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Abstract 

The Nankai Trough megasplay fault hosts diverse modes of fault slip, ranging from slow slip events to megathrust 
earthquakes, and is responsible for related phenomena such as tsunamis and submarine landslides. All types of slip 
events require some kind of frictional weakening process in order to nucleate and propagate. We tested fluid-satu-
rated, powdered megasplay fault samples in a direct shear apparatus under effective normal stresses of 2–18 MPa to 
investigate their friction velocity- and slip-dependence. The experiments show that for short distances (1 mm) after 
a velocity step, there is an evolution from velocity weakening at low effective normal stress to velocity strengthening 
at high effective normal stresses. Over a longer distance (5 mm), large velocity weakening is observed over all tested 
effective normal stresses. In all experiments, slip weakening behavior occurred with relatively large weakening rates 
at low effective normal stresses and smaller weakening rates at higher effective normal stresses. Critical stiffnesses 
for slip instability were calculated for both the velocity and slip dependence of friction to determine their relative 
importance. At shallow depths, velocity weakening would be the main cause of frictional instability for both small and 
large slip perturbations, whereas at greater depth instability requires either slip weakening over small slip distances, 
or velocity weakening induced by larger slip. Regardless of the underlying mechanism, the observed slip instability at 
lower effective stresses increases the likelihood for fault slip events to travel to the seafloor which may cause subma-
rine landslides and tsunamis.
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Introduction
The Nankai Trough subduction zone offshore SW Japan 
has a long history of documented large-magnitude 
megathrust earthquakes with recurrence intervals of 
90–150 years (Ando 1975a). In the last century, two meg-
athrust earthquakes with Mw > 8 occurred in the Nankai 
Trough (Ando 1982; Tanioka and Satake 2001) (Fig. 1A). 
One of these, the 1944 Tonankai earthquake, triggered 
a tsunami with an average wave height of 6–8  m along 
the Kumano coast (Ichinose et  al. 2003). Over the last 
400 years, five megathrust earthquakes generated devas-
tating tsunamis of various intensity that hit the coastline 
along the Nankai Trough (Ando 1975b). Frictional heat-
ing documented by vitrinite reflectance in ocean drilling 
samples of a major out-of-sequence thrust fault and the 
toe of the Nankai accretionary prism suggests that coseis-
mic slip extended close to the seafloor along these faults 
(Sakaguchi et al. 2011). In recent years, a comprehensive 

spectrum of fault slip modes including very low fre-
quency earthquakes (VLFEs) (Ito and Obara 2006; Obara 
and Ito 2005; Sugioka et al. 2012), slow slip events (SSEs) 
(Araki et al. 2017; Hirose et al. 2010; Nakano et al. 2018), 
and tectonic tremor (Annoura et al. 2017; Ide 2012) have 
been documented in the Nankai Trough subduction 
zone from the outer accretionary prism up to the trench 
(Fig. 1). The type of shallow fault slip events are impor-
tant for evaluating tsunami earthquake and tsunami haz-
ards in general (Polet and Kanamori 2000), but the role 
played by frictional properties in shallow slip remains 
subject to debate (Bilek and Lay 2002; Faulkner et  al. 
2011; Marone and Scholz 1988; Seno 2002).

In general, fault slip behavior is thought to be con-
trolled by the frictional properties of the fault gouge, 
which is often quantified by measurements of rate- and 
state-dependent friction (RSF) that describes the fric-
tional stability of rocks and sediments (Marone 1998). 

Graphical Abstract
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Within this framework, a decrease in steady-state fric-
tional strength in response to increasing fault slip rate is 
known as velocity-weakening frictional behavior, whereas 
the opposite is termed velocity-strengthening frictional 
behavior. Velocity-strengthening behavior on faults tends 
to inhibit earthquake nucleation and favors steady creep. 
In contrast, velocity-weakening behavior, combined with 
specific elastic properties of the surrounding wall rock, is 
a prerequisite for earthquake nucleation and determines 

the type of earthquake (slip) expected along the fault 
zone. Some studies have also used RSF to describe land-
slide motion, where sliding on a basal plane is treated 
similarly to slip on a fault (Handwerger et al. 2016; Helm-
stetter et al. 2004; Lacroix et al. 2014).

RSF theory assumes steady-state sliding conditions, 
but experimental studies often show a slip dependence 
superimposed on the friction record during velocity step 
tests (Blanpied et al. 1998; Ikari et al. 2013; Ito and Ikari 
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Fig. 1  Nankai Trough bathymetry and seismic cross section. A Bathymetric map (Olson et al. 2016) of the Nankai Trough area indicating drilling 
Site C0004 and the seismic cross section (red dashed line) shown in B. Megathrust earthquakes from the last century are shown as red stars. PSP: 
Philippine Sea Plate; PP: Pacific Plate; OK: Okhotsk Plate; Am: Amurian Plate. B The seismic cross section after Moore et al. (2009), showing the extent 
of coseismic slip of the Tonankai megathrust earthquake (1Kikuchi et al. (2003) and 2Tanioka and Satake (2001)) as well as slow slip areas (3Araki et al. 
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2015; Roesner et al. 2020). These long-term slip weaken-
ing/strengthening trends are typically removed from the 
data to isolate the effect of the velocity change, and thus 
are not considered in frictional stability analyses (Blan-
pied et  al. 1998). However, Ikari et  al. (2013) analyzed 
the slip dependence in natural fault zone samples and 
showed that slip-weakening friction could allow sufficient 
slip instability for the occurrence of slow earthquakes 
in otherwise velocity-strengthening material. Further-
more, velocity perturbations, e.g., by foreshock afterslip, 
could induce slip weakening which may assist megathrust 
earthquake instability on natural faults by contributing to 
the stress drop (Ito et al. 2017; Ito and Ikari 2015). Ito and 
Ikari (2015) showed that the magnitude of slip-dependent 
frictional weakening could be large compared to velocity-
dependent friction changes. Consequently, both slip and 
velocity dependence could affect the stability of a fault 
zone and should be considered to assess the potential for 
coseismic slip up to the seafloor and therefore the risk for 
tsunamigenesis.

Here, we use velocity stepping and constant velocity 
experiments simulating conditions from ~ 2–3 km depth 
up to the near seafloor to investigate the slip- and veloc-
ity dependence of friction of a natural sample from the 
megasplay fault zone in the Nankai Trough accretionary 
prism (Fig.  1). The observed frictional behavior is then 
discussed in terms of different modes of fault slip and 
potential geohazards originating on the megasplay fault.

Geological setting and sample description
The present-day Nankai Trough subduction zone is char-
acterized by the subduction of the Philippine Sea plate 
under the Amurian microplate at a convergence rate of 
~ 6.5  cm/year (Miyazaki and Heki 2001; Yokota et  al. 
2016). Offscraping of the incoming sediment cover has 
led to the formation of a > 100-km-wide accretionary 
prism. The prism can be separated into an inner, stronger 
accretionary wedge and a weaker outer wedge, which 
is offset by a major out-of-sequence thrust fault named 
the “megasplay fault” (Kimura et  al. 2007; Park et  al. 
2002; Strasser et al. 2009). The megasplay fault branches 
upward from the plate boundary thrust ~ 55  km land-
ward of the deformation front up to the seafloor seaward 
of the outer ridge (Fig. 1B).

The shallow branches of the megasplay fault were 
drilled during Integrated Ocean Drilling Program (IODP) 
Expeditions 316, 319 and 365 at Sites C0004 and C0010 
(Kinoshita et al. 2009; Saffer et al. 2010, 2017). We focus 
on Site C0004 (Fig. 1), where a wide fracture zone host-
ing the megasplay fault was sampled. IODP Site C0004 is 
well characterized by numerous friction studies testing 
fault zone and wall rock sediment (e.g., Ikari and Kopf 
2017; Ikari and Saffer 2011; Roesner et al. 2020; Tsutsumi 

et  al. 2011; Ujiie and Tsutsumi 2010). The hanging wall 
is composed of overriding accretionary prism sediment, 
whereas the footwall comprises underthrust slope sedi-
ment (Kimura et  al. 2011). The fault zone at IODP Site 
C0004 spans from 256 to 315  m below seafloor (mbsf ) 
and the deformed interval is composed of ash-bearing 
hemipelagic mud with some volcanic ash layers. The fault 
zone material on average is composed of 20% quartz, 18% 
feldspars, 2% calcite and 60% clay minerals (Kinoshita 
et al. 2009).

Experimental methods and procedure
We tested a sample from within the fault zone recovered 
from 277 mbsf (sample C0004D-29R-3), which has a min-
eralogical composition of 16% quartz, 18% feldspars, 48% 
phyllosilicates, 5% carbonates, 5% amphiboles and 8% 
other minerals with an abundance of 5% or less (Table 1). 
The mineralogical composition was determined by X-ray 
diffraction (XRD) analysis following Vogt et  al. (2002). 
For these analyses, dried bulk samples were ground to 
a fine powder (< 20  μm particle size) and loaded into a 
Philips X’Pert Pro multipurpose diffractometer. A double 
identification method was employed, where the first min-
eral identification was done using Philips software X’Pert 
HighScore™ and with the X-ray diffraction interpreta-
tion software MacDiff 4.25. Specific minerals, including 
individual clay species, were then determined based on 
the QUAX database, which contains several hundreds 
of reference minerals. Due to a limited amount of fault 
core material, we re-used the sediment for some experi-
ments in this study. Comparing XRD analyses of the sam-
ple before and after an experiment showed that the effect 
of sample re-use is minor, with a post-experiment min-
eralogical composition of 18% quartz, 19% feldspars, and 
42% phyllosilicates, 8% amorphous silica and 12% other 
minerals with an abundance of 5% or less (Table 1).

For the friction experiments, the sample material was 
dried in an oven at ~ 60  °C for > 24 h, powdered with a 
mortar and pestle and sieved to a grain size of < 180 µm. 
The powder was mixed with deionized water in a 2:1 ratio 
to form a stiff paste and placed in a stainless steel shear-
ing assembly, which hosts the sample within a cylindrical 
volume having a diameter of 25.4  mm and a maximum 
height of 25 mm. The deionized water dissolves the salt 
crystals remaining in the oven-dried material to recon-
stitute seawater as pore fluid. Experiments were con-
ducted in a direct shear configuration (GIESA RS5) (e.g., 
Ikari and Kopf 2011) at a constant room temperature 
of ~ 21  °C. For all experiments, the sample holder was 
flooded with artificial seawater with a salinity of 3.5%. 
(Additional file 2: Fig S1, Additional file 3: Fig. S2). The 
bottom and upper ends of the sample are connected via 
porous metal frits to an open water reservoir that ensures 
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pore water drainage. The samples were consolidated 
for 25 ± 2 h via a vertical piston which applied the nor-
mal stress σn, after which the sample height is typically 
~ 15–20 mm. Changes in sample height became negligi-
ble after ~ 24  h of consolidation; thus we assume com-
plete dissipation of pore water pressure. Consequently, 
the applied normal stress equals the effective normal 
stress σn′.

To shear the samples, the upper and the lower part 
of the shearing assembly are displaced relative to each 
other, which enforces localized shear perpendicular to 
the cylindrical axis of the sample. In our apparatus, the 
shear deformation behavior is measured in the top half 
of the sample, which is constantly aligned with the verti-
cal piston applying the normal load. As the bottom half 
is sheared away, the top sample half comes into contact 
with the bottom plate of the steel sample holder, there-
fore the full area of the top half of the sample is always 
completely loaded and no area correction for the normal 
stresses is needed. Due to the geometry, there is pro-
gressively more sample-on-metal contact with increas-
ing shear displacement, but we do not believe that this 
affects our results for two reasons: (1) Since our geologic 
samples are weaker than steel, deformation occurs in 
the sample rather than the metal sample holder, mean-
ing we are recording the deformation properties of the 
sample and not the metal, and (2) Since the increase in 
sample-on-metal contact is geometric, it is constant with 
displacement for all samples. Thus, even if sliding against 
the sample cell had an effect on friction, the friction slip 
dependence can be compared for all samples at constant 
shear displacement. It also means that any variation in 
slip dependence must then be due to differences in the 
samples themselves. It can be seen in our previous work 
with the same apparatus (see for example the friction 
curves in Ikari 2019), that steady state is common, and 
that both slip weakening as well as slip strengthening are 
observed, indicating that sliding on the sample holder 
does not bias the friction slip dependence. Furthermore, 
we limit the total displacement in our experiments to 
10 mm, such that sample-to-sample contact between the 
upper and lower sample halves is always greater than 50% 
of the total sliding surface area.

We tested σn′ of 2, 4, 6, 10, 14 and 18 MPa; for every 
tested effective normal stress, we performed one velocity 
step experiment and two constant velocity experiments 
(without a velocity step). In the velocity step experiments, 
the samples were sheared at an initial shearing velocity 
V0 = 0.1 µm/s for the first ~ 5 mm (run-in), followed by a 
velocity step increase to V = 1.0 µm/s for another 5 mm. 
During the constant velocity experiments, the shearing 
velocity (either 0.1 or 1.0 µm/s) was held constant for the 
entire 10 mm of displacement.

We report our results in terms of the coefficient of slid-
ing friction µ, which is defined as the ratio of the meas-
ured shear stress (τ) to effective normal stress (σn′). 
Cohesion is often neglected in experimental friction 
studies, but recent studies showed that cohesive strength 
can be significant on mature clay-rich shear surfaces 
(Ikari and Kopf 2011; Roesner et al. 2020). Clay minerals 
dominate our sample material, thus our reported meas-
urements include both cohesive and frictional strength.

The friction data from a velocity step test can be quan-
tified as (Dieterich 1979, 1981; Marone 1998):

where a, b1, and b2 are dimensionless parameters, θ1 and 
θ2 are state variables having units of time, and Dc1 and 
Dc2 are critical slip distances over which friction evolves 
to a new steady state. µo is the reference friction coeffi-
cient associated with the reference shearing velocity V0 
before the velocity step. If the experimental data are well 
described by one state variable, we set b2 = 0 . However, 
in some cases the data are clearly better described by two 
state variables, where we define b = b1 + b2 . To evaluate 
our velocity step data and extract the RSF parameters, 
we modeled our velocity steps with an inverse modeling 
technique using a least-squares method established by 
Reinen and Weeks (1993) and in detail described by Skar-
bek and Savage (2019).

Under steady-state sliding conditions, the RSF law 
shown in Eqs. 1 and 2 reduces to:

where µss is the friction coefficient at steady-state 
sliding and the parameter a-b quantifies the friction 
velocity dependence. Positive a-b values describe veloc-
ity-strengthening behavior that favors stable fault creep, 
where coseismic slip is resisted due to energy consump-
tion by strengthening. In contrast, negative a-b values 
describe velocity-weakening behavior, which is a prereq-
uisite for earthquake nucleation and a favorable condi-
tion for coseismic slip.

The RSF equations assume steady-state sliding condi-
tions (i.e., that friction is independent of displacement) at 
both the initial and final sliding velocities. In most experi-
ments, we observe a trend of slip dependence superim-
posed on the data which are commonly removed before 
the inversion (Blanpied et al. 1998; Ikari et al. 2013). Cur-
rently, there is no standardized method for removing a 
superimposed trend from the data. Often a linear curve 

(1)µ = µo + aln

(

V

V0

)

+ b1ln

(

V0θ1
Dc1

)

+ b2ln

(

V0θ2
Dc2

)

,

(2)dθi
dt

= 1−
V θi
Dci

, i = 1, 2,

(3)a− b =
�µss

ln

(

V

V0

) ,
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fit is applied to the velocity step data to remove a superim-
posed trend, which can be an imprecise practice, especially 
if the trend is not linear or if different total slip distances 
are evaluated. This correction has a direct effect on Δµss, 
and therefore a-b. Commonly, data for individual velocity 
steps are evaluated over distances of < 1 mm after the step, 
to perform multiple velocity steps during an experiment. 
Here, we compare results of RSF modeling applied over the 
commonly used distance of approximately 1 mm, and also 
over an extended distance of 5 mm (e.g., Ito and Ikari 2015) 
(Fig. 2C, D).

To investigate the slip dependence of friction we meas-
ured the long-term trends in the friction data following the 
procedure of Ito and Ikari (2015). We quantified the slip 
dependence of friction with the parameter η, obtained by a 
linear fit to the friction data as:

(4)η =
�µ
�x

,

where x is the horizontal (shear) displacement. We meas-
ure η between 3 to 5 mm and 8 to 10 mm total slip dis-
placement, with the velocity step occurring at 5  mm 
displacement (Fig.  2B). The first fitting window imme-
diately precedes the velocity step, whereas the second 
fitting window evaluates the friction data at sufficient dis-
tance after the velocity step (~ 3 mm) in order to not be 
biased by the evolution effect following the velocity step. 
The same fitting procedure was done for the constant 
velocity experiments for comparison. We also deter-
mined the net change in frictional strength over 1 and 
5 mm displacement following the velocity step, denoted 
as Γ:

where µi is the instantaneous coefficient of friction. 
Equation 5 is not derived from the rate-and-state friction 

(5)Ŵ =
�µi

ln

(

V

V0
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A B

C D

sample

water

load point 
displ. sensor

sample horz. 
displ. sensor

horz. force

vert. force

sample vert. 
displ. sensor

frits

0 2 4 6 8 10
displacement [mm]

0

0.1

0.2

0.3

0.4

0.5

fri
ct

io
n 

co
effi

ci
en

t µ

0.1 µm/s
1.0 µm/s
0.1-1.0 µm/s

14 MPa

displacement [mm]

fri
ct

io
n 

co
effi

ci
en

t µ

4.5 5 5.5 6 6.5
displacement [mm]

0.36

0.37

0.38

0.39

fri
ct

io
n 

co
effi

ci
en

t µ

18 MPaV =0

0.1 µm/s
V=

1.0 µm/s

Γ=-0.0116 

a    = 0.0025
b    = 0.0021
D   = 16 µmc

a-b = 0.0004
-5 -1dµ/dx = -1.3  µm

5 6 7 8 9 10
displacement [mm]

0.36

0.37

0.38

0.39

fri
ct

io
n 

co
effi

ci
en

t µ

18 MPa

Γ= -0.0245

peak friction
velocity step

Δµ/Δx
3-5mm Δµ/Δx

8-10mm

a    = 0.0025
b    = 0.00211

b    = 0.00782

D  = 17 µmc1 

D  = 600 µmc2 

a-b = -0.0074
-6 -1dµ/dx = -1.5  µm

Fig.2C

Fig. 2  Shear device and experimental data example. A Schematic diagram of the shear device used in this study. The lower sample cell holder (in 
darker grey) moves to the left as shearing is induced in the sample. B Example data from one set of experiments at conducted at 14 MPa effective 
normal stress, gray background indicates data shown in the inset. C Friction data during a velocity step overlain by modeled an inverse model over 
1 mm, net change in frictional strength is shown as Γ. D Friction data during a velocity step modeled over 5 mm, net change in frictional strength 
again shown as Γ. VS: velocity step



Page 8 of 15Roesner et al. Earth, Planets and Space          (2022) 74:162 

formulation (Eqs.  1,2), and is intended to be used as a 
comparative measurement for shearing that is not nec-
essarily at steady state (Ikari et al. 2020). The net change 
measurement Γ includes the effects of both the velocity- 
and slip-dependence of friction (Fig. 2C, D).

Results
The experimental shear stress curves as a function of 
displacement are typical of a highly consolidated clay, 
where linear elastic behavior is typically observed 
up to µ = ~ 0.2 and displacements of a few tenths of a 
mm. This is followed by yielding and anelastic behav-
ior up to the peak in friction, which is reached between 
1 and 3  mm horizontal displacement. After the peak, 
frictional strength decreases over millimeter-scale slip 
distances (Fig. 2B). The peak friction coefficient in our 
experiments varies from 0.4 to 0.5 over the range of 
tested effective normal stresses and velocities (Fig. 3A). 
Peak friction for a shearing velocity of 0.1  µm/s 
decreases from 0.50 to 0.44 with increasing effective 
normal stress from 2 to 6 MPa, and remains nearly con-
stant from 6 to 18 MPa. The peak friction measured at 
a shearing velocity of 1.0 µm/s is systematically smaller 
than the measurements at 0.1 µm/s, showing a decrease 
in peak friction from 0.46 to 0.40 between 2  –  6  MPa 

and also remaining nearly constant from 6 to 18 MPa. 
Although dilatancy is expected near the peak in friction 
(e.g., Mitchell and Soga 2005), this cannot be resolved 
from our measurements of vertical displacement due 
to an overall compaction trend during the experiment, 
likely caused by a small amount of sample extrusion 
(Scott et al. 1994).

The velocity-step experiments show mainly weaken-
ing, either expressed as velocity weakening or net weak-
ening (Fig. 3B). Inverse modeling results of velocity step 
data over 1 mm show a-b values of − 0.005 to 0.002, with 
velocity weakening at low effective normal stresses tran-
sitioning to velocity strengthening at an effective normal 
stress of 10 MPa. When the inverse model is applied over 
5  mm displacement following the velocity step, larger 
velocity weakening (a-b = − 0.013 to − 0.002) independ-
ent of effective normal stress is observed. In comparison, 
net changes in friction coefficient exhibit larger absolute 
values of weakening. Net weakening measured 1  mm 
following the velocity steps ranges from Γ = − 0.025 to 
− 0.010, which decreases slightly as a function of effective 
normal stress. The largest net weakening is measured at 
5 mm displacement beyond the velocity step (Γ = − 0.085 
to − 0.025), which represents the largest values of 

Fig. 3  Experimental results for peak friction and friction velocity dependence. A Peak friction as a function of effective normal stress. Grey circles 
represent C0004 megasplay fault peak friction data from Roesner et al. (2020). B Results of velocity stepping experiments showing modeled velocity 
dependence a-b as well as the net friction change Γ (see Eqs. 3 and 5)
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weakening of any kind in this study (Fig. 3B). Net weak-
ening at 5 mm correlates inversely with effective normal 
stress.

All experiments show slip weakening η < 0 over the 
tested range of horizontal displacements and effective 
normal stresses (Fig.  4A, B). With increasing effective 
normal stress, slip dependence becomes less negative, 
ranging from η = − 0.016 to − 0.024  mm−1 at 2  MPa, 
and η = − 0.004 to − 0.016 mm−1 at 18 MPa for 3–5 mm 
horizontal displacement (Fig.  4A). Slip weakening is 
more pronounced at lower velocities and lower dis-
placements (Fig.  4A). Less slip weakening is observed 
at larger horizontal displacements of 8–10  mm, with 
η = − 0.014 to − 0.016  mm−1 at 2  MPa, and η = − 0.001 
to − 0.003  mm−1 at 18  MPa. At high effective normal 
stresses, near-neutral η values are observed, indicating 
steady-state frictional behavior, whereas at low effective 
normal stresses steady-state friction is not established 
within 10  mm of shear displacement (Fig.  4B, C). Nei-
ther shearing velocity nor velocity perturbations (velocity 
step tests) systematically affect the weakening behavior at 
large displacements of the fault zone material (Fig. 4B).

Discussion
Mechanisms of observed behavior and comparison 
with previous results
When plotted as a function of effective normal stress, the 
peak shear strengths show a positive linear dependence 
with slopes of 0.40 (for 1 µm/s) and 0.44 (for 0.1 µm/s), 
exhibiting typical Mohr–Coulomb behavior (Additional 
file  4: Fig. S3). Our samples are normally consolidated 
because we use initially disaggregated sample powder, so 
we expect that the peak strengths are largely controlled by 
porosity. Following the peak, we observe large amounts 
of slip-weakening friction at low effective stresses, which 
approaches slip-neutral behavior (i.e., steady state) at 
higher effective normal stresses for the same displace-
ment range. We interpret this to be caused by the faster 
development of a steady-state microstructure at higher 
stresses, which may include faster grain alignment, faster 
development of a pervasive foliation fabric, and the more 
rapid formation of a through-going shear band. These 
effects have been previously documented in sheared clay-
rich materials at a wide range of effective normal stresses 
(Haines et al. 2009, 2013). Because our experiments show 
explicitly frictional weakening behavior that may be 
associated with developing microstructure, our results 
are most applicable to either newly developing faults, 
or mature faults that experience cyclic velocity changes 
and inter-event healing, which could alter or reset the 

Fig. 4  Experimental results for friction slip dependence. Slip dependence of friction as a function of effective normal stress in both velocity step 
and constant velocity experiments. Friction slip dependence is shown for A 3–5 mm and B 8–10 mm displacement. C Friction-displacement curves 
for 0.1 µm/s graphically normalized by peak friction to illustrate slip weakening behavior from peak friction toward “steady-state”. (Inset) Conceptual 
model of slip weakening behavior under varying effective normal stress. Gray represents data from our direct shear tests with 10 mm maximum 
displacement
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sliding microstructure. Our results may not be relevant 
for mature faults that slide continuously at a constant 
velocity, although these may not be common in nature.

Measurements of friction slip dependence are not com-
mon, but we may compare our measurements of fric-
tion velocity dependence for “standard” slip distances of 
1 mm with other friction studies of Nankai Trough mate-
rials. Although velocity-weakening friction is generally 
not expected in clay-rich materials (e.g., Ikari et al. 2009; 
Tembe et  al. 2010), other previous studies have shown 
that when velocity weakening occurs in phyllosilicate 
gouges, it tends to be restricted to low normal stresses 
and low sliding velocities (e.g., Saffer et al. 2001; Ikari and 
Kopf 2017). This is consistent with the velocity-weak-
ening friction we observe, which is limited to effective 
normal stresses of ≤ 6  MPa; at higher effective normal 
stresses we observe velocity-strengthening friction.

Despite the clay-rich nature of the Nankai Trough sedi-
ments, velocity-weakening friction has been observed 
in other friction studies testing materials from this sub-
duction zone, and specifically from the modern outer 
accretionary prism (Tsutsumi et  al. 2011; Roesner et  al. 
2020; Okuda et al. 2021). Although an earlier study found 
only velocity-strengthening friction for the megasplay 
(Ikari and Saffer 2011), this was later attributed to test-
ing at higher than in  situ stresses (Roesner et  al. 2020). 
Other recent studies testing deeper (km-scale) material 
from the older, inner accretionary prism have shown 
consistent velocity-strengthening friction (Bedford et al. 
2021; Fujioka et al. 2022), highlighting potentially funda-
mentally different behavior between the outer and inner 
prisms that may explain large-scale deformation behav-
ior of the Nankai margin (Kimura et  al. 2007). Roesner 
et al. (2020) noted that velocity-weakening in the megas-
play samples showed larger values of the rate-and-state 
parameter b, and based on a microphysical explanation 
for rate-and-state frictional behavior (e.g., Dieterich and 
Kilgore 1994) suggested that the velocity weakening is 
somehow related to differences in the real area of contact 
as a function of effective normal stress.

Implications for shallow fault slip
Various fault slip styles such as slow slip events, very 
low frequency earthquakes and coseismic slip have 
been documented for the megasplay fault cutting 
through the Nankai accretionary prism (Araki et  al. 
2017; Ito and Obara 2006; Sugioka et  al. 2012). For 
example, the tsunamigenic Nankaido and Tonankai 
earthquakes in 1944 and 1946 nucleated at seismo-
genic depth, and coseismic slip propagated upward 
along the pre-existing megasplay fault (Kame et  al. 
2003; Sakaguchi et  al. 2011). Araki et  al. (2017) docu-
mented similarly upward-migrating slow slip events 

which may have traveled along the megasplay fault. All 
of these fault slip events require a weakening mecha-
nism, which would make it energetically favorable for 
slip to propagate updip along the fault. Figure 3B shows 
measurements of velocity weakening, and net weaken-
ing which includes the combined effects velocity and 
slip weakening, for the megasplay fault zone material. 
Velocity-weakening friction is necessary for earthquake 
nucleation and propagation (Dieterich 1986; Scholz 
1998). Slip-weakening friction was suggested to be a 
potential mechanism for slip instability or quasi-insta-
bility resulting in slow slip (Ikari et al. 2013), although 
not necessarily for ordinary earthquakes. When only 
considering the data presented in Fig.  3B, it appears 
that slip weakening should be the dominant factor, 
especially at effective normal stresses < 10 MPa.

Although weakening is the prerequisite for all types 
of fault slip events, instability arises because of a dis-
equilibrium between the wall rock and fault zone 
unloading stiffnesses. Fault instability in earthquake 
studies is often described by analogy to a spring-slider 
model, where instability occurs when the critical stiff-
ness Kc defined by the fault zone properties is larger 
than the wall rock (or testing apparatus) stiffness K (Gu 
et al. 1984; Ruina 1983):

The spring-slider model analogue is often used in 
earthquake nucleation studies, but can also be used 
for slow slip instability (Ikari 2019; Liu and Rice 2007; 
Shibazaki and Iio 2003). It can be seen that the critical 
stiffness is a function of the modeled friction param-
eters a and b (Scholz 2018) along with the effective 
normal stress (Fig. 5). In the case of two state variable 
modeling, we use the value of Dc1 as Dc (Eq. 6) for criti-
cal stiffness evaluation. Equation 6 shows that instabil-
ity can only arise on velocity-weakening faults because 
a shear stress drop is necessary. However, if slip weak-
ening is considered it may also provide a stress drop. 
Ikari et al. (2013) proposed an additional instability cri-
terion Kc* based on a stress drop induced by the fric-
tion slip dependence η (Fig. 5):

We use the detrending parameter from our RSF mod-
eling to calculate the short-distance slip-weakening 
rate Kc*1  mm. Kc*5  mm for 5  mm displacement after the 
velocity step was calculated based on η measured for 
8–10 mm displacement.

In the following, we compare the effects of friction 
velocity- and slip-dependence on slip stability using the 

(6)K < Kc =
(b−a)σ

′

n

Dc
.

(7)K < K ∗
c = −ησ

′

n.
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calculated Kc and Kc* values over both 1 and 5 mm of 
shear displacement. At high effective normal stresses, 
Kc1mm is negative and transitions to positive values 
between 6 and 10 MPa effective normal stress (Fig. 6), 
which is due to the change from velocity-weakening to 
velocity-strengthening behavior. Because the surround-
ing stiffness K is always positive, a negative critical 

stiffness value indicates that instability is impossible. 
At the lowest effective normal stress, Kc1mm exhib-
its its largest value of 3  MPa/mm. In contrast, Kc5mm 
shows mostly large positive critical stiffness values 
ranging from 1 to 16  MPa/mm. Over the tested range 
of effective normal stresses, Kc* is always positive with 
Kc*1  mm ranging from 0.01 to 0.25 and Kc*5  mm from 
0.01 to 0.05  MPa/mm. Over the shorter slip distance, 
Kc* increases with increasing effective normal stress, 
whereas Kc* at larger slip distances does not show 
any systematic trend. Critical stiffnesses derived from 
velocity perturbations are ~ 2 orders of magnitude 
larger than those derived from slip dependence (Fig. 6 
and Additional file 1: Table S1).

Our experiments show that weakening processes 
affecting slip propagation depend on both effective nor-
mal stress and slip distance. At effective normal stresses 
equivalent to depths <  ~ 700  m, instability is facilitated 
by velocity-weakening friction at both small and large 
slip distances. Because the amount of weakening per 
slip from the velocity-weakening mechanism is about 
two orders of magnitude larger than that from the slip-
weakening mechanism, slip dependence plays a minimal 
role for this particular depth condition (Fig. 7). At depths 
> 1000  m frictional behavior is more complex, due to 
pronounced slip distance effects for critical stiffnesses 
derived from the velocity dependence. Velocity-strength-
ening behavior for small displacements is expected to 
inhibit instability, but studies by Sakaguchi et  al. (2011) 
and Araki et  al. (2017) document evidence for fast and 
slow fault slip on the shallow branches of the megas-
play fault in the Nankai subduction zone. A possible 
explanation for these observations might be instabilities 
caused by slip weakening, which overcomes the velocity 
strengthening at low slip distances. However, the critical 
stiffness values are very small and thus may allow slow 
fault slip to occur but not fast earthquakes. If slip weak-
ening allows a large enough slip distance to be achieved, 
then greater instability can occur due to the large-dis-
tance velocity weakening, which increases the critical 
stiffness value. Therefore, for depths >  ~ 1000 m we sug-
gest a hybrid mechanism, where instability is initially 
caused by slip weakening which is then further driven by 
velocity weakening over longer distances. Taken together, 
our data and critical stiffness analyses suggest that the 
sliding behavior of the megasplay fault becomes progres-
sively more unstable with decreasing effective normal 
stress. Thus, we infer that the frictional behavior of the 
megasplay material will tend to assist slip events migrat-
ing updip towards the seafloor.
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Fig. 5  Concept of critical stiffness. Schematic diagram showing a 
velocity step at low effective normal stress. A Determination of the 
critical stiffness for slip instability based friction slip dependence (Ikari 
et al. 2013). B Determination of the critical stiffness criterion based 
on RSF parameters derived from inverse modeling, including a linear 
detrending algorithm (Blanpied et al. 1998; Ruina 1983)

Fig. 6  Critical stiffness results. Velocity- and slip-dependent critical 
stiffnesses Kc and Kc* as a function of effective normal stress. 
Depth calculation is based on shipboard moisture and density 
measurements, assuming hydrostatic pore water pressure
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Implications for submarine landslides
Extrapolating our results to the seafloor suggests that 
large slip weakening and higher peak friction coefficient 
should be expected at effective normal stresses < 2 MPa, 
which translates to depths of ~ 0–200  mbsf, where sub-
marine landslides occur (Fig.  7). The fundamental 
requirement for slope failure is that the shear stresses on 
the potential failure plane exceed the shear strength of 
the slope sediment (Morgenstern 1967). Our laboratory 
measurements are relevant for submarine landslides in 
two ways. First, they directly characterize the sediment 
strength, where the larger peak friction coefficient we 
observe under low effective normal stresses may slightly 
reduce the risk for slope failure initiation, but the meas-
ured slip weakening (in landslide studies often named 
brittle soil behavior) (Duncan et  al. 2014) is associated 
with progressive slope failure phenomena (Troncone 
2005). The progressive failure mechanism occurs pri-
marily in strain-softening soil, where after an initial peak 
the shear strength reduces to a lower residual value. This 
reduction of shear strength will increase the shear stress 
on neighboring soil elements, causing progressive failure 
(Skempton 1964).

At the Nankai subduction zone, evidence for sediment 
mass transports in the shallow megasplay fault zone 
(Fig.  1B) have been identified in seismic and bathymet-
ric data, and also in core samples (Kanamatsu et al. 2014; 
Strasser et al. 2011). These mass-wasting events occurred 
at times of enhanced megasplay fault activity (Strasser 

et  al. 2011). Therefore, the second way in which the 
strength patterns we observe affect submarine landslides, 
is that they may allow slip to reach near-seafloor depths, 
causing local steepening of the seafloor slope. Whereas 
seafloor-breaching coseismic slip directly causes tsuna-
mis, SSEs are slow compared to their fast counterparts 
and are unlikely to trigger tsunamigenesis by rapid sea-
floor displacement. However, SSEs propagating up to the 
seafloor will deform the seafloor topography and might 
cause an increase in the seafloor slope angle, which is 
a preconditioning factor for submarine landslides by 
increasing the stress on the sediment (Hampton et  al. 
1996) (Fig.  7 inset). When they occur, submarine land-
slides themselves may be a source of tsunamigenesis by 
displacing large amounts of ocean water (Baba et al. 2019; 
Harbitz et  al. 2006; Ward 2001). Thus, shallow upward-
propagating SSEs should be regarded as a long-term 
enhancement factor for submarine landslide and tsunami 
hazards in subduction zones.

Conclusions
The RSF framework is a powerful tool to quantify the 
friction velocity dependence of experimental data, 
but slip-dependent friction trends, which are typically 
removed from the data, also hold important informa-
tion describing fault gouge behavior under shear. We 
combine measurements of slip and velocity-dependent 
friction in a comprehensive frictional stability analysis of 
the shallow Nankai Trough megasplay fault. The IODP 
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Site C0004 fault samples exhibit both velocity- and slip-
dependent weakening, with velocity weakening having a 
larger effect on slip stability. We find that velocity-weak-
ening friction is more pronounced at shallow depths, and 
can explain slip instability without the need to invoke slip 
weakening at both the short and long displacements con-
sidered in this study. At deeper depths, slip-weakening 
friction may be necessary to overcome short-distance 
velocity-strengthening friction before velocity-weak-
ening at larger displacements might become dominant. 
Sediments characterized by slip instability in the shallow 
accretionary prism may facilitate seafloor deformation. 
Therefore, the weakening behavior of the megasplay fault 
sediment at shallow depths is favorable for tsunamigen-
esis, either directly by seafloor-breaching slip events or 
indirectly by submarine landslides.
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