
1.  Introduction
Subduction zones host the largest and most catastrophic earthquakes on Earth. Nucleation of fast earthquakes 
(slip rates of ∼0.1–1  m/s; Cowan,  1999) on subduction megathrusts is generally observed to concentrate in 
a depth range termed “the seismogenic zone” (e.g., Hyndman et al., 1997; Oleskevich et al., 1999). Episodic 
slow-slip events (SSEs) and quasi-static creep (slip rates of ∼10 −9–10 −7 m/s; Iio et al., 2002; Liu & Rice, 2005) 
predominantly occur near the updip and downdip limits of this depth window (e.g., Araki et al., 2017; Bilek & 
Lay, 2018; Kano et al., 2019; Schwartz & Rokosky, 2007; Wallace et al., 2016). There is considerable complexity 
superimposed on this simple model; for example, both slow slip and creep occur within the seismogenic zone and 
beyond its boundaries (e.g., Ito et al., 2013), and although nucleation of coseismic slip is generally limited to the 
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Although the mechanical and frictional properties of materials sampled from subduction zones have been 
studied extensively, few datasets have been collected for compositions and at pressure and temperature 
conditions representative of those in situ. The Nankai subduction zone in southwest Japan is a well-studied 
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physics. Here, we use samples exhumed in the Shimanto and Sanbagawa Belts on Shikoku Island of southwest 
Japan that represent analogs for materials along the present-day megathrust at depths of ∼5–>25 km, and 
we shear these at their peak in situ pressure-temperature (P-T) conditions. Effective normal stresses range 
from 28 to 192 MPa, and temperatures from 105°C to 470°C. We used pore fluid pressures of 45–240 MPa, 
corresponding to fluid overpressure ratios λ of 0.65 and 0.90. Slip velocities of 0.1–100 μm/s were used, in 
order to focus on the nucleation of instability and earthquakes. We found predominantly velocity-strengthening 
(inherently stable) behavior under all conditions for λ = 0.65. For λ = 0.90, velocity-weakening behavior was 
observed at 350°C, with velocity-strengthening behavior at lower and higher temperatures. The rate/state 
frictional stability parameter (a-b) increases with slip velocity at temperatures up to ∼200°C and remains 
constant or decreases with slip velocity at higher temperatures. Overall, our results demonstrate the potentially 
important roles of both temperature and slip velocity in controlling the distribution of stress and frictional 
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Plain Language Summary  The largest earthquakes on Earth occur along fault zones at subduction 
plate boundaries. These earthquakes are controlled, in large part, by the frictional properties of the fault zone 
materials. However, those properties are not fully understood, and laboratory experiments are key to advancing 
our knowledge. One example of a subduction zone is the Nankai Trough in southwest Japan. This subduction 
zone has been the subject of several drilling expeditions, recovering samples from the subsurface, and providing 
materials used in laboratory experiments. However, the experiments to date focus on materials recovered 
from depths shallower than those where earthquakes nucleate, and have been performed at temperatures lower 
than those in earthquake source regions. In this study, we used samples known to come from depths where 
earthquakes nucleate, and we performed friction experiments at temperatures and pressures relevant for these 
depths. We find that the frictional properties are primarily dependent on temperature and on the velocity of 
sliding.

DEN HARTOG ET AL.

© 2022. American Geophysical Union. 
All Rights Reserved.

Frictional Behavior Downdip Along the Subduction 
Megathrust: Insights From Laboratory Experiments on 
Exhumed Samples at In Situ Conditions
S. A. M. den Hartog1,2,3  , C. Marone1,4  , and D. M. Saffer5

1Department of Geosciences, The Pennsylvania State University, University Park, PA, USA, 2The Lyell Centre, Heriot-Watt 
University, Edinburgh, UK, 3Now at State Supervision of Mines, Ministry of Economic Affairs and Climate Policy, The 
Hague, The Netherlands, 4Dipartimento di Scienze della Terra, La Sapienza Università di Roma, Rome, Italy, 5Department of 
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seismogenic zone, dynamic rupture may extend outside this zone and to shallow depths (e.g., Lay, 2018; Lay & 
Bilek, 2007). Nonetheless, to first order, the depth extent of earthquake nucleation in subduction zones appears to 
be thermally controlled, with the updip limit occurring at 100°C–150°C and the downdip limit at approximately 
350°C–450°C (Hyndman et al., 1997; Moore & Saffer, 2001; Oleskevich et al., 1999).

The Nankai Trough in southwest Japan has repeatedly generated devastating earthquakes, most recently in 1944 
and 1946, events known as the Tonankai (Mw 8.1) and Nankaido (Mw 8.3) earthquakes, respectively (Ando, 1975). 
A spectrum of slow earthquake and slip behavior has also been observed along the subduction thrust here, 
including tremor, very low-frequency earthquakes and SSEs (e.g., Araki et al., 2017; Hirose & Obara, 2005; Ito 
et al., 2007; Obara, 2002; Obara et al., 2004; Sugioka et al., 2012; To et al., 2015). These observations, together 
with the fact that the Nankai margin has been the focus of extensive geophysical imaging, geological, drilling, 
and geodetic campaigns, makes it an ideal natural laboratory to investigate subduction zone slip behavior and 
processes.

Extensive sample recovery from the Nankai Trough at depth via the (Integrated) Ocean Drilling Program ((I)
ODP; e.g., Kimura et al., 2007) has allowed experimental characterization of the frictional properties of the shal-
low megathrust near the trench and its protolith (Bedford et al., 2021; Ikari & Kopf, 2017; Ikari & Saffer, 2011; 
Ikari et  al.,  2009; Kopf & Brown, 2003; Roesner et  al.,  2020; Takahashi et  al.,  2014; Tsutsumi et  al.,  2011; 
Ujiie & Tsutsumi, 2010). Of particular importance in the context of nucleating unstable slip are rate- and state 
friction (RSF) properties (Dieterich,  1979; Ruina,  1983). Here, we focus on the frictional stability parame-
ters, which describe the response of friction to changes in driving velocity: for velocity-weakening, friction 
decreases with increased sliding rate, whereas it increases with slip velocity for velocity-strengthening behavior. 
Velocity-weakening friction is a prerequisite for the nucleation of unstable slip (Rice & Ruina, 1983).

Experiments performed at low slip velocities on materials sampled by drilling, aimed at addressing earthquake 
nucleation, suggest that frictional behavior becomes less stable with (a) increasing cohesion or lithification 
(Roesner et al., 2020), (b) decreasing clay content (Takahashi et al., 2014), (c) decreasing pore fluid pressures at 
constant effective normal stress (Bedford et al., 2021), and (d) decreasing slip velocity to plate velocities (Ikari & 
Kopf, 2017). All of these experiments were performed on materials derived from shallow levels (<1 km depth) 
and at temperatures <50°C (Takahashi et al., 2014), with most previous work at temperatures of ∼20°C–25°C—
that is, much lower than the ∼100°C–350°C expected at seismogenic depths (Hyndman et al., 1997). Trütner 
et al. (2015) conducted room temperature experiments on samples exhumed from seismogenic depths (maximum 
paleo-temperatures of 125°C–225°C) and exposed in the Shimanto Belt in southwest Japan, and found an effect 
of composition and lithification as in (a). However, no experiments have been conducted at elevated temperatures 
on these materials.

Improved quantification of the frictional behavior of subduction megathrusts requires data from experiments 
performed at representative pressures and temperatures, and on samples having realistic compositions for fault 
rocks at seismogenic depths. Here, we quantify the in situ frictional behavior of metasediments from the Shimanto 
and Sanbagawa belts on Shikoku Island, southwest Japan, which have been exhumed from depths encompassing 
the seismogenic zone. We performed shearing experiments at the approximate in situ peak PT conditions for each 
sample, at different fluid overpressure ratios and at slip velocities relevant to earthquake nucleation. Our results 
are in agreement with previous findings by Den Hartog, Niemeijer, & Spiers (2012), who documented a control 
of temperature on frictional slip stability for subduction zone materials. In addition, our results show a consistent 
effect of slip velocity on frictional stability.

2.  Materials and Methods
2.1.  Sample Material

We used samples exhumed in the Shimanto Belt and Sanbagawa Belt on Shikoku Island, Japan (Figure 1). Peak 
paleo temperatures experienced by the samples were estimated from extensive previous work, including vitrinite 
reflectance and illite crystallinity studies (e.g., Awan & Imura, 1996; Laughland & Underwood, 1993; Ohmori 
et al., 1997) and are listed in Table S1 in Supporting Information S1. These samples were collected during a 
targeted field campaign (Trütner et al., 2015), and samples collected primarily from unweathered coastal or river-
bed outcrop exposures of well-studied lithologies.
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Samples were prepared by: (a) mechanically crushing to ∼0.5–1 cm, (b) crushing for ∼20 s in a disk mill, and 
(c) sieving to <106 μm. Steps (b) and (c) were repeated for materials not passing through the sieve to prevent 
sample fractionation. No information is available on grain sizes after sample preparation and how those compare 
to natural gouges. Ring-shaped samples of the gouges, measuring ∼1 mm in thickness and with inner and outer 
diameters of 22 and 28 mm, were prepared by pre-pressing mixtures of gouge and distilled water. Pressing was 
done at ∼170 MPa for 20 min at room temperature, using a specially designed die (Den Hartog, Peach, De Winter, 
Spiers, & Shimamoto, 2012).

X-Ray Diffraction analysis of the powdered samples (Table 1) by the method of Underwood et al. (2003) indi-
cates that they comprise ∼50 wt% clay, 30 wt% quartz, and 20 wt% feldspar. The clay-sized (<2 μm) fraction 
was typically dominated by illite with smaller proportions of chlorite. These results indicate that all samples are 
pelites or metapelites. Although the bulk modal assemblages do not exhibit major systematic differences as a 
function of paleo-conditions, some differences are expected with prograde low-T metamorphism (e.g., abundance 
of amorphous Si cement, illite crystallinity; e.g., Trütner et al., 2015). Previous work (Den Hartog et al., 2021) 
suggests that even samples with similar compositions may show distinctly different frictional properties.

Figure 1.  Map of Shikoku Island, southwest Japan showing the location of the samples used in this study with stars. 
Color represents the maximum in situ paleo temperature as follows: green = 100°C–150°C, yellow = 150°C–175°C, 
orange = 175°C–200°C, red = >200°C. Inset shows the location of Shikoku Island in Japan. For detailed geological maps of 
Shikoku Island, see Geological Survey of Japan (2022).
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2.2.  Experimental Apparatus and Procedure

Rotary shear experiments were performed using a hydrothermal ring shear machine (Figure S1 in Supporting 
Information S1; Den Hartog, Niemeijer, et al., 2012; Den Hartog et al., 2013; Niemeijer et al., 2008). In this 
configuration, a ring-shaped sample with inner and outer radii of 11 and 14 mm is emplaced between two rough-
ened pistons, located in an internally heated pressure vessel filled with distilled water, which applies a pore fluid 
pressure. To inhibit extrusion, the sample is confined between the loading pistons by steel rings. Normal stress is 
applied to the sample, in excess of the pore fluid pressure (Pf) measured in the vessel, via a pressure-compensated 
upper loading piston, so that the effective normal stress (σn eff) is equal to the axially applied stress (Den Hartog, 
Niemeijer, et al., 2012). Rotation of the vessel and lower piston allow shearing of the sample at constant rate, 
while the shear stress (τ) is measured externally via the non-rotating upper piston. The experimental procedure 
we followed has been described by Den Hartog, Peach, et al.  (2012). After a run-in at 10 μm/s for 5 mm of 
displacement, the slip velocity in the experiments was stepped between 0.1, 1, 10, and 100 μm/s, to assess fric-
tional stability parameters. We report displacements and slip velocity at the average radius of the sample ring 
(12.5 mm); which varies by <14% over the sample width.

Shear displacement (resolution ±1 μm), axial displacement (±0.05 μm), normal force (±0.05 kN), and shear 
force (<±40 N or ±0.24 N depending on sensors used) were measured externally and the corresponding signals 
logged, together with the pore fluid pressure (±0.005 MPa) and temperature (±1°C) signals, using a 16 bit A/D 
converter and a logging frequency of 1–100 Hz (depending on the sliding velocity). Shear displacement was 
corrected for machine distortion, and torque and normal force data were corrected for seal friction to obtain the 
shear stress (τ) and effective normal stress acting on the sample, and the apparent friction coefficient (μ = τ/σn eff, 
ignoring cohesion).

2.3.  Experimental Conditions

Ring shear experiments were performed at the reported in situ peak PT conditions for each sample (Table 2), 
which range from 105°C to 470°C (Table 1). The expected in situ lithostatic pressure for each sample was esti-
mated using modeled temperatures along the present-day Nankai subduction zone (Spinelli & Wang, 2009) and 
assuming an overburden density of 2,750 kg/m 3. We set pore fluid pressure in our experiments to simulate values 

Sample Peak paleo temperature (°C) Depth (km)

Composition bulk Clay fraction

Clay Qtz Fspar Calc Sm Ill Chl Qtz

DS-S2 112.5 7.8 51 29 20 0 0 62 32 7

DS-S4 200 13.9 55 25 20 0 0 70 21 9

DS-S6 105 7.4 45 24 31 0 0 72 15 13

DS-S8A 140 9.6 53 26 21 0 0 68 21 11

DS-S10 137.5 9.5 55 28 17 0 0 57 32 11

DS-S16 187.5 13.1 55 28 17 0 0 61 32 7

DS-S18 207.5 14.5 54 34 11 0 0 72 9 19

DS-S22 170 11.8 40 39 21 0 0 77 4 20

DS-S23 280 20.3 51 36 13 0 0 68 12 20

DS-S26 150 10.3 58 19 24 0 0 65 17 18

DS-S27 350 26.0 N.D. N.D. N.D. N.D. 0 75 25 0

DS-S28 470 47.5 N.D. N.D. N.D. N.D. 0 37 54 9

Note. Samples DS-S27 and DS-S28 were derived from the Sanbagawa Belt while all other samples were derived from the 
Shimanto Belt. The bulk composition of DS-S27 and DS-S28 could not be determined due to unmatched Singular Value 
Decomposition (SVD) factors. The XRD patterns of these two samples are shown in Figure S2 in Supporting Information S1. 
Depth is determined from the peak paleo temperature and the profiles in Spinelli and Wang  (2009). Qtz  =  quartz, 
Fspar = feldspar, Calc = calcite, Sm = smectite, Ill = illite, Chl = chlorite.

Table 1 
Properties of Samples Used in This Study
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of fluid overpressure ratio λ, defined as the ratio of pore fluid pressure to lithostatic pressure, equal to 0.65 or 
0.90. However, machine limitations constrained our pore fluid pressure to 200 (or in some cases to 240 MPa). In 
cases where Pf was limited, we kept the effective normal stress σn eff

, at the level consistent with the target fluid 
overpressure ratio. The effective normal stress is defined as the difference between the normal stress, here equal 
to the lithostatic pressure, and the pore fluid pressure. The actual fluid overpressure ratio in experiments in which 
we could not reach the desired pore fluid pressure was therefore lower than the target value, but the effective 
stress was consistent with that expected in situ for the appropriate burial depth and target pore pressure ratio. We 
compare experiments according to their intended fluid overpressure ratio rather than the actual fluid overpressure 
ratio, and refer to the intended fluid overpressure ratio as λ’ (Table 2). We used λ’ values of 0.65 for 105°C–280°C 
and 0.90 for 150°C–470°C, due to limitations in the pore fluid pressure that could be generated.

Experiment Material T (°C) σn eff (MPa) Pf (MPa) λ λ'

RSDS-S2-1 DS-S2 112.5 73.89 137.2 0.65 0.65

RSDS-S4-1 DS-S4 200 131.52 200 0.60 0.65

RSDS-S6-1 DS-S6 105 69.43 128.9 0.65 0.65

RSDS-S6-2 DS-S6 105 69.43 128.9 0.65 0.65

RSDS-S6-3 DS-S6 105 69.43 85.96 128.9 0.65 0.60 0.65 0.57

102.49 119.02 0.56 0.52 0.48 0.40

RSDS-S8A-1 DS-S8A 140 91.07 169.1 0.65 0.65

RSDS-S10-1 DS-S10 137.5 89.52 166.3 0.65 0.65

RSDS-S10-2 DS-S10 137.5 89.52 166.3 0.65 0.65

RSDS-S16-1 DS-S16 187.5 123.29 229 0.65 0.65

RSDS-S18-8 DS-S18 207.5 137.06 240 0.64 0.65

RSDS-S18-9 DS-S18 207.5 39.16 200 0.84 0.90

RSDS-S22-1 DS-S22 170 111.68 207.4 0.65 0.65

RSDS-S23-1 DS-S23 280 191.50 240 0.56 0.65

RSDS-S23-2 DS-S23 280 54.72 200 0.79 0.90

RSDS-S26-1 DS-S26 150 97.52 181.1 0.65 0.65

RSDS-S26-2 DS-S26 150 97.52 90 0.48 0.65

RSDS-S26-3 DS-S26 150 97.52 200 0.67 0.65

RSDS-S26-4 DS-S26 150 167.17 200 0.54 0.40

RSDS-S26-5 DS-S26 150 27.86 47.79 200 0.88 0.81 0.90 0.83

55.72 0.78 0.80

RSDS-S26-6 DS-S26 150 55.72 200 0.78 0.80

RSDS-S26-8 DS-S26 150 97.52 45 0.32 0.65

RSDS-S27-1 DS-S27 350 70.26 200 0.74 0.90

RSDS-S27-2 DS-S27 350 70.26 200 0.74 0.90

RSDS-S27-3 DS-S27 350 70.26 200 0.74 0.90

RSDS-S28-1 DS-S28 470 128.11 200 0.61 0.90

Note. T, temperature, σn eff, effective normal stress, Pf, pore fluid pressure, λ, fluid overpressure ratio, λ’, modified fluid 
overpressure ratio.

Table 2 
List of Experimental Conditions Used



Journal of Geophysical Research: Solid Earth

DEN HARTOG ET AL.

10.1029/2022JB024435

6 of 16

2.4.  Data Processing

The velocity dependence of friction was interpreted using the rate and state dependent friction (RSF) theory 
(Dieteric & Deiterich, 1978, 1979; Ruina, 1983), with the empirical Dieterich type (“slowness”) formulation:

𝜇𝜇 = 𝜇𝜇0 + 𝑎𝑎ln

(

𝑉𝑉

𝑉𝑉0

)

+ 𝑏𝑏ln

(

𝑉𝑉0𝜃𝜃

𝑑𝑑𝑐𝑐

)

with
𝑑𝑑𝜃𝜃

𝑑𝑑𝑑𝑑
= 1 −

𝑉𝑉 𝑉𝑉

𝑑𝑑𝑐𝑐

� (1)

(e.g., Marone, 1998). Here, θ is an internal state variable, a represents the magnitude of the instantaneous change 
in μ upon a step change in sliding velocity from a value V0 to a value V = eV0, b reflects the magnitude of the 
change in μ during subsequent evolution to a new steady state value over a critical sliding distance dc, and μ0 is 
the friction coefficient measured at velocity V0. For changes in steady state friction coefficient (μss) resulting from 
a stepwise change in velocity, Equation 1 yields:

(𝑎𝑎 − 𝑏𝑏) =
Δ𝜇𝜇𝑠𝑠𝑠𝑠

Δ ln𝑉𝑉
� (2)

(e.g., Marone,  1998). Positive values of the rate parameter (a-b) indicate an increase in friction coefficient 
with increasing velocity (i.e., velocity-strengthening) while negative values indicate velocity-weakening (e.g., 
Scholz,  1998). Values of a, b, and dc for our experiments were obtained using the RSFit3000 program by 
Skarbek and Savage (2019). This program is built around a nonlinear least squares fitting routine that uses the 
Levenberg-Marquardt method. In determining the RSF parameters, we applied detrending of the friction coef-
ficient versus displacement curve to remove the effect of background slip hardening, following for example, 
Blanpied et al. (1998). Representative friction data from our experiments and model fits are shown in Figure S3 
in Supporting Information S1.

3.  Results
Some of our control experiments performed at identical conditions showed a variation in absolute values of fric-
tion coefficient (Figure S4 in Supporting Information S1) that could not be explained as experimental artifact. 
However, the RSF parameters of these control experiments were consistent (Figure S4 in Supporting Informa-
tion S1). Therefore, in the following, we focus on RSF parameters. A Table of all RSF parameters is provided in 
Table S2 in Supporting Information S1.

3.1.  Effect of Temperature, Pressure, and Effective Normal Stress on Frictional Properties

Sample paleo-depth is represented by temperature and effective normal stress. We show our data as a function of 
temperature, but the patterns observed are the same when RSF parameters are plotted as a function of effective 
normal stress (Figure S5 in Supporting Information S1).

Figure 2 shows the RSF parameters as a function of temperature for experiments performed at effective normal 
stresses corresponding to λ’ = 0.65. Figures S6–S9 in Supporting Information S1 show the same data but with 
each velocity in a separate figure. No trends in any of the RSF parameters with temperature are apparent, and at 
all temperatures, behavior is velocity-strengthening to velocity-neutral or slightly velocity-weakening. Values of 
(a-b) (Figure 2a) vary between −0.011 at 105°C for a velocity step from 1 to 10 μm/s and 0.039 at 200°C for a 
velocity step from 10 to 100 μm/s. Overall, (a-b) values tend to be most positive for higher velocity (steps from 
10 to 100 μm/s), which is driven by the combination of relatively high values of a (Figure 2b) and low values of b 
(Figure 2c). The critical slip distance dc is <1 mm and does not show a temperature-dependence, but is generally 
larger for faster sliding velocities (10–100 μm/s) than lower velocities (0.1–1 μm/s). The RSF parameters up to 
187.5°C are the same for experiments performed at λ = 0.65 and at λ’ = 0.65; the RSF parameters at λ = 0.65 (i.e., 
for experiments where the target pore fluid pressure could be achieved) are shown in Figure S10 in Supporting 
Information S1 for completeness.

Figure 3 shows the RSF parameters as a function of temperature for experiments performed at effective stresses 
corresponding to λ’ = 0.90. At these conditions, (a-b) values are mostly positive (velocity-strengthening behav-
ior), except at 350°C, where 40% of the values are negative. Values range between −0.015 at 350°C for a velocity 
step from 10 to 100 μm/s and 0.030 at 150°C for a velocity step from 100 to 10 μm/s and show a rough decrease 
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with increasing temperature until 350°C, beyond which the values increase at 470°C. This pattern is primarily 
caused by decreasing values of a with increasing temperature until 350°C, followed by a slight increase between 
350°C and 470°C. Although values of b are more randomly distributed with temperature, a very minor decrease 
of b with temperature can also be observed. The critical slip distance, like at λ’ = 0.65, is typically <1 mm and 
shows a very weak increase with temperature.

Figure 4 shows values of the RSF parameter (a-b) versus effective normal stress (Figure 4a) and pore fluid pres-
sure (Figure 4b) at 150°C. At all conditions tested, (a-b) values are positive to slightly negative. At low effective 
normal stresses and high pore fluid pressure, the spread in (a-b) values is larger, in particular reaching larger 
positive values than at high effective normal stress or low pore fluid pressure, respectively. The (actual) fluid 
overpressure ratio λ is shown at the top axis in Figure 4b. Our data indicate a slight decrease of (a-b) with effec-
tive stress, corresponding to a slight increase with λ.

3.2.  Effect of Slip Velocity on Frictional Properties

Figures 5a and 6a show values of frictional rate dependence (a-b) as a function of slip velocity for effective 
stresses corresponding to λ’ = 0.65 and λ’ = 0.90, respectively. There appears to be a positive trend of (a-b) with 
increasing post-step slip velocity at lower temperatures, while data at higher T shows no or a slight negative trend 
with increasing post-step slip velocity (see also Figures S11–S22 in Supporting Information S1). In particular, at 
λ’ = 0.65, data for experiments performed at 105°C–200°C show an increase in (a-b) with increasing post-step 
slip velocity, while the experiment performed at 207.5°C shows a near-constant (a-b) value and the experiment 
at 280°C shows a neutral to negative trend of (a-b) with post-step slip velocity. Inspection of trends in a and b 
(Figures 5b and 5c) show that the positive trend at temperatures up to 200°C are caused by an increase in a and 
decrease in b with post-step slip velocity. Exceptions are some of the data for velocity downsteps at 105°C, which 
show a more significant increase in a with post-step slip velocity and only a minor decrease or even increase in 

Figure 2.  Rate- and state friction (RSF) parameters as a function of temperature and depth for experiments at λ’ = 0.65. (a) values of (a-b), (b) values of a, (c) values 
of b, and (d) values of dc. Upward pointing triangles represent steps up in velocity, while downward pointing triangles denote steps down in velocity. Color-coding 
indicates post-step velocity. Open symbols in (c and d) represent second state variables.
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b, still resulting in an increase in (a-b) with increasing post-step slip velocity. At 207.5°C, both a and b increase 
with post-step slip velocity, resulting in values of (a-b) that are constant with post-step slip velocity. Finally, at 
280°C, no clear trends can be recognized in a and b with post-step slip velocity, resulting in neutral to slightly 
negative (a-b) values with post-step slip velocity. A weak increase of dc with post-step slip velocity seems to be 
present for velocity downsteps (Figure 5d).

At effective stresses corresponding to λ’ = 0.90, the experiments performed at 150°C and 207.5°C show posi-
tive trends of (a-b) with increasing post-step slip velocity, while the experiment performed at 280°C shows a 

Figure 3.  Rate- and state friction (RSF) parameters as a function of temperature and depth for experiments at λ’ = 0.90. (a) values of (a-b), (b) values of a, (c) values 
of b, and (d) values of dc. Upward pointing triangles represent steps up in velocity, while downward pointing triangles denote steps down in velocity. Color-coding 
indicates post-step velocity. Open symbols in (c and d) represent second state variables.

Figure 4.  Rate- and state friction (RSF) parameter (a-b) as a function of effective normal stress (a) and pore fluid pressure (b) at 150°C. All experiments in (a) 
are performed at a pore fluid pressure of 200 MPa, while all experiments in (b) are performed at an effective normal stress of 97.5 MPa. Upward pointing triangles 
represent steps up in velocity, while downward pointing triangles denote steps down in velocity. Color-coding indicates post-step velocity. The fluid overpressure ratio 
is shown at the top x-axis in (b).
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Figure 5.  Rate- and state friction (RSF) parameters as a function of post-step sliding velocity for λ’ = 0.65. (a) values of (a-b), (b) values of a, (c) values of b and 
(d) values of dc. Upward pointing triangles represent steps up in velocity, while downward pointing triangles denote steps down in velocity. Color-coding indicates 
temperature where the colors change from blue to green, to yellow to red with increasing temperature. Open symbols in (c and d) represent second state variables.

Figure 6.  Rate- and state friction (RSF) parameters as a function of post-step sliding velocity for λ’ = 0.90. (a) values of (a-b), (b) values of a, (c) values of b and 
(d) values of dc. Upward pointing triangles represent steps up in velocity, while downward pointing triangles denote steps down in velocity. Color-coding indicates 
temperature where the colors change from blue to green, to orange to red with increasing temperature. Open symbols in (c and d) represent second state variables.
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near-constant value of (a-b) and the experiment performed at 350°C a slight negative trend in (a-b) with increas-
ing post-step slip velocity (Figure 6a). Finally, the experiment performed at 470°C shows a change from relatively 
large positive (a-b) values at post-step velocities of 1 and 10 μm/s (velocity upsteps) and 0.1 and 1 μm/s (velocity 
downsteps) to near-neutral (a-b) values at the highest post-step velocity (100 and 10 μm/s for velocity upsteps 
and downsteps, respectively). Trends in a and b (Figures 6b and 6c) show that the positive trends in (a-b) with 
increasing post-step slip velocity at 150°C and 207.5°C are due to either a relatively large increase in a combined 
with a smaller increase in b, or relatively constant values of a combined with a decrease in b. At higher temper-
atures, both a and b decrease with increasing post-step sliding velocity, where a somewhat larger decrease in a 
causes slightly negative values at high post-step velocities. Finally, values of dc (Figure 6d) tend to be larger at 
higher post-step sliding velocities.

4.  Discussion
4.1.  Dependence of Frictional Properties on Temperature, Stress, and Velocity

Our results suggest that the most important variable affecting megathrust frictional properties is temperature, 
consistent with the general interpretation of seismicity along subduction zones (Hyndman et  al.,  1997). We 
observe a direct relationship between (a-b) and temperature at effective stresses corresponding to λ’ = 0.90, 
yielding the most negative (a-b) values at an intermediate temperature of 350°C. In addition, our data show clear 
temperature-dependent trends of (a-b) with sliding velocity (cf. Figure 6). Notably, a positive trend of (a-b) with 
increasing slip velocity exists at temperatures up to 200°C–207.5°C, while data at higher temperatures show no 
or a slight negative trend with increasing velocity (Figures 5 and 6).

A number of studies have addressed the effect of temperature on fault frictional properties, in the context of 
subduction megathrusts (Boulton et al., 2019; Den Hartog, Niemeijer, et al., 2012; Ikari et al., 2013) and conti-
nental faults (e.g., Niemeijer et al., 2016; Valdez et al., 2019). These studies have shown that under subduction 
zone conditions carbonates may cause velocity-weakening behavior (Boulton et al., 2019; Ikari et al., 2013) at 
temperatures up to 225°C. Carbonate-free, clay-rich gouges showed a transition from velocity-strengthening to 
velocity-weakening at 150°C–180°C for gouges from the Alpine Fault, New Zealand (Niemeijer et al., 2016; 
Valdez et al., 2019) or ∼250°C for simulated megathrust gouges (Den Hartog, Niemeijer, et al., 2012). A transi-
tion back to velocity-strengthening behavior at a temperature of around 400°C was observed under some condi-
tions (Den Hartog, Niemeijer, et al., 2012; Niemeijer et al., 2016), which is consistent with our data (Figure 3).

The effect of sliding velocity on RSF parameters for megathrust fault materials has also been reported in a number 
of studies (e.g., Ikari & Kopf, 2017; Rabinowitz et al., 2018; Saffer & Wallace, 2015; Shreedharan et al., 2022). 
In particular, these studies found a transition from near-neutral or slightly negative (a-b) values at low slip veloc-
ities to positive (a-b) values at higher slip velocities for materials relevant for subduction megathrusts, but have 
generally explored a limited set of (mostly low; <100°C) temperature conditions. The reported transition from 
velocity weakening to strengthening in clay-rich gouges generally occurs at velocities of ∼0.1–1 μm/s (Ikari & 
Kopf, 2017; Shreedharan et al., 2022), consistent with our data for temperatures of 207.5°C and lower (Figures 5 
and 6). None of these previous studies reported the systematic effect of temperature on the evolution of (a-b) with 
sliding velocity. In contrast, Niemeijer et al. (2016) found effects of both temperature and slip velocity on (a-b) 
for materials from the Alpine Fault. Importantly, the most positive (a-b) values were found at temperatures below 
about 200°C and sliding velocities above ∼10 μm/s, while the most negative (a-b) values were found at ∼300°C 
and velocities of ∼1–0.1 μm/s. Although we conducted experiments on different materials at different effective 
normal stresses and pore fluid pressures, the conditions for the most positive (a-b) values are very similar to these 
previous studies (Figures 5 and 6). The neutral to negative trends in (a-b) at temperatures above about 207.5°C 
show some agreement with the results of Niemeijer et al. (2016).

Our data show some systematic variation in the RSF parameters a, b, and dc. Although most trends are weak, 
at effective stresses corresponding to λ’ = 0.90, both a and b decrease with increasing temperature, followed by 
an increase from 350°C to 470°C for a. We further observe an increase in dc with temperature. Previous studies 
have found various trends of the RSF parameters with temperature. For example, Valdez et al. (2019) observed no 
clear trend in a with temperature, while b increased with temperature. Boulton et al. (2019), in contrast, found for 
clay-rich sediments from the Hikurangi subduction zone a minor increase in a with temperature and a decrease 
in b. Overall, our data are most consistent with that of Boulton et al. (2019). The increase in dc we observe with 
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increasing temperature is consistent with that reported by Valdez et al. (2019), though our maximum dc values are 
larger (1.5 vs. ∼0.47 mm). With increasing slip velocity, the clearest trends in our data are, for a, (a) an increase 
with slip velocity up to 200°C at λ’ = 0.65, and (b) a decrease with slip velocity at temperatures from 207.5°C at 
λ’ = 0.90. For b, the main trends are (c) a decrease with slip velocity at temperature up to 200°C and λ’ = 0.65, 
and (d) an increase with slip velocity at temperatures from 207.5°C. For dc, we observe a small increase with slip 
velocity at both fluid overpressure ratios explored. Boulton et al. (2019) found positive trends of both a and b 
with sliding velocity for their clay-rich sediments at temperatures up to 225°C and a fluid overpressure ratio of 
0.4, which is in agreement with our trend in a, but not that in b.

XRD analysis of our samples showed no systematic differences in sample composition as a function of 
paleo-conditions and thus our results do not allow for distinguishing the effect of composition on frictional slip 
stability. However, recent results by Den Hartog et al. (2021) suggest that even samples with similar bulk compo-
sitions may show distinctly different frictional properties. This was hypothesized to be caused by the presence and 
distribution of the clay mineral kaolinite and it may also relate to fabric development (e.g., Collettini et al., 2009). 
Our experiments do not allow for determining any similar effect of other clay minerals, as conditions were varied 
per sample.

In addition, our data suggest a small effect of effective stress (or λ’) on (a-b), at least at 150°C and 207.5°C 
(Figure 4b). This is consistent with Bedford et al. (2021), who found an increase in (a-b) with increasing pore 
fluid pressures at constant normal stress for Nankai gouges.

Finally, as explained in the Results section, we observed variation in absolute values of friction coefficient for 
some of our control experiments performed at identical conditions. We, therefore, do not provide a detailed 
comparison of the absolute values of the friction coefficient with literature data. Note that such a comparison 
would need to take into account factors such as shear displacement and temperature, which have been shown to 
affect the absolute value of friction coefficient (e.g., Den Hartog, Niemeijer, et al., 2012).

4.2.  Deformation Mechanisms

No microstructural images were obtained in the current study and we, therefore, compare our data with the 
literature to speculate on possible deformation mechanisms. The velocity-weakening behavior at 350°C 
and predominantly velocity-strengthening behavior at lower and higher temperatures, most evident in our 
experiments at stresses corresponding to λ’ = 0.90 is consistent with data for phyllosilicate-quartz gouge by 
Den Hartog, Niemeijer, et al. (2012). The possible microphysical processes are schematically shown in Figure 7 
(Den Hartog & Spiers, 2014; see also Bos & Spiers, 2002; J. Chen & Spiers, 2016; Niemeijer & Spiers, 2007). At 
200°C–300°C, slip on horizontal phyllosilicate foliation at critical state porosities causes velocity-strengthening 
(cf. Den Hartog et al., 2020). At 300°C–400°C, slip on phyllosilicates anastomosing around intervening clasts 
leads to dilation, balanced at steady state by compaction through thermally activated clast deformation, resulting 
in velocity-weakening. At temperatures of 400°C–500°C, slip on phyllosilicate foliation and thermally activated 
deformation of clasts lead to velocity-strengthening behavior.

The model proposed by Den Hartog and Spiers (2014) is applicable to matrix-supported gouges with 39%–79% 
quartz clasts and assumes pressure solution as the key thermally activated mechanism. Although our gouges 
contain feldspar as well as quartz clasts, both minerals show increasing dissolution with increasing temperature 
(e.g., Y. Chen & Brantley, 1997; Rimstidt & Barnes, 1980), suggesting that similar deformation mechanisms as 
proposed in this model might be applicable. Note that crystal plasticity as a thermally activated mechanism would 
produce similar slip stability trends as pressure solution. Though rates of crystal plasticity are likely too low at 
the conditions used (cf. Den Hartog, Niemeijer, et al., 2012), microstructural investigations would be needed to 
distinguish crystal plasticity from pressure solution.

The model of Den Hartog and Spiers  (2014) does not make predictions for the evolution of individual RSF 
parameters. J. Chen et al. (2017) and J. Chen and Spiers (2016), however, developed a microphysical model that 
is very similar except that slip on phyllosilicates is not included, and made predictions of the evolution of a, b, 
and dc. J. Chen et al. (2017) and J. Chen and Spiers (2016) explain a as the positive rate dependence of grain 
boundary friction and show that it is proportional to the temperature and inversely proportional to the normal 
stress supported by individual asperities. With increasing depth, their model predicts an increase in a followed 
by a decrease with increasing temperature and finally an increase when flow processes become dominant. The 
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decrease of a with temperature that we observed at temperature up to 350°C is consistent with this. A nearly 
constant value of a with slip velocity is predicted by J. Chen et al. (2017), which may explain why we observed 
both an increase and decrease of a with slip velocity. J. Chen et al. (2017) argue that processes such as grain size 
reduction, cohesion and (de)localization may also result in variations of a with slip velocity.

Previous works have interpreted dc as the critical slip distance associated with the evolution of the porosity 
in response to small perturbations (e.g., Segall & Rice, 1995). A positive dependence of dc on slip rate is also 
observed by Mair and Marone (1999) for granular quartz gouge, which is consistent with our finding of a weak 
increase of dc with increasing slip velocity. In addition, previous works have suggested that dc is proportional to 
the thickness of the shear zone and slip localization (J. Chen et al., 2017; Marone et al., 2009). Such a decrease in 
dc with shear localization was also observed by Marone et al. (1993) and Kilgore. We did not observe any system-
atic change of dc with strain, suggesting that localization effects in our experiments were minor, or that the shear 
localized in multiple shear bands throughout the entire experiment (cf. Den Hartog & Spiers, 2014). Finally, we 
note that lithification and consequently destabilization of slip (e.g., Saffer & Marone, 2003; Trütner et al., 2015) 
is unlikely in our experiments given the experimental duration on the order of hours.

4.3.  Implications for Megathrust Seismogenesis

The temperature-dependent rate dependence of (a-b) that we observe for samples exhumed from the Nankai 
megathrust has implications for megathrust seismogenesis. Our data and interpretation are summarized in 
Figure 7. We propose that at low temperatures, below about 200°C–210°C, the increase in (a-b) with slip velocity 
implies that any instability that nucleates will stabilize during acceleration. As a consequence, slow instability 
or stable slip is favored at low temperatures, resulting in either aseismic creep or slow slip events (SSE) and 
slow earthquakes. The generation of SSE as a result of a transition from rate-weakening slip at low slip rates to 
rate-neutral or rate-strengthening behavior at higher slip rates has been proposed on the basis of experimental 
data at low temperature (e.g., Rabinowitz et al., 2018; Saffer & Wallace, 2015) and demonstrated via numer-
ical simulations (e.g., Im et  al.,  2020; Shibazaki & Shimamoto,  2007). At higher temperatures, above about 
200°C–210°C, the decrease of (a-b) with slip velocity observed in our experiments suggests that any instabilities 
that nucleate under these conditions will become increasingly unstable with increasing displacement rates. Thus, 
at high temperatures, we expect instabilities that may show runaway slip behavior and thus result in seismogen-
esis. This distinction between shallow, slow instabilities and deeper seismogenesis is consistent with the general 

Figure 7.  Summary of our data and implication for subduction zone seismogenesis—see text for explanation. Schematic cross-section of subduction zone is after 
Scholz (1998) and is horizontally compressed. Insets show the proposed microphysical processes as a function of depth after Den Hartog and Spiers (2014; see also 
Section 4.2) where clasts are shown in gray and phyllosilicate foliation as lines. Mean values of (a-b) at each depth are shown. Only velocity upsteps are considered for 
(a-b) as those are most relevant for slip nucleation.
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range of behaviors observed at subduction zones (e.g., Bilek & Lay, 2018). At the highest temperature of 470°C 
explored here, larger positive (a-b) values are obtained at lower slip velocities, consistent with the location of a 
downdip limit to the seismogenic zone.

Based on experimental observations, elevated pore-fluid pressures at patches in a subduction zone setting 
have been put forward by Bedford et al. (2021) as an alternative to displacement rate to cause a transition from 
velocity-weakening to velocity-strengthening behavior, inducing slow slip behavior or aseismic creep. In their 
experiments, the transition was related to increasingly negative values of b at high pore fluid pressures. The 
experimental data of these authors could not confirm their hypothesis, as only velocity-strengthening behavior 
was observed. Although our data suggest a possible minor increase in (a-b) with λ (Figure 4), which would be 
consistent with the hypothesis of Bedford et al. (2021), more data is needed for a convincing argument; instead, 
our available data shows a clear effect of slip velocity and temperature.

Finally, we note that our results are most relevant to subduction zones where clay-rich hemipelagic sediments 
are entrained along and form the protolith for the plate boundary. Our work – along with that done for the Alpine 
Fault - suggests that similar systematic investigations of frictional behavior for carbonate-rich megathrusts would 
yield valuable insight into subduction zone seismogenesis.

5.  Conclusions
We measured the frictional behavior of sediments and metasediments representing relevant analogs for fault 
materials along the Nankai Trough subduction megathrust at depths encompassing the seismogenic zone. These 
materials include rocks exhumed in the Shimanto Belt and Sanbagawa Belt on Shikoku Island, and which we 
sheared at the sample-specific, approximate in situ peak PT conditions at different fluid overpressure ratios 
and low slip velocities to address earthquake nucleation. Our results show predominantly velocity-strengthening 
behavior; velocity-weakening behavior was observed at 350°C with velocity-strengthening behavior at lower and 
higher temperatures. A notable effect of slip velocity on (a-b) was observed in our data, being predominantly 
positive at temperatures up to 200°C–210°C and neutral or negative at higher temperatures. Our experimental 
data are consistent with previous experimental work on fault rocks over a range of P-T conditions, and the 
observed trends in frictional stability with temperature, normal stress, and sliding velocity can be explained, to 
first order, by microphysical models that describe a competition between pressure solution and dilatancy (e.g., 
J. Chen et al., 2017; Den Hartog, Niemeijer, et al., 2012). We propose that this temperature- and rate-dependent 
rate dependence of friction may explain the predominance of slow instabilities such as slow slip events at shallow 
depths, and faster instabilities and seismogenesis at greater depths.

Data Availability Statement
The experimental data presented in this manuscript can be found in Den Hartog et al. (2019).
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