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Highlights 11 

• Nankai accretionary sediments exhibit strong rate-strengthening friction behaviour  12 

• Frictional stability increases at high pore-fluid pressure: more rate-strengthening 13 

• Effective normal stress at constant pore pressure has minimal effect on stability 14 

• Elevated pore-fluid pressure may promote slow- or aseismic slip in subduction zones 15 

16 



Abstract 17 

Pore-fluid pressure is an important parameter in controlling fault mechanics as it lowers the effective 18 

normal stress, allowing fault slip at lower shear stress. It is also thought to influence the nature of fault 19 

slip, particularly in subduction zones where areas of slow slip have been linked to regions of elevated 20 

pore-fluid pressure. Despite the importance of pore-fluid pressure on fault mechanics, its role on 21 

controlling fault stability, which is determined by the friction rate parameter (𝑎 − 𝑏), is poorly 22 

constrained, particularly for fault materials from subduction zones. In the winter of 2018-19 the 23 

accretionary complex overlying Nankai Trough subduction zone (SW Japan) was drilled as part of 24 

Integrated Ocean Drilling Program (IODP) Expedition 358. Here we test the frictional stability of the 25 

accretionary sediments recovered during the expedition by performing a series of velocity-stepping 26 

experiments on powdered samples (to simulate fault gouge) while systematically varying the pore-fluid 27 

pressure and effective normal stress conditions. The Nankai gouges, despite only containing 25% 28 

phyllosilicates, are strongly rate-strengthening and exhibit negative values for the rate-and-state 29 

parameter 𝑏. We find that for experiments where the effective normal stress is held constant and the 30 

pore-fluid pressure is increased the Nankai gouges become more rate-strengthening, and thus more 31 

stable. In contrast, when the pore-fluid pressure is held constant and the effective normal stress is varied, 32 

there is minimal effect on the frictional stability of the gouge. The increase in frictional stability of the 33 

gouge at elevated pore-fluid pressure is caused by an evolution in the rate-and-state parameter 𝑏, which 34 

becomes more negative at high pore-fluid pressure. These results have important implications for 35 

understanding the nature of slip in subduction zones and suggest the stabilizing effect of pore-fluid 36 

pressure could promote slow slip or aseismic creep on areas of the subduction interface that might 37 

otherwise experience earthquake rupture. 38 

 39 

1. Introduction 40 

Seismicity in subduction zones can result in megathrust earthquakes, the largest earthquakes in the 41 

world, often generating devastating tsunamis which pose a significant threat to human life and 42 

infrastructure in nearby coastal communities. Understanding the nature of the systems that produce 43 



these earthquakes, and the fault zones from which they arise, is therefore paramount in the mitigation 44 

of damage and loss of human life in future events. The Nankai Trough subduction zone lies off the coast 45 

of southwest Japan, with records of creep, slow-slip events and megathrust earthquakes occurring on 46 

the fault dating back over 1000 years (Ando, 1975). In the winter of 2018-19 the accretionary complex 47 

that overlies the Nankai megathrust was drilled, with cuttings and core samples collected, to a maximum 48 

depth of 3262.5 mbsf (meters below seafloor) at Integrated Ocean Discovery Program (IODP) Site 49 

C0002 during Expedition 358 (Tobin et al., 2020), as part of the Nankai Trough Seismogenic Zone 50 

Experiment (NanTroSEIZE) (Tobin and Kinoshita, 2006). Here we experimentally test the frictional 51 

properties of the materials recovered during Expedition 358. We investigate how the frictional stability, 52 

which is determined by the rate-and-state parameter (𝑎 − 𝑏), varies over a range of pore-fluid pressure 53 

and effective normal stress conditions, which are representative of realistic in situ stresses found along 54 

the main subduction megathrust fault at seismogenic depths. Understanding the dependence of (𝑎 − 𝑏) 55 

on pore-fluid pressure and effective normal stress is important for elucidating how different modes of 56 

fault slip, whether it be aseismic creep, slow-slip or earthquake rupture, may occur along the subduction 57 

interface. 58 

 59 

1.1. Geological setting of the Nankai Trough and experimental samples 60 

The Nankai Trough is located off the coast of southwest Japan (Fig. 1), where the Philippine Sea 61 

plate is subducted beneath the Eurasian plate at a rate of ~4-6 cm/yr (Seno et al., 1993). There is a long 62 

documented history of great earthquakes (with moment magnitude Mw >8) along the Nankai Trough, 63 

with recurrence intervals of ~90-150 years, and events often occurring in pairs, the most recent of which 64 

are the 1944 Tonankai (Mw 8.1) and the 1946 Nankaido (Mw 8.3) earthquakes (Ando, 1975). The 1944 65 

event also produced a large tsunami, leading to widespread damage and loss of life along coastal areas 66 

of southwest Japan, that is thought to have been generated by earthquake rupture along a steeply-dipping 67 

splay fault branching up from the main subduction interface and cutting through the overlying 68 

accretionary prism (Park et al., 2002). As well as tsunamigenic earthquakes, a range of other fault slip 69 

behaviours have been observed in the Nankai Trough, including slow-slip events (Araki et al., 2017; 70 



Kodaira et al., 2004) and very low-frequency earthquakes (Ito and Obara, 2006; Sugioka et al., 2012), 71 

highlighting the variety of fault slip modes that occur in subduction zones.  72 

The Nankai accretionary prism, which overlies the main subduction interface, consists of 73 

hemipelagic sediments that have been scraped off the subducting Philippine plate, and can be divided 74 

into the inner and outer wedges (Fig. 1b) which are separated by megasplay faults (Kimura et al., 2007). 75 

Previous NanTroSEIZE expeditions have drilled across the accretionary prism at various localities 76 

including the frontal thrust, the megasplay fault and into the overlying Kumano forearc basin (e.g. 77 

Kinoshita et al., 2009). Site C0002 is located in the inner accretionary prism above the main megathrust 78 

at a depth of ~5200 mbsf (Fig. 1b). This site was first drilled as part of IODP Expeditions 326, 338 and 79 

348, and extended during Expedition 358 to a depth of 3262.5 mbsf (Kitajima et al., 2020). The samples 80 

used for experiments in this study are from drill cuttings recovered during this most recent extension of 81 

C0002, from a depth interval of 3212.5-3217.5 mbsf. At this depth the accretionary sediments primarily 82 

consist of silty claystone with minor amounts of fine-grained sandstone, siltstone and fine silty-83 

claystone (Kitajima et al., 2020). Only cuttings from this depth interval were used in this study as we 84 

intend to investigate the role of varying pore-fluid pressure and effective normal stress on frictional 85 

stability, therefore we want to minimise the effects of any sample variability that might occur by using 86 

samples recovered from different depth intervals. Although it should be noted that these lithologies are 87 

typical of those found throughout the accretionary wedge system (Tobin et al., 2020) and we expect 88 

similar lithologies to be present along the main megathrust at seismogenic depths.  89 



 90 

Figure 1: a) Bathymetric map of the Nankai Trough (modified from Tobin et al., (2020)) showing the 91 

NanTroSEIZE transect and drill sites of previous expeditions (white dots). The location of Site C0002 92 

is shown as a black dot. b) Interpreted cross-section of the NanTroSEIZE transect (modified from Tobin 93 

et al., (2020)) showing Site C0002 which penetrated through the Kumano Basin and into the inner 94 

accretionary prism above the plate boundary megathrust fault. 95 

 96 

1.2. The roles of effective normal stress and pore-fluid pressure on fault stability 97 

The roles of effective normal stress and pore-fluid pressure on fault friction are typically considered 98 

together using the effective stress law (𝜎𝑛̅̅ ̅ = 𝜎𝑛 − 𝛼𝑃𝑓), where the effective normal stress (𝜎𝑛̅̅ ̅) is equal 99 

to the normal stress (𝜎𝑛) minus the pore-fluid pressure (𝑃𝑓) multiplied by the effective pressure 100 

coefficient (𝛼). For most brittle materials it is typically considered that 𝛼 ≈ 1 (Terzaghi, 1943), meaning 101 

that changes in either the pore-fluid pressure or the normal stress will have an equal effect on friction. 102 

As the friction coefficient (𝜇), the ratio of shear stress (𝜏) to effective normal stress (𝜇 = 𝜏 𝜎𝑛̅̅ ̅⁄ ), of most 103 



geological materials is relatively constant over a wide range of effective normal stresses (Byerlee, 104 

1978), any increase in pore-fluid pressure will thus allow fault slip to occur at lower shear stress. 105 

However, this does not dictate whether seismic (unstable) or aseismic (stable) slip will occur. Instead, 106 

the stability of fault slip is thought to be controlled by the rate-dependence of slip, derived from the 107 

rate-and-state constitutive relations for frictional sliding (e.g. Dieterich, 1979; Marone, 1998; Scholz, 108 

1998). The rate-dependence of slip is described by the friction parameter (𝑎 − 𝑏):  109 

(𝑎 − 𝑏) = ∆𝜇𝑠𝑠/∆𝑙𝑛𝑉 110 

where 𝜇𝑠𝑠 is the steady-state friction coefficient and 𝑉 is the sliding velocity. When (𝑎 − 𝑏) is positive 111 

then the sliding behaviour is rate-strengthening (𝜇𝑠𝑠 increases as 𝑉 increases) and stable slip will prevail. 112 

In contrast, negative values of (𝑎 − 𝑏) are associated with rate-weakening behaviour and are a 113 

prerequisite for unstable slip.  114 

There have been several previous experimental investigations into the rate-dependence of different 115 

fault materials, where either the effective normal stress and/or pore-fluid pressure have been varied. 116 

Although distinguishing the roles of 𝜎𝑛̅̅ ̅ and/or 𝑃𝑓 on the rate-dependence of slip is commonly not the 117 

primary aim of these previous investigations, we have collated 𝜎𝑛̅̅ ̅ and 𝑃𝑓 trends from these datasets in 118 

Table 1. We report the range of 𝜎𝑛̅̅ ̅ and 𝑃𝑓 test conditions for each study and the range of (𝑎 − 𝑏) values 119 

recorded. We also note any relationships between 𝜎𝑛̅̅ ̅, 𝑃𝑓 and (𝑎 − 𝑏), and whether they are positive (i.e. 120 

as 𝜎𝑛̅̅ ̅ or 𝑃𝑓 increase, (𝑎 − 𝑏) increases) or negative (as 𝜎𝑛̅̅ ̅ or 𝑃𝑓 increase, (𝑎 − 𝑏) decreases). Firstly if 121 

we consider the relationships between 𝜎𝑛̅̅ ̅ and (𝑎 − 𝑏), some gouges from natural fault zones show a 122 

positive relationship (e.g. Kurzawski et al., 2018, 2016; Smith and Faulkner, 2010) whereas others show 123 

a negative relationship (e.g. Carpenter et al., 2015, 2012; Rabinowitz et al., 2018). This contrast is likely 124 

due to differences in the gouge compositions, highlighted further by studies on synthetic gouges where 125 

the composition is controlled. For example quartz gouges typically show a negative relationship 126 

between  𝜎𝑛̅̅ ̅ and (𝑎 − 𝑏) (Mair and Marone, 1999; Marone et al., 1990), whereas carbonate (Scuderi et 127 

al., 2013; Scuderi and Collettini, 2016) and smectite gouges (Saffer et al., 2001; Saffer and Marone, 128 

2003) often show positive relationships. It should be noted, however, that although smectite shows a 129 



positive relationship between  𝜎𝑛̅̅ ̅ and (𝑎 − 𝑏), many other phyllosilicate minerals show no relationship 130 

(Table 1).    131 

Compared to studies investigating the role of 𝜎𝑛̅̅ ̅, there are relatively few where the role of 𝑃𝑓 alone 132 

on (𝑎 − 𝑏) has been investigated. This requires experiments where 𝜎𝑛̅̅ ̅ is kept constant while 𝑃𝑓 is 133 

systematically varied. Experiments on the input sediments to the Middle America trench suggest that 134 

𝑃𝑓 has a positive relationship with (𝑎 − 𝑏) (Kurzawski et al., 2018, 2016). In contrast, fluid-injection 135 

experiments on calcite gouge suggest that 𝑃𝑓 has a negative relationship with (𝑎 − 𝑏) (Scuderi and 136 

Collettini, 2016), although it is difficult to separate the roles of 𝑃𝑓 and 𝜎𝑛̅̅ ̅ in these studies. Other 137 

variables have also been shown to influence the rate-dependence of friction including temperature 138 

(Okamoto et al., 2020; Sawai et al., 2016), sliding velocity (Carpenter et al., 2016; Ikari et al., 2009a; 139 

Saffer and Marone, 2003) and gouge composition (den Hartog and Spiers, 2013), demonstrating that 140 

care must be taken when interpreting rate-and-state data from experiments where multiple parameters 141 

have been varied. Xing et al., (2019) independently investigated the role of 𝑃𝑓 on the frictional stability 142 

of quartz, olivine, antigorite and chrysotile gouges and found a positive relationship between 𝑃𝑓 and 143 

(𝑎 − 𝑏), with antigorite exhibiting the strongest positive relationship, which they explain by a dilatant 144 

hardening mechanism in the gouge. In this study we aim to test if the relationships observed by Xing et 145 

al., (2019) also occur in clay-rich materials collected from a subduction zone, where variable pore-fluid 146 

pressure is often invoked to explain the wide range of slip behaviour observed in these tectonic settings 147 

(e.g. Kodaira et al., 2004; Warren-Smith et al., 2019).  148 

  149 



Material Study 𝝈𝒏̅̅̅̅   

(MPa) 

𝑷𝒇  

(MPa) 

(𝒂 − 𝒃) (𝒂 − 𝒃) 

relationship 

with 𝝈𝒏̅̅̅̅  

(𝒂 − 𝒃) 

relationship 

with 𝑷𝒇 

Notes 

Natural fault gouges: 

Hikurangi Trench 

(New Zealand) 

[1] 1-150 0.5-15 -0.0028 to 0.021 Negative Not reported Calcareous mudstone 

input sediments 

Middle America 

Trench (Co. Rica) 
[2,3] 30-110 20-120 -0.015 to 0.023 Positive Positive Silty clay gouge 

Panamint Valley 

Normal Fault (USA) 

[4] 5-150 Dry (RH) 0.002 to 0.010 None - Quartz-feldspar-

calcite-clay mixtures 

San Andreas Fault 

(USA). 

[5,6] 7-100 3-20 0.004 to 0.019 Negative Not reported CDZ (Saponite clay-

quartz mixtures) 

Zuccale Normal 

Fault (Italy) 
[7] 20-150 13-240 -0.062 to 0.045 Complex Complex (a-b) dependent on 

𝜎𝑛̅̅ ̅, 𝑃𝑓, temp. and vel. 

Zuccale Normal 

Fault (Italy) 

[8] 25-75 50 -0.001 to 0.007 Positive - Variable composition 

fault gouges 

Quartz gouges: 

Quartz [9] 25-75 Dry (RH) -0.007 to 0.014 Neg. (weak) - Neg. at disp. >5 mm 

Quartz [10] 50-190 5 or 10 0.0017 to 0.0044 Negative -  

Quartz [11] 70 5-60 0.0025 to 0.0043 - Positive (weak)  

Phyllosilicate-rich gouges: 

Chlorite [12] 100-400 50-220 -0.009 to 0.016 None None Temp = 22-600°C 

Chlorite [13] 12-58 5 0.003 to 0.010 None - (a-b) is vel dependent 

Illite [13] 12-58 5 0.003 to 0.010 None - (a-b) is vel dependent 

Illite [14] 5-150 Dry (RH) 0.0015 to 0.0040 None - (a-b) is vel dependent 

Illite-quartz [15] 25-200 50-200 -0.023 to 0.037 Negative Positive (weak) Qtz-fract. dependent 

Montmorillonite [13] 12-58 5 0.001 to 0.006 None - (a-b) is vel dependent 

Montmorillonite [16] 10-70 10 -0.0017 to 0.0040 Negative - Temp = 25-150°C 

Montmorillonite [17] 10-700 Dry or 10 0.0002 to 0.009 Complex -  

Smectite [14] 5-150 Dry (RH) -0.0030 to 0.0053 Positive - (a-b) is vel dependent 

Smectite [18] 5-50 Dry (RH) -0.0025 to 0.0053 Positive -  

Carbonate/evaporite gouges: 

Anhydrite-dolomite [19] 10-150 Dry or 2 -0.0020 to 0.0039 Positive (weak) -  

Calcite [20] 1-100 Saturated -0.005 to 0.013 None - (a-b) is vel dependent 

Calcite [21] 19-30 0-28 0 to 0.005 Positive Negative Fluid injection exps. 

Talc-calcite [22] 5-50 Saturated 0.0042 to 0.0107 None -  

Other gouges: 

Actinolite-chlorite [23] 50-200 50-200 -0.018 to 0.052 Positive (weak) Positive (weak) Temp. dependent 

Antigorite [11] 30 or 70 5-90 -0.0044 to 0.0094 - Positive  

Blueschist [24] 25-200 25-200 -0.03 to 0.03 Positive - 𝜎𝑛̅̅ ̅ 𝑃𝑓 = 0.5⁄  

Brucite [25] 10-60 Saturated -0.0047 to 0.0012 Positive -  

Chrysotile [11] 70 5-60 0.0047 to 0.0072 - Positive (weak)  

Olivine [11] 70 5-60 0.0050 to 0.0064 - Positive (weak)  

 150 

Table 1: Collation of previous data on different fault gouges where (a-b) has been measured as effective 151 

normal stress and/or pore-fluid pressure is varied. RH = room/ambient humidity. The reference studies 152 

listed are: [1] Rabinowitz et al., (2018), [2,3] Kurzawski et al., (2018, 2016), [4] Numelin et al., (2007), 153 

[5,6] Carpenter et al., (2015, 2012), [7] Niemeijer and Collettini (2014), [8] Smith and Faulkner (2010), 154 

[9] Mair and Marone (1999), [10] Marone et al., (1990), [11] Xing et al., (2019), [12] Okamoto et al., 155 

(2019), [13] Ikari et al., (2009a), [14] Saffer and Marone (2003), [15] den Hartog and Spiers (2013), 156 



[16] Mizutani et al., (2017) [17] Morrow et al., (2017), [18] Saffer et al., (2001), [19] Scuderi et al., 157 

(2013), [20] Carpenter et al., (2016), [21] Scuderi and Collettini (2016), [22] Giorgetti et al., (2015), 158 

[23] Okamoto et al., (2020), [24] Sawai et al., (2016), [25] Okuda et al., (2021). 159 

 160 

1.3. Previous investigations into the frictional behaviour of Nankai sediments 161 

To investigate the roles of effective normal stress and pore-fluid pressure on (𝑎 − 𝑏) we use samples 162 

collected from drilling of the Nankai Trough. Previous experimental studies on the frictional behaviour 163 

of materials collected from Nankai drilling have been performed at low effective normal stresses (≤25 164 

MPa) and pore-fluid pressures (≤5 MPa). These studies have shown that at slow sliding velocities (0.03-165 

100 µm·s-1) Nankai accretionary materials exhibit predominantly rate-strengthening behaviour (Ikari et 166 

al., 2009b; Ikari and Saffer, 2011), in agreement with other studies on clay-rich gouge materials (e.g. 167 

Ikari et al., 2009a; Morrow et al., 2017). However rate-weakening behaviour has been reported for 168 

Nankai materials during experiments at low effective normal stress (5 MPa) (Tsutsumi et al., 2011), at 169 

ultra-low, plate-rate velocities (Ikari and Kopf, 2017), and for intact samples that have high cohesive 170 

strength (Roesner et al., 2020). Extreme dynamic weakening has also been observed in Nankai materials 171 

during experiments approaching seismic slip rates (1.3 ms-1) as a result of thermally-activated 172 

weakening processes (Ujiie and Tsutsumi, 2010).  173 

In this study we extend the range of previously investigated stress conditions on Nankai materials 174 

by conducting frictional sliding experiments at effective normal stresses of 10-75 MPa and pore-fluid 175 

pressures of 5-75 MPa, representative of in situ conditions that occur on the main megathrust fault in 176 

nature. We test the effective stress law on the rate-dependence of slip by performing sets of velocity-177 

stepping experiments to measure (𝑎 − 𝑏) where either the effective normal stresses or pore-fluid 178 

pressure is held constant as the other is varied (summarized in Table 2). 179 

  180 



2. Methods 181 

2.1. Sample preparation 182 

Drill cuttings recovered from a depth interval of 3212.5-3217.5 mbsf were used for experiments. 183 

First, the cuttings were washed to remove any residue drilling mud before being left to dry in an oven 184 

at 60°C for 24 hours. Cuttings were then crushed and sieved to form a simulated gouge powder with a 185 

grain size of <125 µm, similar to sample preparation methodologies used in previous studies (e.g. 186 

Carpenter et al., 2015; Kurzawski et al., 2018; Rabinowitz et al., 2018). 187 

 X-ray Diffraction (XRD) analysis was used to determine the mineralogical composition of the 188 

simulated gouge. Representative sub-samples were crushed, in distilled water, to a powder <10 µm 189 

using an agate McCrone micronizing mill, and dried at 60°C. Dried samples were then crushed into a 190 

light and loose powder in an agate pestle and mortar before being back-loaded into a cavity holder as 191 

random powders. A copper X-ray tube was used, with a nickel filter to select for copper K-α radiation. 192 

Scans covered the range of 4-70° 2θ. To determine the presence of swelling clay (smectite) the 193 

powdered samples were saturated with ethylene glycol, by the vapour pressure method at 60 °C for 24 194 

h and rescanned. Quantification of the mineralogy was achieved using the Relative Intensity Ratio 195 

(RIR) method (Hillier, 2000). XRD results showed the Nankai gouge to be comprised of quartz (49%), 196 

plagioclase (21%), illite (14%), K-feldspar (6%), chlorite (5%) and smectite (5%). 197 

 198 

2.2. Experimental procedure 199 

Gouge layers are sheared at ambient temperature in a direct-shear geometry (Fig. 2) within a 200 

conventional triaxial deformation apparatus (see Faulkner and Armitage, 2013). The gouge is measured 201 

by weight to produce a layer with an initial thickness of ~1 mm that is placed between direct-shear 202 

forcing blocks (e.g. Sánchez-Roa et al., 2017). Soft silicone spacers are positioned at each end to allow 203 

shear of the layer to be accommodated without supporting any load. Grooves (200 µm deep, with a 400 204 

µm spacing) are cut into the sliding area (50 x 20 mm) on the forcing blocks, perpendicular to the shear 205 

direction, to ensure that shear occurs within the layer itself and not between the edges of the gouge and 206 



the forcing blocks. Once the layer is prepared the direct-shear assembly is wrapped in a low-friction 207 

PTFE sleeve (0.25 mm thickness) before being inserted into a 3 mm thick PVC jacket. The PTFE sleeve 208 

is used to minimize friction between the jacket and the direct-shear assembly in the vicinity of the layer. 209 

The jacketed direct-shear assembly is then positioned between the platens of the sample assembly and 210 

inserted into the pressure vessel of the triaxial apparatus. Normal stress is applied to the layer by the 211 

confining pressure, and pore-fluid pressure is introduced via three porous disks on each forcing block, 212 

spaced to ensure an even distribution of fluid (Fig. 2). Deionized water was used as the pore fluid in 213 

this study. Both the confining and pore-fluid pressures are held constant during an experiment by servo-214 

controlled pumps attached to each pressure system, with a resolution of better than 0.05 MPa. The gouge 215 

layer is sheared by the axial piston and the applied force is measured via an internal force gauge with a 216 

measurement resolution of better than 0.05 kN. In this setup a maximum load-point displacement of 8.5 217 

mm can be achieved, which equates to a shear strain (γ) of ~10, given the final layer thickness of ~0.85 218 

mm.  219 



 220 

Figure 2: An illustration of the direct-shear experimental set up (piston diameter is 20 mm). The 221 

assembly is placed into a triaxial deformation apparatus where the confining pressure applies the 222 

normal stress across the gouge layer. Pore-fluid pressure is servo-controlled at the boundaries of the 223 

layer through three sintered stainless steel porous disks on each direct-shear forcing block. 224 

 225 

Experiments were performed over a total of 20 different stress-conditions (Table 2), at four different 226 

effective normal stresses (10, 25, 50 and 75 MPa) and five different pore-fluid pressures (5, 10, 25, 50 227 

and 75 MPa). For example, for an experiment performed at 75 MPa effective normal stress and 75 MPa 228 

pore-fluid pressure, the confining pressure (𝑃𝑐) is 150 MPa (𝜎𝑛̅̅ ̅ = 𝑃𝑐 − 𝑃𝑓). In each experiment the 229 

gouge layers were sheared for an initial 1.5 mm displacement at 0.3 µm·s-1, before velocity steps of 0.3 230 

to 3 µm·s-1 and back were applied every subsequent 1 mm of displacement to determine the rate-231 



dependence of slip, (𝑎 − 𝑏). Data were acquired at a logging frequency of 10 Hz for all tests in this 232 

study. The rate-and-state parameters, 𝑎 and 𝑏, were determined by processing the velocity steps using 233 

the RSFit3000 program (Skarbek and Savage, 2019) which applies an inverse modelling technique with 234 

an iterative least-squares fit. The program also solves for Dc (reported in Supplementary Tables 1 and 235 

2) and treats the stiffness as a fitting parameter. 236 

At the end of each experiment the permeability of the gouge was measured using the transient pulse 237 

decay method (see Brace et al., 1968). This involves abruptly increasing 𝑃𝑓 by approximately 0.5 MPa 238 

at the upstream end of the sample, producing a pressure differential across the gouge layer. This pressure 239 

differential then decays with time as the pore-fluid dissipates through the sample allowing for the 240 

permeability to be calculated.  241 

 242 

Experiment 𝝈𝒏̅̅̅̅  

(MPa) 

𝑷𝒇 

(MPa) 

𝑷𝒄 
(MPa) 

Velocity 

(µm·s-1) 

Nankai 1 10 5 15 0.3 - 3 

Nankai 2 10 10 20 0.3 - 3 

Nankai 3 10 25 35 0.3 - 3 

Nankai 4 10 50 60 0.3 - 3 

Nankai 5 10 75 85 0.3 - 3 

Nankai 6 25 5 30 0.3 - 3 

Nankai 7 25 10 35 0.3 - 3 

Nankai 8 25 25 50 0.3 - 3 

Nankai 9 25 50 75 0.3 - 3 

Nankai 10 25 75 100 0.3 - 3 

Nankai 11 50 5 55 0.3 - 3 

Nankai 12 50 10 60 0.3 - 3 

Nankai 13 50 25 75 0.3 - 3 

Nankai 14 50 50 100 0.3 - 3 

Nankai 15 50 75 125 0.3 - 3 

Nankai 16 75 5 80 0.3 - 3 

Nankai 17 75 10 85 0.3 - 3 

Nankai 18 75 25 100 0.3 - 3 

Nankai 19 75 50 125 0.3 - 3 

Nankai 20 75 75 150 0.3 - 3 

 243 

Table 2: Summary of experiments performed in this study. 244 

  245 



3. Results 246 

3.1. Frictional strength and behaviour 247 

An example of a typical frictional sliding test is shown in Figure 3a. The gouge samples initially 248 

undergo quasi-elastic loading, shown by the steep increase in coefficient of friction, before yielding and 249 

the initiation of steady-state sliding at approximately 1 mm of load point displacement. The friction 250 

coefficient of the Nankai gouge at steady-state sliding is between 0.37-0.45 for all tests, with negligible 251 

cohesion (Fig. 3c). Note that the reported shear stress values in Figure 3c were taken at 1.5 mm 252 

displacement, after the initiation of steady-state slide and before the first velocity step in each test. The 253 

range of strength values is likely a result of sample variability as the coefficient of friction is 254 

independent of the effective normal stress and pore-fluid pressure conditions (Fig. 3c). This suggests 255 

that the mechanical (frictional) strength obeys the effective stress law (𝜎𝑛̅̅ ̅ = 𝜎𝑛 − 𝛼𝑃𝑓) and the effective 256 

pressure coefficient (𝛼) for this parameter is approximately equal to 1. 257 

The Nankai gouge exhibits strongly rate-strengthening frictional behaviour, with (𝑎 − 𝑏) ranging 258 

from 0.0042 to 0.0219 across all tests in this study as 𝜎𝑛̅̅ ̅ and 𝑃𝑓 are varied. The majority of the velocity 259 

steps are characterised by negative b-values (Fig. 3b), which have been widely observed for other 260 

phyllosilicate-rich gouges (Carpenter et al., 2015; Ikari et al., 2009a; Sánchez-Roa et al., 2017; Scuderi 261 

and Collettini, 2018; Smith and Faulkner, 2010). The Nankai gouge also exhibits an asymmetrical 262 

frictional response to up-steps and down-steps in the sliding velocity (Fig. 3b), with (𝑎 − 𝑏) values 263 

determined from down-steps in the sliding velocity (3 to 0.3 µm·s-1) being greater (i.e. more rate-264 

strengthening) than those determined from up-steps in the sliding velocity (0.3 to 3 µm·s-1). Similar 265 

asymmetrical responses have been reported previously (Rathbun and Marone, 2013; Xing et al., 2019) 266 

and are hypothesised to be related to differences in the grain-scale response of granular gouges to 267 

velocity increases and decreases (Rathbun and Marone, 2013). 268 



 269 

Figure 3: a) An example of a complete experiment (𝜎𝑛̅̅ ̅ = 25 MPa, 𝑃𝑓= 75 MPa) showing the evolution 270 

of the coefficient of friction with displacement as the sliding velocity is stepped between 0.3 and 3 µm·s-271 

1. The inset shows how the coefficient of friction typically evolves for rate-strengthening and rate-272 

weakening materials, where the friction rate parameters 𝑎 and 𝑏 are both positive. b) A zoom on 273 

velocity steps from the experimental data on Nankai gouge shown by the box in (a) highlighting the 274 

rate-strengthening nature of the gouge and the occurrence of negative b-values. c) Shear stress as a 275 

function of normal stress for all tests in this study. The reported shear stress values are after 1.5 mm 276 

displacement (just before the first velocity step).  277 



3.2. The roles of effective normal stress and pore-fluid pressure on the velocity dependence of 278 

friction 279 

The (𝑎 − 𝑏) values of the Nankai gouge are shown in Figure 4 as a function of (1) effective normal 280 

stress at constant pore-fluid pressure, and (2) pore-fluid pressure at constant effective normal stress. 281 

Note that only the (𝑎 − 𝑏) values calculated from velocity up-steps (0.3 to 3 µm·s-1) are shown, with 282 

the average up-step values for a given test shown in bold and connected by contours of equal 𝜎𝑛̅̅ ̅ or 𝑃𝑓. 283 

At constant pore-fluid pressure there is a decrease in (𝑎 − 𝑏) between 10 and 25 MPa effective normal 284 

stress, however when 𝜎𝑛̅̅ ̅ ≥ 25 MPa, the (𝑎 − 𝑏) values are largely independent of effective normal stress 285 

(Fig. 4a). In contrast, at constant effective normal stress there is a systematic increase in (𝑎 − 𝑏) with 286 

pore-fluid pressure, with the gouge become more rate-strengthening at elevated 𝑃𝑓 (Fig. 4b). Again, 287 

there is a difference in the frictional behaviour between 10 and 25 MPa effective normal stress with no 288 

clear pore-fluid pressure dependence for tests conducted at 𝜎𝑛̅̅ ̅ = 10 MPa. 289 

The results collected at 𝜎𝑛̅̅ ̅ = 10 MPa exhibit greater scatter and do not show as clear a trend as the 290 

tests when 𝜎𝑛̅̅ ̅ ≥ 25 MPa. Consequently, we have included this data with dashed lines so as to emphasise 291 

the clear trends in the results of the data. We discuss the possible reasons for the behaviour at 𝜎𝑛̅̅ ̅ =10 292 

MPa later in the paper. It should also be noted that there is no obvious dependence of characteristic slip 293 

weakening distance, Dc, with either 𝜎𝑛̅̅ ̅ or 𝑃𝑓. All of the rate-and-state parameters (𝑎, 𝑏 and Dc) for each 294 

velocity step are reported in Supplementary Tables 1 and 2. 295 

As we have tested the rate-dependence of friction, (𝑎 − 𝑏), of the Nankai gouge over a range of 296 

pore-fluid pressure and normal stress conditions, the data can also be plotted as a pore-fluid factor, λ 297 

(where λ = 𝑃𝑓/𝜎𝑛). Although there is a positive relationship between (𝑎 − 𝑏) and λ (i.e. (𝑎 − 𝑏) 298 

increases as λ increases), it is more difficult to separate the individual contributions of 𝑃𝑓 and 𝜎𝑛̅̅ ̅ when 299 

the data are plotted in this way, therefore we have chosen to present this data in the supplementary 300 

material (see Supplementary Figure 1). In contrast, the results in Fig. 4 clearly show that the main 301 

control over (𝑎 − 𝑏) is provided by 𝑃𝑓, with 𝜎𝑛̅̅ ̅ having minimal effect on the frictional stability of the 302 

gouge. 303 



The pore-pressure dependence on (𝑎 − 𝑏) that we observe for tests conducted at 𝜎𝑛̅̅ ̅ ≥ 25 MPa on 304 

Nankai gouge is similar to that observed by Xing et al., (2019) for antigorite gouge. For example in our 305 

data, when 𝜎𝑛̅̅ ̅ = 75 MPa, the average up-step (𝑎 − 𝑏) value increases from 0.00645 at 𝑃𝑓 = 5 MPa, to 306 

0.01053 at 𝑃𝑓 = 75 MPa. This corresponds to ~0.85% increase in (𝑎 − 𝑏) per MPa of pore-fluid 307 

pressure, which is similar to the 1% increase in (𝑎 − 𝑏) per MPa reported by Xing et al., (2019) for 308 

antigorite gouge. 309 

 310 

 311 

Figure 4: The rate-dependence of slip, (𝑎 − 𝑏), plotted as a function of a) effective normal stress and 312 

b) pore-fluid pressure. Note only the (𝑎 − 𝑏) values determined from the velocity up-steps (0.3 to 3 313 

µm·s-1) are shown. Small symbols are all the up-step (𝑎 − 𝑏) data points calculated from every 314 

experiment in this study, with the average (𝑎 − 𝑏) values for a given experiment shown in bold and 315 

connected by contours of constant 𝑃𝑓 or 𝜎𝑛̅̅ ̅. The contours are dashed between 10 and 25 MPa effective 316 

normal stress as there is a change in the frictional response between these points, with a strong 𝑃𝑓 317 

dependence on (𝑎 − 𝑏) at 𝜎𝑛̅̅ ̅ ≥ 25 MPa.  318 



To elucidate further the cause of the pore pressure dependence observed in Figure 4, the average 319 

up-step values for the individual friction rate parameters 𝑎 and 𝑏 are plotted in Figure 5.  The friction 320 

rate parameter 𝑎 is always higher than 𝑏, leading to the rate-strengthening behaviour observed for 321 

Nankai gouge. The data show that the friction rate parameter 𝑎 is largely independent of the pore-fluid 322 

pressure (Fig. 5a), with values between 0.006-0.0076 for the entire range of pore-fluid pressures 323 

investigated. However, the friction rate parameter 𝑏 shows a negative dependence on pore-fluid 324 

pressure, decreasing from ~0 at 𝑃𝑓 = 5 MPa, to -0.0032 at 𝑃𝑓 = 75 MPa (Fig. 5b), highlighting that 325 

changes in 𝑏 with pore-fluid pressure are responsible for the increased frictional stability. 326 

 327 

 328 

Figure 5: Evolution of a) the friction rate parameter 𝑎, and b) the friction rate parameter 𝑏 as a function 329 

of pore-fluid pressure. 330 



3.3. Gouge permeability 331 

The permeability of the Nankai gouge measured at the end of each experiment is low, with values 332 

in the range of 10-21 to 10-22 m2 (Fig. 6). The permeability is dependent on the effective normal stress, 333 

with the lowest values occurring at high 𝜎𝑛̅̅ ̅. There does not appear to be any pore-fluid pressure 334 

dependence on the measured permeability values (Fig. 6). The slow run-in rates at which the samples 335 

were initially displaced, coupled with the permeability of the gouge suggest that excess pore-fluid 336 

pressures did not develop within the gouge and adversely affect the experimental results presented (see 337 

Faulkner et al., 2018). 338 

 339 

 340 

Figure 6: Permeability of the Nankai gouge measured at the end of each experiment plotted against 341 

effective normal stress. Gouge permeability decreases with increasing effective normal stress. 342 

 343 

4. Discussion 344 

4.1. The stabilizing effect of pore-fluid pressure on frictional behaviour 345 

The Nankai gouge used in this study is rate-strengthening with 𝜇 ≈ 0.4, consistent with the majority 346 

of previous frictional investigations of fault materials collected from the Nankai Trough (Ikari et al., 347 

2009b; Ikari and Saffer, 2011) and in good agreement with the frictional properties of other clay-rich 348 



materials (e.g. Ikari et al., 2009a; Morrow et al., 2017). The results presented in Figure 4 show that 349 

under realistic in situ stresses the velocity dependence of Nankai accretionary materials is more 350 

sensitive to pore-fluid pressure than effective normal stress, with high 𝑃𝑓 leading to higher (𝑎 − 𝑏) 351 

values. As the gouge becomes more rate-strengthening at elevated 𝑃𝑓, it can be concluded that pore-352 

fluid pressure has a stabilizing effect on the gouge. This stabilizing effect has been similarly observed 353 

in the controlled 𝑃𝑓 tests of Xing et al., (2019) on quartz, olivine and serpentine gouges, as well as in 354 

studies on frictional behaviour of silty clay input sediments to the Middle America Trench, Costa Rica 355 

(Kurzawski et al., 2018), and on illite-quartz mixtures (den Hartog and Spiers, 2013).  356 

The Nankai gouge exhibits a change in frictional stability between 10 and 25 MPa effective normal 357 

stress (Fig. 4), with the pore-pressure dependence of (𝑎 − 𝑏) only observed for 𝜎𝑛̅̅ ̅ ≥ 25 MPa. Previous 358 

studies have shown that fault materials can exhibit different frictional behaviour at low normal stress, 359 

particularly phyllosilicate-rich gouges. For example, Behnsen and Faulkner (2012) observed a decrease 360 

in frictional strength of ten different phyllosilicate gouges as effective normal stress was increased from 361 

5 to 20 MPa, above which the frictional strength remained almost constant. Similar behaviour has been 362 

observed in other studies on phyllosilicate-rich gouges (e.g. Ikari et al., 2007; Saffer and Marone, 2003), 363 

with Ikari et al., (2007) also observing a wide range of (𝑎 − 𝑏) values at low normal stress. The 364 

transition we observe between 10 and 25 MPa effective normal stress is similar to change in frictional 365 

strength observed by Behnsen and Faulkner (2012) at 20 MPa. This could be caused by a different 366 

micromechanical response of the gouge at low effective normal stress, perhaps as a result of different 367 

compaction behaviour (Behnsen and Faulkner, 2012). Regardless of the cause of the switch in 368 

behaviour, the results clearly show that (𝑎 − 𝑏) becomes independent of effective normal stress at 𝜎𝑛̅̅ ̅ ≥ 369 

25 MPa (Fig. 4a), with pore-fluid pressure exerting the dominant control on the frictional stability at 370 

these conditions (Fig. 4b). 371 

The results in Figure 5 show that the increase in (𝑎 − 𝑏) with 𝑃𝑓 is caused by a decrease the friction 372 

rate parameter 𝑏, which becomes more negative at elevated 𝑃𝑓 (Fig. 5b). The cause of negative 𝑏-values 373 

is still not fully understood but they have been widely reported in previous investigations on 374 

phyllosilicate-rich fault materials (e.g. Carpenter et al., 2015; Ikari et al., 2009a; Sánchez-Roa et al., 375 



2017; Scuderi and Collettini, 2018). Ikari et al., (2009a) suggest that in low permeability gouges the 376 

effect of dilational hardening immediately after a velocity step, where dilation reduces 𝑃𝑓 leading to a 377 

local increase in effective normal stress which strengthens the gouge, may explain the occurrence of 378 

negative 𝑏-values. However, if this was the case, the trend of the friction coefficient would actually 379 

reduce with time (and slip) as fluid pressure diffused back into the layer, thereby reducing the effective 380 

normal stress. Xing et al., (2019) also use dilational hardening as a mechanism to explain the increase 381 

in (𝑎 − 𝑏) they observe with increasing 𝑃𝑓 in their study, although it should be noted that all of the 𝑏-382 

values they report are positive or near zero. The permeability of the Nankai gouge in our study is 383 

sufficiently low (Fig. 6) that transient local pore-pressure perturbations after velocity steps may affect 384 

the bulk frictional response of the gouge (Faulkner et al., 2018), thus potentially explaining the negative 385 

𝑏-values as hypothesised by Ikari et al., (2009a). However, the permeability of the gouge is 386 

predominantly controlled by 𝜎𝑛̅̅ ̅ not 𝑃𝑓 (Fig. 6). In contrast the negative 𝑏-values are largely independent 387 

of 𝜎𝑛̅̅ ̅ and are controlled by 𝑃𝑓 (Fig. 5b). This suggests that although transient pore-pressure variations 388 

may affect the frictional response of the gouge they cannot fully explain the cause of the negative 𝑏-389 

values and why they become more negative with increasing 𝑃𝑓 in our experiments. This is further 390 

evidenced by previous experimental work where positive 𝑏-values have been reported for gouges with 391 

similarly low permeabilities to the Nankai gouge tested here (e.g. Morrow et al., 2017). Therefore the 392 

trends we observe in the velocity dependence of the Nankai gouge, where (𝑎 − 𝑏) increases with 𝑃𝑓 as 393 

the 𝑏-values decrease, suggest that this is primarily caused by the inherent frictional properties of the 394 

gouge itself; any transient pore pressure effects that result from the low permeability nature of the gouge 395 

will likely only have a secondary effect on the bulk frictional behaviour (Ikari et al., 2009a).  396 

The rate-parameter 𝑏 is often termed the evolution effect and is classically thought to represent a 397 

change in the asperity contact area after a velocity step (Dieterich and Kilgore, 1994; Marone, 1998). 398 

However, there has been debate in the literature as to whether the contact area hypothesis is the whole 399 

story, or whether the contact ‘quality’ (theory of adhesion; (Bowden and Tabor, 1950)) also affects the 400 

frictional properties. Another fundamental manifestation of the evolution effect is the time-dependent 401 

increase in frictional strength that occurs when rocks/gouge are held in stationary contact (often termed 402 



“frictional aging”), which has also traditionally been attributed to an increase in contact area as a result 403 

of asperity creep (Dieterich and Kilgore, 1994). In our study we observe mostly negative 𝑏-values, 404 

which cannot easily be explained using the contact area argument (often colloquially referred to as the 405 

“contact quantity” hypothesis). Negative b-values would imply that with slip, that contact area would 406 

grow following a velocity step. Also, if the evolution of the rate-parameter 𝑏 were caused by an increase 407 

in the real contact area then we would expect to see a dependence on effective normal stress, which we 408 

do not observe (Fig. 5b). Instead we find that the rate-parameter 𝑏 is dependent on pore-fluid pressure 409 

rather than effective normal stress. This observation may therefore support the main alternative 410 

hypothesis to explain frictional aging; that it arises from time-dependent chemical bonding on the 411 

frictional interface (e.g. Li et al., 2011; Thom et al., 2018), often referred to as the “contact quality” 412 

hypothesis. Perhaps at elevated pore-fluid pressure the contact quality at asperities in the gouge is 413 

enhanced, possibly as a result of structurally bound water layers on the surface of the gouge minerals 414 

becoming more stable under these conditions (e.g. Israelachvili, 1992), causing the observed pore 415 

pressure dependence on 𝑏. 416 

 Regardless of the cause of pore-pressure dependence on (𝑎 − 𝑏), and the nature of the underlying 417 

mechanism controlling the evolution of the rate-parameter 𝑏, it is clear that the gouge becomes more 418 

rate-strengthening and thus more stable at high 𝑃𝑓. This is perhaps counterintuitive to the traditional 419 

view on the role of 𝑃𝑓 on fault mechanics, where high 𝑃𝑓 is thought to lower 𝜎𝑛̅̅ ̅ and thus promote fault 420 

slip at a lower shear stress. Our results show that besides the traditional mechanical effect of 𝑃𝑓, it also 421 

has a direct influence on the velocity dependence of friction, (𝑎 − 𝑏). Therefore elevated 𝑃𝑓 may 422 

promote slip on a fault, but the nature of this slip is likely to be more stable than when 𝑃𝑓 is low, 423 

potentially leading to slow-slip or aseismic creep. 424 

 425 

4.2. Implications for fault slip behaviour in subduction zones 426 

Subduction zones exhibit a variety of slip behaviour with depth, including aseismic creep, slow-427 

slip and stick-slip behaviour. It is widely considered that pore-fluid pressure exerts an important control 428 



on fault slip behaviour in subduction zones, with elevated pore-fluid pressure often linked to areas of 429 

slow-slip (Kodaira et al., 2004; Warren-Smith et al., 2019). At the Nankai Trough it has also been 430 

hypothesised that stick-slip behaviour may be suppressed beneath the accretionary wedge by elevated 431 

pore-pressures maintaining a low effective normal stress (Tobin and Saffer, 2009). Our results support 432 

this hypothesis by demonstrating that elevated pore-fluid pressures actually increase the frictional 433 

stability of the fault materials themselves (Fig. 4), as well as maintain a low effective normal stress on 434 

the fault.  435 

The wide array of fault slip behaviour that occurs in subduction zones is often attributed to 436 

heterogeneity in both material properties (Barnes et al., 2020; Kirkpatrick et al., 2020) and pore-fluid 437 

pressure (Hirose et al., in revision) along the subduction interface. Although the gouge material tested 438 

in this study exhibited exclusively rate-strengthening behaviour, previous investigations have shown 439 

that rate-weakening material can also be found within the Nankai Trough (e.g. Roesner et al., 2020), 440 

suggesting there is a heterogeneous distribution of material properties within the subduction zone. 441 

Based on the frictional stability, the material in the study would be expected to experience stable 442 

aseismic creep, whereas the material tested by Roesner et al., (2020) could experience unstable stick-443 

slip behaviour, depending on the elastic stiffness of the surrounding materials (Leeman et al., 2016). 444 

Slow-slip often occurs in fault materials in the transitional region between stable and unstable slip 445 

(Bedford and Faulkner, 2021; Leeman et al., 2016), when the rate-dependence of friction, (𝑎 − 𝑏), is 446 

close to zero. Along patches of the subduction zone interface where the material properties would 447 

otherwise be rate-weakening and promote unstable slip, we hypothesise that elevated pore-fluid 448 

pressures could shift these patches into a frictional stability regime where either slow-slip or aseismic 449 

creep would become more favourable. Our results therefore support the correlation between elevated 450 

pore-fluid pressures and the abundance of slow-slip observed in many subduction zones around the 451 

world (e.g. Behr and Bürgmann, 2021).    452 

The materials tested in this study are clay-rich sediments that are typical of accretionary wedge 453 

materials found in the upper regions of subduction zones. At intermediate depths (50-200 km) in 454 

subduction zones seismic fault slip behaviour can also occur, even though at these depths it is typically 455 



considered that the pressure is too high to allow brittle deformation to occur. It is thought that seismicity 456 

at intermediate depths is linked to the breakdown of hydrous minerals in the subducting slab, such as 457 

serpentine or lawsonite, and experiments performed under in situ conditions have supported the 458 

hypothesis that dehydration reactions can trigger seismic and slow slip at these depths (e.g. Okazaki 459 

and Hirth, 2016).  Xing et al., (2019) tested the role of pore-fluid pressure on the frictional stability of 460 

serpentine and olivine gouges (i.e. materials linked to seismogenesis at intermediate depths in 461 

subduction zones) and found that elevated pore-fluid pressures also have a stabilizing effect on the 462 

frictional behaviour of these gouges, particularly for antigorite. This is a similar pore-fluid pressure 463 

dependence to what we observe for the clay-rich Nankai gouges in this study. Our results, alongside 464 

those of Xing et al., (2019), therefore suggest that pore-fluid pressure may stabilise faults across the 465 

entire seismogenic depth range of subduction zones. 466 

 467 

5. Conclusions 468 

Our results demonstrate that pore-fluid pressure has a stabilizing effect on Nankai accretionary 469 

materials, with (𝑎 − 𝑏) increasing as 𝑃𝑓 is increased, whereas effective normal stress has minimal effect 470 

on the stability of the simulated fault gouge. The increase in (𝑎 − 𝑏) at elevated 𝑃𝑓 is caused by an 471 

evolution in the rate-and-state parameter 𝑏 which becomes more negative at high 𝑃𝑓. These results have 472 

important implications for fault slip behaviour in subduction zones and suggest that regions of elevated 473 

pore-fluid pressure are more likely to experience slow-slip or aseismic creep than those where the pore-474 

fluid pressure is low.  475 
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