on disaggregated sediments. These
results suggest that the incoming pelagic sediments
make it energetically easy for earthquake ruptures
to propagate up-dip along the plate boundary and
therefore led to the large near-trench slip during
the Tohoku earthquake.
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