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Abstract 18 

Fluid–rock interaction within accretionary prisms drastically changes the frictional strength 19 

and slip stability of the fault zone. In order to understand the effect of ultramafic components on 20 

the degree of interplate coupling, we present data on frictional properties of a reaction zone 21 

between serpentinite and argillite in a tectonic mélange of the Franciscan Complex, central 22 

California. Field and petrographic observations indicate that the argillite and serpentinite along 23 

the lithological boundary are metasomatized to tremolite and talc schists, respectively, forming a 24 

ductile shear zone. Simulated gouges made from fault and wall rock samples collected are 25 

sheared at effective normal stresses (σn
eff

) of 60–180 MPa and temperatures (T) of 20–400°C, 26 

using a hydrothermal ring shear machine. The serpentinite is frictionally strong (steady-state 27 

friction coefficient μss = 0.5–0.6), and exhibits both velocity-weakening and 28 

velocity-strengthening behavior. The μss of the argillite and tremolite schist increases up to 0.7 and 29 

0.6, respectively, with increasing σn
eff

 and T, while (a−b) transitions from positive to negative with 30 

increasing T. At a given experimental condition, μ and (a−b) values are lower and higher for the 31 

tremolite schist than for the argillite. In contrast, the talc schist exhibits very low friction (μss = 32 

0.1–0.2) and velocity-strengthening behavior at all experimental conditions tested. Our results 33 

demonstrate that Si-metasomatism along the argillite–serpentinite contact results in reduced 34 

friction and stabilized slip, forming frictionally weak, velocity-strengthening regions in the 35 

megathrust zone. 36 

 37 

Keywords: Franciscan Complex, friction, interplate coupling, metasomatism, serpentinite 38 
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1. Introduction 39 

Most large earthquakes (with moment magnitude Mw >7) occur on the thrust fault between 40 

subducting and overriding plates. The extent of the so-called seismogenic zone in subduction 41 

zones appears to be thermally controlled, with updip and downdip limits occurring at 100–150°C 42 

and 350–450°C, respectively (e.g., Oleskevich et al., 1999). The updip limit of seismicity is 43 

attributed to the dehydration reaction of smectite to form illite (Vrolijk, 1990) or lithification of 44 

underthrusting sediments (Moore et al., 200      tner et al., 2015), while the downdip limit 45 

coincides with a transition from velocity-weakening to velocity-strengthening behavior of 46 

quartzo-feldspathic rocks or argillaceous sediments, induced by the thermal activation of viscous 47 

(plastic) processes in quartz (Blanpied et al., 1998; den Hartog et al., 2012a). Alternatively, if the 48 

intersection of the thrust fault with the overriding plate Moho is located at shallower depths than 49 

the 350°C isotherm, stable frictional sliding or plastic flow of serpentine at the base of the 50 

hydrated forearc mantle wedge may inhibit the generation of subduction thrust earthquakes 51 

(Hirauchi et al., 2010; Takahashi et al., 2011). 52 

Geodetic and seismological observations indicate that in the seismogenic zone, there are 53 

spatial and temporal variations in interplate coupling along both strike and dip directions (e.g., 54 

Suwa et al., 2006; Burgette et al., 2009; Uchida et al., 2009; Yoshioka and Matsuoka, 2013). The 55 

heterogeneity of interplate coupling may be explained by the presence of seamounts and other 56 

topographic reliefs on the subducting plate (Wang and Bilek, 2011), or by fluid content in a 57 

plate-boundary shear zone (Heise et al., 2017). On the other hand, the differences in interplate 58 

coupling are linked to those in fault slip behavior, including continuous aseismic sliding and 59 
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episodic earthquake slip. As mineralogy is one of the factors that control the nucleation of slip 60 

instability, the composition of fault zone materials plays a key role in controlling the degree of 61 

interplate coupling. For instance, Ikari et al. (2013) suggested that at nonaccretionary margins, the 62 

type of sediment cover (i.e., carbonates or clays) on the subducting oceanic plate controls the loci 63 

of earthquake nucleation along the megathrust. 64 

Aqueous fluids expelled from the subducting slab are predicted to be focused into a 65 

permeable plate boundary shear zone. Fluids act not only to reduce the effective normal stress 66 

(σn
eff

) on the fault, but also to promote mass transfer of fluid-mobile elements (e.g., Bebout and 67 

Penniston-Dorland, 2016). The fluid-assisted mass transfer in accretionary prisms results in the 68 

formation of quartz and carbonate veins (Moore et al., 2007), providing a potential preferential 69 

site for earthquake nucleation (Chester and Higgs, 1992; Verberne et al., 2013). On the other hand, 70 

in places where disparate rock types (e.g., mafic vs. ultramafic lithologies) are in contact with one 71 

another, metasomatic alteration of both rocks occurs through diffusion across a chemical potential 72 

gradient, leading to the development of reaction zones consisting mainly of hydrous minerals 73 

(e.g., amphiboles, chlorites, serpentines and talc). Petrological and geochemical studies have 74 

provided information about element mobility due to mass transfer during metasomatic alteration 75 

of ultramafic blocks in subduction zone complexes (e.g., Bebout and Barton, 2002; Spandler et al., 76 

2008). However, it remains unclear how metasomatic alteration changes deformation behavior of 77 

a shear zone localized along the lithological contacts in terms of seismicity. 78 

The importance of talc metasomatism on fault zone properties has been documented in 79 

several field and experimental studies (Moore and Rymer, 2007; Escartín et al., 2008; Collettini et 80 
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al., 2009a,b; Holdsworth et al., 2011; Hirauchi et al., 2013; Moore and Lockner, 2011, 2013). In 81 

this study, we describe a talc-bearing, metasomatic reaction zone developed between serpentinite 82 

and argillite in a tectonic mélange of the Franciscan accretionary prism, Gorda, central California. 83 

The serpentinite represents a fragment of abyssal peridotite exposed along oceanic transform or 84 

detachment faults (Coleman, 2000; Hirauchi et al., 2008). The samples collected are utilized for 85 

hydrothermal frictional sliding experiments conducted over a wide range of pressure and 86 

temperature conditions (σn
eff

 = 60–180 MPa, T = 20–400°C), in order to investigate the extent to 87 

which metasomatic alteration affects frictional strength and slip stability of subduction thrust 88 

faults at seismogenic depths. Based on field and experimental data, we discuss the influence of 89 

ultramafic components on the degree of interplate coupling. 90 

 91 

2. Geologic setting and deformation features of an ancient subduction fault 92 

At Gorda, several serpentinite bodies up to 500 m thick, striking NW–SE and moderately to 93 

steeply dipping to the NE, are well exposed on Sand Dollar Beach and Jade Cove along a length 94 

of 3 km, and are incorporated into the Late Cretaceous Franciscan accretionary complex (Fig. 1). 95 

The Franciscan Complex in the study area that is present in the Central Belt represents a tectonic 96 

mélange characterized by blocks of metagreywacke, greenstone, and metachert within an argillite 97 

matrix (e.g., Hall, 1991). Mineral assemblages of the metagraywacke include pumpellyite ± 98 

prehnite, metamorphosed at temperatures of 150 ± 50°C and pressures of 2–3 kbar (Ernst, 1980), 99 

corresponding to P–T conditions for the upper part of the seismogenic zone in subduction zones 100 

(Oleskevich et al., 1999). The argillite matrix that displays a penetrative scaly fabric is composed 101 
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mainly of clay minerals, such as illite/muscovite and chlorite, along with fragments of quartz, 102 

plagioclase, epidote, and calcite. The scaly cleavages are defined by preferentially oriented clay 103 

minerals and dark pressure-solution seams (Fig. 4A, B), suggesting that the main deformation 104 

mechanism is frictional sliding on phyllosilicate foliation, with accommodation by pressure 105 

solution of quartz grains (e.g., Niemeijer et al., 2018). 106 

The serpentinite body along Sand Dollar Beach exhibits a block-in-matrix structure, 107 

consisting of a sheared chrysotile matrix that wraps around phacoids, in which multiple 108 

serpentinization events, including the lizardite/chrysotile–antigorite transition indicative of 109 

high-temperature (T >250–300°C) metamorphism (Evans, 2004; Schwartz et al., 2013), are 110 

recognized (King et al., 2003; Hirauchi and Yamaguchi, 2007; Hirauchi et al., 2008). The 111 

low-temperature, chrysotile-bearing deformation represents a retrograde episode, possibly related 112 

to the exhumation along the subduction boundary. Petrological and geochemical characteristics of 113 

relict primary minerals within the phacoids (spinel lherzolite) are typical of abyssal peridotites 114 

sampled at slow-spreading mid-ocean  idges (Hi auchi et al., 2008),  ep esenting ‘F anciscan 115 

pe idotite wedges’ that a e thought to be tectonically detached slabs of abyssal peridotite that had 116 

been exposed near the seafloor (Coleman, 2000). Thus, the serpentinite bodies in the study area 117 

are regarded as oceanic mantle rocks that were subducted from the trench to great depths, and 118 

then were exhumed in a subduction channel and ultimately underplated to the Franciscan 119 

accretionary complex. 120 

At Jade Cove, there are several boundary faults (striking WNW–ESE and moderately 121 

dipping to the NE) that separate the serpentinite bodies from the Franciscan mélanges (Fig. 2) 122 
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(King et al., 2003). The serpentinite body that shows a block-in-matrix structure is overprinted by 123 

anastomosing development of crack-seal veins of serpentine (antigorite or lizardite) and talc (Figs. 124 

3A and 4C), the amount of which increases towards the boundary fault over a distance of ~10–50 125 

m. This observation suggests that intense fluid–rock interaction took place in connection with 126 

faulting. The serpentinite along the faults represents a foliated cataclastic zone that records brittle 127 

deformation (Fig. 3B), consisting of angular fragments that are suspended in a fine-grained, 128 

randomly-oriented talc matrix (Fig. 4D, E). These serpentinite fragments are fully serpentinized, 129 

represented by mesh (hourglass) texture and bastite of chrysotile or a mixture of lizardite (or 130 

chrysotile) and antigorite and interpenetrating texture of antigorite as well as foliated chrysotile 131 

(Fig. 4D, E). This indicates that the metasomatic growth of talc occurred simultaneously with or 132 

after the exhumation-related, chrysotile-bearing deformation (Hirauchi and Yamaguchi, 2007). 133 

Interestingly, the argillite matrix at Jade Cove is totally metasomatized, characterized by the 134 

overgrowth of tremolite and minor chlorite along the previous metamorphic foliation (Fig. 4F). 135 

Within the mélange near the lithological boundary, varied-sized serpentinite blocks, which are 136 

now almost completely altered by the formation of talc, are incorporated as lenticular blocks (Fig. 137 

3C), indicating that the pre-existing serpentinite was boudinaged as a competent layer within a 138 

relatively incompetent argillite-rich matrix. Talc-rich schists up to 2 m thick with folding are 139 

intercalated within the mélange (Figs. 2 and 3D). Since the talc-rich schist retains magnetite and 140 

altered spinels surrounded by chlorite coronas (Fig. 4G), it could have formed by 141 

Si-metasomatism of the pre-existing serpentinite (Hirauchi et al., 2008). The talc-rich schist is 142 

characterized by the shape-preferred orientation of fine-grained talc (Fig. 4G, H). The strike and 143 
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dip of foliated cataclasite and talc and tremolite schists are concordant with those of the boundary 144 

faults in the study area (Fig. 2). 145 

 146 

3. Experimental methods 147 

3.1. Starting materials 148 

The starting materials used in this study were natural samples as described in Section 2, and 149 

collected from Sand Dollar Beach and Jade Cove. The samples, which include argillite (sample 150 

no.: 11121002), tremolite schist (sample no.: 10122101), serpentinite (sample no.: 10122109), 151 

talc schist (sample no.: G02) and foliated cataclasite (sample no.: 10122102), were pulverized and 152 

sieved to a g ain size of <106 μm to p oduce a synthetic fault gouge. All sample localities are 153 

shown in Fig. 1B. We note again that talc and tremolite schists are metasomatic products derived 154 

from serpentinite and argillite, respectively, while foliated cataclasite represents a shear zone 155 

developed along the lithological boundary. Veins and surface coatings were removed as much as 156 

possible from the samples prior to pulverization. Representative X-ray diffraction (XRD) patterns 157 

are presented in Figs. S1 and S2. A quantitative analysis using the RockJock program (Eberl, 158 

2003) indicates that 25 wt.% of quartz is present in the argillite sample. 159 

For the serpentinite and foliated cataclasite samples, serpentine minerals were identified 160 

using a confocal Raman microscope (alpha 300R; WITec GmbH, Ulm, Germany) at Shizuoka 161 

University, Japan. A 100 objective lens was used to focus a 488 nm solid-state laser into a 1 μm 162 

spot size. Spectra were acquired over 10–100 s of measurement time with the laser power of 6 163 

mW. The spectrum resolution was 4 cm
−1

. See Supplementary material for description of Raman 164 
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spectra of serpentine minerals. In addition, the modal abundances of minerals and serpentine 165 

textures were determined by point counting on 28 × 48 mm thin sections (Table S1). As each 166 

textural type consists of a distinct serpentine mineral, we can roughly estimate the dominant 167 

serpentine minerals within the two samples. 168 

 169 

3.2. Experimental procedure 170 

We performed a series of frictional sliding experiments at pore fluid pressures (Pfluid) of 171 

40–120 MPa, effective normal stresses (σn
eff

) of 60–180 MPa, temperatures (T) of 20–400°C, and 172 

sliding velocities (V) of 0.3–100 μm/s. The σn–T range covers shallower parts of the thrust fault 173 

(<15 km depth) in warm and cold subduction zones, when assuming λ = 0.6. The hydrothermal 174 

ring shear machine, described in detail by Niemeijer et al. (2008), was used in our frictional 175 

sliding experiments (Fig. S4A, B). In this machine, an annular sample with an initial thickness of 176 

~1.1–1.4 mm is located between two opposing René 41 Superalloy pistons (Fig. S4C, D). The 177 

sample is kept in place by inner and outer René 41 Superalloy confining rings, with inner and 178 

outer radii of 11 and 14 mm, respectively. To prevent slip on the piston–sample interface, a 179 

cross-hatched patte n (~200 μm deep) is eng aved on the piston faces.  o  educe wall f iction, the 180 

confining rings were coated with a graphite powder suspension and dried at 50 °C for 10–20 min 181 

to remove volatiles (alcohol) in the suspension, before assembly. 182 

The piston–sample assembly was attached to the pressure-compensated piston plus the upper 183 

sealing head, was then lowered into an internally heated, water-filled pressure vessel, which in 184 

turn was sealed and placed into the Instron 1362 loading frame. The vessel was then moved 185 
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upwards using the Instron ram, and the pressure-compensated piston was engaged with the upper 186 

forcing block plus the torque and axial force gauges. 187 

An effective normal stress of 60 MPa was first applied using the Instron ram, then the 188 

furnace was switched on, heating to the desired temperature and applying a fluid pressure of 40 189 

MPa. The system was subsequently left to equilibrate for ~1 h. After equilibration of the entire 190 

experimental set-up, the  ota y d ive was switched on to give a sliding velocity of 10 μm/s until a 191 

displacement of typically ~5 mm was reached, after which the sliding velocity was systematically 192 

stepped to 1, 0.3, 3, 30, 100 and 10 μm/s,  espectively. Du ing each expe iment, po e fluid 193 

pressure and effective normal stress were simultaneously stepped in the sequence Pfluid = 40, 80, 194 

and 120 MPa and σn
eff

 = 60, 120, and 180 MPa, respectively. Note that the same velocity steps 195 

were applied to the second and third normal-stress sequences. 196 

Each experiment was terminated by switching off the rotary drive and then the furnace, 197 

which resulted in a rapid decrease in the fluid pressure. The system cooled to room temperature 198 

within 20 min, after which the axial load was removed. The piston–sample assembly was then 199 

extracted and dried in an oven at 50 °C for at least 24 h. Details of the experimental conditions 200 

and key mechanical data are provided in Table 1. 201 

 202 

3.3. Data acquisition and processing 203 

Shea  displacement ( esolution ±1 μm), axial displacement (±0.05 μm), to que (±6 Nm), and 204 

normal force (±0.05 kN) were measured externally, and the corresponding signals were recorded 205 

at a sampling rate of 10 Hz, using a 16 bit A/D converter. Torque and normal force data were 206 
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corrected for seal friction to obtain the shear stress (τ) and effective normal stress (σn
eff

) acting on 207 

the sample. The apparent coefficient of friction (μ) was calculated as μ = τ/σn
eff

 and assuming no 208 

cohesion. Additional information on the details of data acquisition can be found in den Hartog et 209 

al. (2012a,b). 210 

The velocity dependence of friction was quantified in the framework of the rate and state 211 

friction model as: 212 

      
    

      
     (1) 213 

(e.g., Ruina, 1983). Here, μss is the steady state friction coefficient and V is the sliding velocity. 214 

Positive (a–b) values indicate an increase in friction coefficient with increasing velocity, i.e., 215 

velocity-strengthening slip behavior, which is inherently stable. Negative (a–b) values mean that 216 

the behavior is velocity-weakening, which is potentially unstable. Values of (a–b) were calculated 217 

using Eq. (1), after detrending the μ versus displacement curves for slip hardening or softening, 218 

following Blanpied et al. (1998) and den Hartog et al. (2012a). Details of the friction rate 219 

parameter (a−b) are shown in Tables S2 and S3. 220 

 221 

4. Experimental results 222 

4.1. Frictional strength 223 

The evolution of the apparent coefficient of friction (μ) with shear displacement is shown in 224 

Figs. 5 and S5, for all temperatures. In the first normal-stress sequence, all samples, except for 225 

argillite, showed an initial peak μ at ~0.3–1.7 mm displacement, followed by a drop in μ of up to 226 

~0.1, after which steady-state sliding or strain hardening was observed until the velocity steps 227 
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were superimposed. The argillite sample showed strain hardening after apparent yielding at ~0.4 228 

mm displacement. 229 

The steady-state apparent coefficient of friction (μss) obtained at the first 4 mm displacement 230 

in each normal-stress sequence is plotted as a function of effective normal stress in Fig. 6A, for a 231 

temperature of 150°C. The μss values for the serpentinite sample slightly decreased from 232 

0.54–0.60 at σn
eff

 = 60 MPa to 0.51 at σn
eff

 = 180 MPa, while those for the talc schist sample 233 

increased from 0.13–0.17 at σn
eff

 = 60 MPa to 0.19–0.21 at σn
eff

 = 180 MPa. The μss of the foliated 234 

cataclasite sample ranged from 0.30 to 0.33. The μss values for the argillite and tremolite schist 235 

samples increased from 0.45 and 0.36 at σn
eff

 = 60 MPa to 0.58 and 0.43–0.46 at σn
eff

 = 180 MPa, 236 

respectively. We also confirmed that the steady-state shear stress at all temperatures increased 237 

linearly with increasing σn
eff

, indicating that a frictional regime was achieved in our experiments 238 

(Figs. S6 and S7). 239 

The μss obtained at the first 4 mm displacement in the second normal-stress sequence (Pfluid = 240 

80 MPa and σn
eff

 = 120 MPa) is plotted against temperature in Fig. 6B. The μss of the serpentinite 241 

sample ranged from 0.55 to 0.59. The μss values for the talc schist sample decreased from 0.21 at 242 

T = 20°C to 0.14 at T = 300°C. The μss value for the foliated cataclasite sample was 0.21 at T = 243 

20°C, increasing to 0.30–0.31 at T = 150–300°C. The μss of the argillite and tremolite schist 244 

samples increased from 0.43 and 0.39 at T = 20°C to 0.59 and 0.53 at T = 400°C, respectively. 245 

 246 

4.2. Velocity dependence of friction 247 

Values of (a−b) obtained at an effective normal stress of 120 MPa are plotted as a function 248 
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of sliding velocity in Figs. 7 and 8, for all temperatures. The (a−b) values of the serpentinite 249 

sample at a given temperature were roughly independent of sliding velocity, with the values being 250 

lower at 20°C (a−b = −0.004–−0.002) and higher at 150°C (a−b = 0.011–0.018) (Fig. 7A). The 251 

(a−b) values of the foliated cataclasite sample slightly increased with increasing sliding velocity, 252 

ranging from −0.001–0.010 at the 1–0.3 μm/s velocity step to 0.011–0.017 at the 30–100 μm/s 253 

velocity step (Fig. 7B). The talc schist sample exhibited a narrow range in (a−b) at a given sliding 254 

velocity, increasing from 0.001–0.005 at the 1–0.3 μm/s velocity step to 0.009–0.017 at the 255 

30–100 μm/s velocity step (Fig. 7C). For the argillite sample, the (a−b) values ranged from 256 

−0.008 to 0.007 (Fig. 8A). At a given sliding velocity, the argillite sample showed an overall 257 

decrease in (a−b) with increasing temperature (T = 150–400°C) (Fig. 8A). Note that unstable, 258 

oscillatory (stick-slip) events were occasionally observed at T = 400°C. The (a−b) values of the 259 

tremolite schist sample were independent of sliding velocity, with the clear exception of the 260 

100–10 μm/s and 30–100 μm/s velocity steps, where they gradually decreased from 0.008–0.011 261 

at T = 150°C to −0.002–0.006 at T = 400°C (Fig. 8B). 262 

 263 

5. Discussion 264 

5.1. Comparison of frictional properties between metasomatic and non-metasomatic rocks 265 

Hydrothermal frictional sliding experiments on gouge mixtures of antigorite and quartz (T = 266 

300–500°C) for <6 days have demonstrated that metasomatic alteration of antigorite to form talc 267 

leads to significant strain weakening (Hirauchi et al., 2013). Moore and Lockner (2013), who 268 

conducted triaxial experiments on lizardite and antigorite gouges sheared between forcing blocks 269 
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of granite and quartzite under hydrothermal conditions (T = 200–350°C), also observed that for 270 

short (≤6 days) and long (>10 days) duration runs, a solution-transfer process causes the 271 

precipitation of serpentine and Mg-rich smectite clays (e.g., saponite) or talc, respectively, 272 

resulting in lower μ and higher (a−b). 273 

Our experiments showed a marked contrast in frictional strength and slip stability between 274 

metasomatic (i.e., talc and tremolite schists) and non-metasomatic (i.e., serpentinite and argillite) 275 

rocks. Overall, metasomatic alteration of the serpentinite and argillite reduces friction and 276 

stabilizes slip, consistent with previous studies (Hirauchi et al., 2013; Moore and Lockner, 2013). 277 

The serpentinite and argillite were frictionally strong (μ = 0.4–0.7) across all experimental 278 

conditions tested (Table 1; Fig. 6). Raman spectroscopic analysis reveals that antigorite is 279 

contained in the serpentinite (Fig. S3), explaining why the μss of the serpentinite (0.5–0.6) is 280 

higher than that of other pseudomorphic, lizardite/chrysotile serpentinites (0.3–0.5) at similar 281 

conditions (e.g., Moore et al., 1997; Tesei et al., 2018). The argillite has a strong positive 282 

dependence of μ on both effective normal stress and temperature (Fig. 6); at higher effective 283 

normal stress and temperature (e.g., σn
eff

 = 180 MPa and T = 150°C; Fig. 6), the argillite is 284 

frictionally stronger than the serpentinite. Similar trends have been observed for pure 285 

phyllosilicates such as biotite, chrysotile, and montmorillonite (Moore et al., 2004; Lu and He, 286 

2014; Mizutani et al., 2017), illite/quartz and muscovite/quartz mixtures (i.e., argillitic lithologies) 287 

(den Hartog et al., 2012a, 2013), and phyllosilicate-bearing natural fault gouges (Niemeijer et al., 288 

2016). Moore et al. (2016) also reported that for water-saturated gouges derived from the 289 

Franciscan metasedimentary rocks, the μss at shear displacement of <5 mm gradually increased 290 
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from 0.47 to 0.52 with increasing temperature (T = 25–250°C and V = 1 μm/s). The strength of 291 

phyllosilicates is a function of the number of water molecules absorbed on the (001) planes, 292 

which act as a lubricant to reduce friction. The observed increase in μss with effective normal 293 

stress and temperature might be attributed to gradual loss of the water molecules by compaction 294 

and heating, respectively (e.g., Moore et al., 2004). First-principles electronic calculations based 295 

on density functional theory also imply that the roughness of potential energy surfaces contributes 296 

to macroscopic friction of phyllosilicate (Sakuma et al., 2018). 297 

In metasomatic rocks, the talc schist exhibited very low friction (μ as low as 0.13) at our 298 

experimental conditions (Table 1), consistent with previous experimental studies that demonstrate 299 

the mechanical weakness of talc-rich rocks (Moore and Lockner, 2008; Escartín et al., 2008; 300 

Collettini et al., 2009a; Hirauchi et al., 2013; Moore and Lockner, 2011; Niemeijer and Collettini, 301 

2014). The decreasing trend of frictional strength with increasing temperature (Fig. 6) is similar to 302 

that observed for pure talc gouge sheared at similar conditions (Moore and Lockner, 2008). We 303 

suggest that the difference in μ between the talc schist and foliated cataclasite (Fig. 6) is attributed 304 

to the ratio of serpentine content to talc content (Fig. S1), consistent with previous friction 305 

experiments on various mixtures of serpentine and talc (Moore and Lockner, 2011). We note that 306 

the presence of 20 vol.% foliated chrysotile (Table S1) also contributes to the frictional weakness 307 

of the foliated cataclasite. Similar to the argillite, the tremolite schist also shows a positive 308 

dependence of μ on effective normal stress and temperature (Fig. 6); however, at any given 309 

experimental condition, the tremolite schist is always frictionally weaker than the argillite, with 310 

one exception at σn
eff

 = 60 MPa and T = 400°C (Table 1). The observed μ values are intermediate 311 
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of those obtained by Niemeijer and Collettini (2014) for their tremolite-bearing (42–46 wt.%) 312 

samples. This can be explained by the presence of 22 wt.% talc in their weaker sample and 43 313 

wt.% calcite in their stronger sample, while our sample is a mixture of chlorite and tremolite. In 314 

addition, our tremolite schist sample has μ values intermediate between those of pure chlorite and 315 

tremolite samples sheared at T = 290°C and σn
eff

 = 140 MPa (Swiatlowski et al., 2017). 316 

Our velocity-step tests demonstrated that the serpentinite gouge exhibits velocity-weakening 317 

behavior under certain conditions (Fig. 7A), which is consistent with complex velocity-dependent 318 

frictional behavior of lizardite or chrysotile gouge sheared at 25–194°C (Reinen et al., 1994; 319 

Moore et al., 1997). However, our experiments on serpentine-bearing samples showed that with 320 

increasing talc content (serpentinite, foliated cataclasite and talc schist in order; Fig. S1), the 321 

(a−b) values become positive at all experimental conditions tested (Fig. 7), in good agreement 322 

with previous work (Moore and Lockner, 2008, 2011). For the argillite, an increase in 323 

temperature from 150°C to 400°C resulted in a transition from velocity strengthening to velocity 324 

weakening behavior (Fig. 8A), with stick-slip events at 400°C. A similar transition to velocity 325 

weakening at elevated temperatures has been observed for illite/quartz and muscovite/quartz 326 

gouges sheared at σn
eff

 = 170 MPa (den Hartog et al., 2012, 2013) as well as the Franciscan 327 

metasedimentary rock sample at σn
eff

 = 100 MPa (Moore et al., 2016). This change in 328 

velocity-dependence with increasing temperature can be interpreted in the framework of the 329 

series of microphysical models for the steady-state and transient frictional behavior of gouges in 330 

which thermally activated compaction is possible (Niemeijer and Spiers, 2007, den Hartog and 331 

Spiers 2014, Chen and Spiers, 2016). In the microphysical model, velocity weakening is only 332 
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attained when dilation due to frictional slip on grain contacts is balanced by compaction through 333 

time-dependent thermally activated process (pressure solution) of the soluble phases (e.g. quartz). 334 

A similar trend with (a−b) decreasing with temperature was observed for the tremolite schist (Fig. 335 

8B), while the transition temperature appears to be higher for the tremolite schist than for the 336 

argillite. Niemeijer and Collettini (2014) have shown that for tremolite-rich (up to 46 wt.%) fault 337 

rocks obtained from the Zuccale fault, values of (a−b) change from positive to negative with 338 

increasing temperature (25–300°C). Swiatlowski et al. (2017) have demonstrated that at a 339 

temperature of 290°C, pure chlorite and tremolite samples are velocity strengthening and velocity 340 

weakening, respectively. This indicates that (a−b) values for tremolite-rich rocks vary depending 341 

on the chlorite content, which would be a function of Al content in the fluids. 342 

 343 

5.2. Evolution of frictional behavior via metasomatism along subduction zone faults 344 

As mentioned above, the serpentinite body examined in this study represents abyssal 345 

peridotites derived from transform faults/fracture zones or oceanic core complexes developed in 346 

the setting of a slow- to ultraslow-spreading ridge (Hirauchi et al., 2008). The peridotites 347 

experienced subduction-related high-temperature metamorphism within the stability field of 348 

antigorite, and then were exhumed into an argillite-matrix mélange of the Franciscan Complex. 349 

On the basis of field and experimental data, we show in Figure 9 a schematic illustration for the 350 

lithological and mechanical evolution (Stage I–III) of the serpentinite–argillite contact zone. 351 

During Stage I, the serpentinite body was emplaced as tectonic slices within the Franciscan 352 

tectonic mélange (Hirauchi and Yamaguchi, 2007). Along the lithological boundary, the 353 
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serpentinite was fragmented and incorporated as competent lenses into an incompetent argillitic 354 

matrix (Fig. 3C). This observation indicates that the serpentinite was mechanically stronger than 355 

the argillite at conditions of the upper part of the seismogenic zone, which is supported by μ 356 

values of the two samples sheared at lower effective normal stresses (Fig. 6A). The observed 357 

trends in (a−b) as a function of temperature (Figs. 7A and 8A) also suggest that the lithological 358 

boundary acted as intrinsically strong patches (asperities) at seismogenic depths, representing 359 

preferential sites for hosting earthquake nucleation. 360 

Stage II is characterized by an episode of intense fluid–rock interaction along the lithological 361 

boundary (Figs. 2 and 3A, B). Since the intensity of veining associated with brittle deformation 362 

increases towards the argillite–serpentinite contact, we suggest that the lithological boundary 363 

provided an essential fluid pathway at this stage. The fluid–rock interaction involved the 364 

hydration of relict olivine and pyroxenes within the phacoids to form serpentine. After complete 365 

serpentinization, the presence of silica-rich fluids may result in the replacement of serpentine by 366 

talc (i.e., Si-metasomatism), according to the following reaction (Manning, 1997): 367 

serpentine + 2SiO2(aq) = talc + H2O. 368 

We postulate that the dissolution of quartz grains contained in the argillite (Fig. 4B) supplies 369 

significant amounts of silica into the serpentinite. The presence of hydrofractures infilled with talc 370 

within foliated cataclasites (Figs. 3B and 4D, E) suggests the attainment of fluid overpressures 371 

during fault activity. We also suggest that the serpentinite blocks within the argillite were 372 

metasomatized to talc-rich assemblages at this stage. As the tremolite schist occurs in contact 373 

with the serpentinite, the source of calcium responsible for the formation of tremolite may be 374 
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attributed to the breakdown of pyroxenes within the phacoids (i.e., Ca-metasomatism; Peacock, 375 

1987). 376 

During continued fault activity (Stage III), strain localization may occur in the talc-rich 377 

assemblages owing to their low friction (Fig. 6). The development of shape-preferred orientation 378 

of talc (Fig. 4G, H) suggests that frictional sliding on (001) planes is the main deformation 379 

mechanism. At this stage, the talc schist acted as an intrinsically weak, ductile shear zone (Fig. 2), 380 

which is unlikely to be a nucleation site for earthquake rupture (Figs. 6 and 7C). We also note that 381 

decomposition of organic matter dispersed in the argillite contributes to the formation of 382 

CO2-bearing veins (i.e, dolomite). 383 

 384 

5.3. The role of ultramafic components on the degree of interplate coupling 385 

Geological observations of exhumed subduction complexes have revealed that at depths 386 

corresponding to the seismogenic zone, precipitation of SiO2 and CaCO3 proceeds along discrete 387 

faults (e.g., Moore et al., 2007). Because quartz and calcite exhibit velocity-weakening behavior 388 

at temperatures above 100–150°C (Chester and Higgs, 1992; Verberne et al., 2013), fluid–rock 389 

interaction in accretionary prisms will generally promote slip instability and earthquake 390 

nucleation. In contrast, in the case that the serpentinite body is in contact with argillaceous 391 

sediments, Si- and Ca-metasomatism along the serpentinite–argillite contact will lead to the 392 

development of a complex fault zone due to spatial variations in metasomatic alteration (Fig. 2) as 393 

well as due to the temperature dependence of frictional properties of all the rock units (Figs. 6–8). 394 

However, we stress that the weak, talc-rich ductile shear zones, which remain velocity 395 
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strengthening even at high temperature, represent stable sliding patches on subduction thrust 396 

faults. 397 

Along oceanic ridges spreading at <8 cm/yr, numerous long-lived detachment faults exhume 398 

lower crustal and upper mantle rocks on the seafloor, forming oceanic core complexes (e.g., 399 

Smith et al., 2012). For instance, about half of the northern Mid-Atlantic Ridge axis is 400 

experiencing spreading by detachment faulting, implying that up to ~25% of the seafloor is 401 

composed of oceanic core complexes (Escartín et al., 2008). The tectonic unroofing leads to 402 

extensive serpentinization of the mantle rocks, characterized by pseudomorphic replacement of 403 

olivine and pyroxenes by lizardite and/or chrysotile (e.g., Rouméjon et al., 2015). Our 404 

experimental results indicate that if the oceanic mantle rocks start to subduct at the trench, they 405 

exhibit distinctly different frictional behavior compared to subducting sediments and oceanic 406 

crust. In particular, our results suggest the possibility that continuous subduction of the hydrated 407 

mantle rocks results in a transition from velocity weakening to velocity strengthening behavior 408 

via Si-metasomatism in a plate boundary shear zone. The onset of Si-metasomatism is primarily 409 

associated with that of quartz dissolution in underthrusting sediments at a temperature of ~150°C 410 

(Moore et al., 2007). 411 

A number of serpentinite mud volcanoes exist in the Izu-Bonin-Mariana (IBM) forearc 412 

region, implying the existence of an extensively serpentinized mantle wedge of the Philippine Sea 413 

(PHS) plate (e.g., Fryer, 2012). In the Kanto district of central Japan, north of the IBM forearc, 414 

the PHS plate is subducting northwestward beneath the continental plate, and the Pacific (PAC) 415 

plate is subducting westward beneath the PHS and continental plates. Based on seismic 416 
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tomographic data beneath Kanto, Nakajima et al. (2009) found that the wedge-shaped 417 

serpentinized mantle in the PHS plate is subducting down to depths of ~80 km due to the low 418 

geothermal gradient. Furthermore, Uchida et al. (2009) revealed that on the upper surface of the 419 

PAC plate, the plate interface overlain by the serpentinized mantle of the PHS plate is 420 

characterized by weak interplate coupling and low seismic activity. Since the dominant serpentine 421 

phases present in the serpentinite muds sampled are lizardite and chrysotile (Fryer, 2012), which 422 

become velocity weakening particularly at elevated temperatures (Fig. 7A; Moore et al., 1997, 423 

2004), we suggest that metasomatic alteration of lizardite/chrysotile to form talc after subduction 424 

enables the plate boundary fault to slip aseismically, lowering the coupling. We caution, however, 425 

that the degree of interplate coupling is also influenced by fluid content and topographic reliefs on 426 

the subducting plate, which contribute to values of effective normal stress (e.g., Wang and Bilek, 427 

2011; Scholz and Campos, 2012; Heise et al., 2017). 428 

Although the metasomatic reaction zone observed in our study formed at shallow 429 

seismogenic depths, our results are applicable to any tectonic setting where ultramafic and crustal 430 

rocks are juxtaposed. For instance, Si-rich fluids liberated from the subducting oceanic slab 431 

migrate into the overlying forearc mantle wedge, inducing serpentinization and subsequent 432 

metasomatic alteration (Manning, 1997; Bebout and Penniston-Dorland, 2016). Seismic 433 

tomographic studies indicate that in the warm Nankai subduction zone, the shallow (<60 km 434 

depth) mantle wedge is partially serpentinized (e.g., Hirose et al., 2008). The weak interplate 435 

coupling along the slab–mantle interfaces (e.g., Yoshioka and Matsuoka, 2013) can be explained 436 

by ductile deformation of talc-rich shear zones formed via Si-metasomatism, in addition to stable 437 
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frictional sliding of antigorite, a high-temperature serpentine phase, which tends to exhibit 438 

velocity strengthening behavior in its stability field (Moore et al., 1997; Takahashi et al., 2011). 439 

Indeed, geological studies of exhumed subduction complexes at greenschist to eclogite facies 440 

conditions have reported the occurrence of talc- or tremolite-bearing metasomatic reaction zones 441 

between mantle wedge-derived antigorite serpentinite and pelitic schist (Aoya et al., 2013). On 442 

the other hand, in the cold Tohoku subduction zone, the degree of interplate coupling is found to 443 

be spatially heterogeneous on the slab–mantle interface (Suwa et al., 2006). Yamamoto et al. 444 

(2008) shows a close correlation between areas of high Vp/Vs ratios within the shallow (<60 km) 445 

mantle wedge and weak interplate coupling, suggesting that low-temperature serpentinization and 446 

subsequent metasomatic alteration allow the plate interface to slip stably. 447 

 448 

Conclusions 449 

Metasomatic alteration at the ultramafic–sedimentary contact leads to the formation of a 450 

reaction zone consisting of hydrous minerals. To investigate the evolution of frictional strength 451 

and slip stability via Ca- and Si-metasomatism, we performed a series of hydrothermal frictional 452 

sliding experiments on simulated gouge prepared from the metasomatic (talc and tremolite 453 

schists) and non-metasomatic (serpentinite and argillite) rocks in the Franciscan accretionary 454 

complex. On the basis of our mechanical data, we can conclude the following: 455 

1. Pseudomorphic serpentinite as tested in this study is frictionally strong, with the coefficient of 456 

friction (μ) ranging from 0.5 to 0.6. 457 

2. Talc schist has a very low μ (as low as 0.1), with a negative dependence of μ on temperature. 458 
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3. Argillite and tremolite schist exhibit an increase in μ with increasing effective normal stress and 459 

temperature, up to 0.7 and 0.6, respectively. The former is frictionally stronger than the latter at 460 

a given experimental condition. 461 

4. With increasing talc content, serpentine-bearing rock becomes more velocity strengthening. 462 

Talc schist has a positive dependence of (a−b) on sliding velocity. 463 

5. For argillite and tremolite schist, friction transitions from velocity strengthening to velocity 464 

weakening with increasing temperature. The temperature transitioning to velocity weakening is 465 

lower for the former than for the latter. 466 

6. The metasomatic growth of talc in ultramafic systems plays a role in reducing friction, 467 

stabilizing slip, and preventing earthquake propagation along the fault. 468 

 469 
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 663 

Captions 664 

Figure 1. (A) Geologic map of the western margin of central California, showing rock units, 665 

major faults, modified from Jennings (1958) and King et al. (2003). (B) Enlargement of the area 666 

shown in (A) (black rectangle), showing sample localities at Sand Dollar Beach and Jade Cove, 667 

Monterey County. All samples except for sample G02 were collected from outcrop. 668 
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 669 

Figure 2. Occurrence of a reaction zone between argillite and serpentinite within the Franciscan 670 

Complex at Jade Cove. (A) Outcrop photograph showing lenses and layers of talc schist 671 

embedded within tremolite schist. (B and C) Stereoplots illustrating poles to foliation (B) and 672 

lithological contacts between foliated cataclasite and tremolite schist (C). All plots are shown on 673 

lower hemisphere, equal area projections. Blue squares: foliated cataclasite, green square: talc 674 

schist, red squares: tremolite schist. 675 

 676 

Figure 3. Outcrop photographs showing metasomatic features at Jade Cove. (A) Blocky 677 

serpentinite crosscut by serpentine and talc veins. (B) Close up of a lithological boundary 678 

between foliated cataclasite and tremolite schist. The foliated cataclasite is accompanied with vein 679 

networks of talc. (C) Lenticular serpentinite (now altered to talc-rich assemblages) blocks 680 

embedded in tremolite schist. (D) Close up of talc schist in Figure 2A. 681 

 682 

Figure 4. Optical photomicrographs of metasomatic (talc and tremolite schists) and 683 

non-metasomatic (argillite and serpentinite) rock samples used for friction experiments. The 684 

photomicrographs were taken in plane-polarized light (B) and in cross-polarized light (A, C, D, E, 685 

F, G and H). (A and B) Argillite (sample no.: 11121002) with preferentially oriented 686 

illite/muscovite (I/M) aggregates (A) and dark pressure-solution seams and soluble minerals such 687 

as quartz and plagioclase (B). (C) Massive serpentinite (sample no.: 10122109) exhibiting mesh 688 

(hourglass) texture (MT) and bastite (Bs). Note crosscutting veins of lizardite (liz) and talc (tlc). 689 
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(D and E) Foliated cataclasite (sample no.: 10122102) in which serpentinite clasts exhibiting 690 

interpenetrating texture of antigorite (Atg) (D) and mesh (hourglass) texture (E) are contained in a 691 

matrix of fine-grained, randomly-oriented talc, along with minor dolomite (Dol). Cr: mesh core, 692 

Rm: mesh rim. (F) Tremolite schist (sample no.: 10122101) consisting of tremolite (Tr) and 693 

minor chlorite (Chl) overgrowing the previous metamorphic foliation. (G) Talc schist (sample 694 

no.: G02) showing a shape-preferred orientation of fine-grained talc. (H) Close up of aligned talc 695 

blades in Figure G. 696 

 697 

Figure 5. (A) Coefficient of friction (μ) as a function of shear displacement sheared at pore fluid 698 

pressures (Pfluid) of 40, 80 and 120 MPa, effective normal stresses (σn
eff

) of 60, 120 and 180 MPa, 699 

and a temperature (T) of 20°C. (B) Enlargement of the area shown in (A) (black rectangle), 700 

showing the details of velocity steps in the first normal-stress sequence. Numbers adjacent to 701 

cu ves co  espond to sliding velocity (μm/s). Note that the same velocity steps were applied to the 702 

second and third normal-stress sequences. 703 

 704 

Figure 6. Summary of friction data. All plotted measurements were taken at 4 mm shear 705 

displacement in each normal-stress sequence. (A) Coefficient of friction (μ) versus effective 706 

normal stress at a temperature (T) of 150°C. (B) Coefficient of friction (μ) versus temperature at a 707 

pore fluid pressure (Pfluid) of 80 MPa and an effective normal stress (σn
eff

) of 120 MPa. 708 

 709 

Figure 7. Plots of the friction rate parameter (a−b) as a function of sliding velocity for serpentinite 710 
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(A), foliated cataclasite (B) and talc schist (C) sheared at temperatures of 20, 150 and 300°C and 711 

an effective normal stress (σn
eff

) of 120 MPa. 712 

 713 

Figure 8. Plots of the friction rate parameter (a−b) as a function of sliding velocity for argillite (A) 714 

and tremolite schist (B) sheared at temperatures of 20, 150, 300 and 400°C and an effective 715 

normal stress (σn
eff

) of 120 MPa. 716 

 717 

Figure 9. Schematic diagram showing metasomatic alteration of a contact zone between argillite 718 

and serpentinite in the Franciscan Complex. Cata.: cataclasite. See the text for more details. 719 

 720 

Figure S1. X-ray diffraction (XRD) patterns for serpentinite (A), foliated cataclasite (B) and talc 721 

schist (C) used in our experiments. Ch: chlorite, Sp: serpentine, Tc: talc. 722 

 723 

Figure S2. X-ray diffraction (XRD) patterns for argillite (A) and tremolite schist (B) used in our 724 

experiments. Ch: chlorite, I/M: illite/muscovite, Qz: quartz, Tr: tremolite. 725 

 726 

Figure S3. Raman spectra of serpentine minerals in the range of 250–1200 cm
−1

 obtained for the 727 

serpentinite (A) and foliated cataclasite (B) samples. A: antigorite, C: chrysotile, L: lizardite. 728 

 729 

Figure S4. Hydrothermal ring shear machine installed at Utrecht University, the Netherlands. (A) 730 

The ring shear drive system and pressure vessel located inside the Instron loading frame. (B) The 731 
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two internal pistons assembled with the pressure-compensated piston plus upper sealing head. 732 

The two insulating mullite tubes, sheathed with stainless steel, and the furnace element are 733 

normally located inside the pressure vessel. (C) The two internal pistons plus sample-confining 734 

rings. (D) Schematic cross section of the piston–sample assembly. 735 

 736 

Figure S5. Coefficient of friction (μ) as a function of shear displacement sheared at pore fluid 737 

pressures (Pfluid) of 40, 80 and 120 MPa, effective normal stresses (σn
eff

) of 60, 120 and 180 MPa, 738 

and temperatures (T) of 150 (A), 300 (B) and 400°C (C). 739 

 740 

Figure S6. Plots of shear stress as a function of effective normal stress (σn
eff

) for serpentinite (A), 741 

foliated cataclasite (B) and talc schist (C) sheared at temperatures of 20, 150 and 300°C. Shear 742 

stress was measured at 4 mm shear displacement in each normal stress step. The slope of the 743 

linear best fit represents the average coefficient of friction (μ). 744 

 745 

Figure S7. Plots of shear stress as a function of effective normal stress (σn
eff

) for argillite (A) and 746 

tremolite schist (B) sheared at temperatures of 20, 150, 300 and 400°C. Shear stress was 747 

measured at 4 mm shear displacement in each normal stress step. The slope of the linear best fit 748 

represents the average coefficient of friction (μ). 749 
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Abstract 18 

Fluid–rock interaction within accretionary prisms drastically changes the frictional strength 19 

and slip stability of the fault zone. In order to understand the effect of ultramafic components on 20 

the degree of interplate coupling, we present data on frictional properties of a reaction zone 21 

between serpentinite and argillite in a tectonic mélange of the Franciscan Complex, central 22 

California. Field and petrographic observations indicate that the argillite and serpentinite along 23 

the lithological boundary are metasomatized to tremolite and talc schists, respectively, forming a 24 

ductile shear zone. Simulated gouges made from fault and wall rock samples collected are 25 

sheared at effective normal stresses (σn
eff

) of 60–180 MPa and temperatures (T) of 20–400°C, 26 

using a hydrothermal ring shear machine. The serpentinite is frictionally strong (steady-state 27 

friction coefficient μss = 0.5–0.6), and exhibits both velocity-weakening and 28 

velocity-strengthening behavior. The μss of the argillite and tremolite schist increases up to 0.7 and 29 

0.6, respectively, with increasing σn
eff

 and T, while (a−b) transitions from positive to negative with 30 

increasing T. At a given experimental condition, μ and (a−b) values are lower and higher for the 31 

tremolite schist than for the argillite. In contrast, the talc schist exhibits very low friction (μss = 32 

0.1–0.2) and velocity-strengthening behavior at all experimental conditions tested. Our results 33 

demonstrate that Si-metasomatism along the argillite–serpentinite contact results in reduced 34 

friction and stabilized slip, forming frictionally weak, velocity-strengthening regions in the 35 

megathrust zone. 36 

 37 

Keywords: Franciscan Complex, friction, interplate coupling, metasomatism, serpentinite 38 
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1. Introduction 39 

Most large earthquakes (with moment magnitude Mw >7) occur on the thrust fault between 40 

subducting and overriding plates. The extent of the so-called seismogenic zone in subduction 41 

zones appears to be thermally controlled, with updip and downdip limits occurring at 100–150°C 42 

and 350–450°C, respectively (e.g., Oleskevich et al., 1999). The updip limit of seismicity is 43 

attributed to the dehydration reaction of smectite to form illite (Vrolijk, 1990) or lithification of 44 

underthrusting sediments (Moore et al., 200      tner et al., 2015), while the downdip limit 45 

coincides with a transition from velocity-weakening to velocity-strengthening behavior of 46 

quartzo-feldspathic rocks or argillaceous sediments, induced by the thermal activation of viscous 47 

(plastic) processes in quartz (Blanpied et al., 1998; den Hartog et al., 2012a). Alternatively, if the 48 

intersection of the thrust fault with the overriding plate Moho is located at shallower depths than 49 

the 350°C isotherm, stable frictional sliding or plastic flow of serpentine at the base of the 50 

hydrated forearc mantle wedge may inhibit the generation of subduction thrust earthquakes 51 

(Hirauchi et al., 2010; Takahashi et al., 2011). 52 

Geodetic and seismological observations indicate that in the seismogenic zone, there are 53 

spatial and temporal variations in interplate coupling along both strike and dip directions (e.g., 54 

Suwa et al., 2006; Burgette et al., 2009; Uchida et al., 2009; Yoshioka and Matsuoka, 2013). The 55 

heterogeneity of interplate coupling may be explained by the presence of seamounts and other 56 

topographic reliefs on the subducting plate (Wang and Bilek, 2011), or by fluid content in a 57 

plate-boundary shear zone (Heise et al., 2017). On the other hand, the differences in interplate 58 

coupling are linked to those in fault slip behavior, including continuous aseismic sliding and 59 
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episodic earthquake slip. As mineralogy is one of the factors that control the nucleation of slip 60 

instability, the composition of fault zone materials plays a key role in controlling the degree of 61 

interplate coupling. For instance, Ikari et al. (2013) suggested that at nonaccretionary margins, the 62 

type of sediment cover (i.e., carbonates or clays) on the subducting oceanic plate controls the loci 63 

of earthquake nucleation along the megathrust. 64 

Aqueous fluids expelled from the subducting slab are predicted to be focused into a 65 

permeable plate boundary shear zone. Fluids act not only to reduce the effective normal stress 66 

(σn
eff

) on the fault, but also to promote mass transfer of fluid-mobile elements (e.g., Bebout and 67 

Penniston-Dorland, 2016). The fluid-assisted mass transfer in accretionary prisms results in the 68 

formation of quartz and carbonate veins (Moore et al., 2007), providing a potential preferential 69 

site for earthquake nucleation (Chester and Higgs, 1992; Verberne et al., 2013). On the other hand, 70 

in places where disparate rock types (e.g., mafic vs. ultramafic lithologies) are in contact with one 71 

another, metasomatic alteration of both rocks occurs through diffusion across a chemical potential 72 

gradient, leading to the development of reaction zones consisting mainly of hydrous minerals 73 

(e.g., amphiboles, chlorites, serpentines and talc). Petrological and geochemical studies have 74 

provided information about element mobility due to mass transfer during metasomatic alteration 75 

of ultramafic blocks in subduction zone complexes (e.g., Bebout and Barton, 2002; Spandler et al., 76 

2008). However, it remains unclear how metasomatic alteration changes deformation behavior of 77 

a shear zone localized along the lithological contacts in terms of seismicity. 78 

The importance of talc metasomatism on fault zone properties has been documented in 79 

several field and experimental studies (Moore and Rymer, 2007; Escartín et al., 2008; Collettini et 80 
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al., 2009a,b; Holdsworth et al., 2011; Hirauchi et al., 2013; Moore and Lockner, 2011, 2013). In 81 

this study, we describe a talc-bearing, metasomatic reaction zone developed between serpentinite 82 

and argillite in a tectonic mélange of the Franciscan accretionary prism, Gorda, central California. 83 

The serpentinite represents a fragment of abyssal peridotite exposed along oceanic transform or 84 

detachment faults (Coleman, 2000; Hirauchi et al., 2008). The samples collected are utilized for 85 

hydrothermal frictional sliding experiments conducted over a wide range of pressure and 86 

temperature conditions (σn
eff

 = 60–180 MPa, T = 20–400°C), in order to investigate the extent to 87 

which metasomatic alteration affects frictional strength and slip stability of subduction thrust 88 

faults at seismogenic depths. Based on field and experimental data, we discuss the influence of 89 

ultramafic components on the degree of interplate coupling. 90 

 91 

2. Geologic setting and deformation features of an ancient subduction fault 92 

At Gorda, several serpentinite bodies up to 500 m thick, striking NW–SE and moderately to 93 

steeply dipping to the NE, are well exposed on Sand Dollar Beach and Jade Cove along a length 94 

of 3 km, and are incorporated into the Late Cretaceous Franciscan accretionary complex (Fig. 1). 95 

The Franciscan Complex in the study area that is present in the Central Belt represents a tectonic 96 

mélange characterized by blocks of metagreywacke, greenstone, and metachert within an argillite 97 

matrix (e.g., Hall, 1991). Mineral assemblages of the metagraywacke include pumpellyite ± 98 

prehnite, metamorphosed at temperatures of 150 ± 50°C and pressures of 2–3 kbar (Ernst, 1980), 99 

corresponding to P–T conditions for the upper part of the seismogenic zone in subduction zones 100 

(Oleskevich et al., 1999). The argillite matrix that displays a penetrative scaly fabric is composed 101 
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mainly of clay minerals, such as illite/muscovite and chlorite, along with fragments of quartz, 102 

plagioclase, epidote, and calcite. The scaly cleavages are defined by preferentially oriented clay 103 

minerals and dark pressure-solution seams (Fig. 4A, B), suggesting that the main deformation 104 

mechanism is frictional sliding on phyllosilicate foliation, with accommodation by pressure 105 

solution of quartz grains (e.g., Niemeijer et al., 2018). 106 

The serpentinite body along Sand Dollar Beach exhibits a block-in-matrix structure, 107 

consisting of a sheared chrysotile matrix that wraps around phacoids, in which multiple 108 

serpentinization events, including the lizardite/chrysotile–antigorite transition indicative of 109 

high-temperature (T >250–300°C) metamorphism (Evans, 2004; Schwartz et al., 2013), are 110 

recognized (King et al., 2003; Hirauchi and Yamaguchi, 2007; Hirauchi et al., 2008). The 111 

low-temperature, chrysotile-bearing deformation represents a retrograde episode, possibly related 112 

to the exhumation along the subduction boundary. Petrological and geochemical characteristics of 113 

relict primary minerals within the phacoids (spinel lherzolite) are typical of abyssal peridotites 114 

sampled at slow-spreading mid-ocean  idges (Hi auchi et al., 2008),  ep esenting ‘F anciscan 115 

pe idotite wedges’ that a e thought to be tectonically detached slabs of abyssal peridotite that had 116 

been exposed near the seafloor (Coleman, 2000). Thus, the serpentinite bodies in the study area 117 

are regarded as oceanic mantle rocks that were subducted from the trench to great depths, and 118 

then were exhumed in a subduction channel and ultimately underplated to the Franciscan 119 

accretionary complex. 120 

At Jade Cove, there are several boundary faults (striking WNW–ESE and moderately 121 

dipping to the NE) that separate the serpentinite bodies from the Franciscan mélanges (Fig. 2) 122 
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(King et al., 2003). The serpentinite body that shows a block-in-matrix structure is overprinted by 123 

anastomosing development of crack-seal veins of serpentine (antigorite or lizardite) and talc (Figs. 124 

3A and 4C), the amount of which increases towards the boundary fault over a distance of ~10–50 125 

m. This observation suggests that intense fluid–rock interaction took place in connection with 126 

faulting. The serpentinite along the faults represents a foliated cataclastic zone that records brittle 127 

deformation (Fig. 3B), consisting of angular fragments that are suspended in a fine-grained, 128 

randomly-oriented talc matrix (Fig. 4D, E). These serpentinite fragments are fully serpentinized, 129 

represented by mesh (hourglass) texture and bastite of chrysotile or a mixture of lizardite (or 130 

chrysotile) and antigorite and interpenetrating texture of antigorite as well as foliated chrysotile 131 

(Fig. 4D, E). This indicates that the metasomatic growth of talc occurred simultaneously with or 132 

after the exhumation-related, chrysotile-bearing deformation (Hirauchi and Yamaguchi, 2007). 133 

Interestingly, the argillite matrix at Jade Cove is totally metasomatized, characterized by the 134 

overgrowth of tremolite and minor chlorite along the previous metamorphic foliation (Fig. 4F). 135 

Within the mélange near the lithological boundary, varied-sized serpentinite blocks, which are 136 

now almost completely altered by the formation of talc, are incorporated as lenticular blocks (Fig. 137 

3C), indicating that the pre-existing serpentinite was boudinaged as a competent layer within a 138 

relatively incompetent argillite-rich matrix. Talc-rich schists up to 2 m thick with folding are 139 

intercalated within the mélange (Figs. 2 and 3D). Since the talc-rich schist retains magnetite and 140 

altered spinels surrounded by chlorite coronas (Fig. 4G), it could have formed by 141 

Si-metasomatism of the pre-existing serpentinite (Hirauchi et al., 2008). The talc-rich schist is 142 

characterized by the shape-preferred orientation of fine-grained talc (Fig. 4G, H). The strike and 143 
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dip of foliated cataclasite and talc and tremolite schists are concordant with those of the boundary 144 

faults in the study area (Fig. 2). 145 

 146 

3. Experimental methods 147 

3.1. Starting materials 148 

The starting materials used in this study were natural samples as described in Section 2, and 149 

collected from Sand Dollar Beach and Jade Cove. The samples, which include argillite (sample 150 

no.: 11121002), tremolite schist (sample no.: 10122101), serpentinite (sample no.: 10122109), 151 

talc schist (sample no.: G02) and foliated cataclasite (sample no.: 10122102), were pulverized and 152 

sieved to a g ain size of <106 μm to p oduce a synthetic fault gouge. All sample localities are 153 

shown in Fig. 1B. We note again that talc and tremolite schists are metasomatic products derived 154 

from serpentinite and argillite, respectively, while foliated cataclasite represents a shear zone 155 

developed along the lithological boundary. Veins and surface coatings were removed as much as 156 

possible from the samples prior to pulverization. Representative X-ray diffraction (XRD) patterns 157 

are presented in Figs. S1 and S2. A quantitative analysis using the RockJock program (Eberl, 158 

2003) indicates that 25 wt.% of quartz is present in the argillite sample. 159 

For the serpentinite and foliated cataclasite samples, serpentine minerals were identified 160 

using a confocal Raman microscope (alpha 300R; WITec GmbH, Ulm, Germany) at Shizuoka 161 

University, Japan. A 100 objective lens was used to focus a 488 nm solid-state laser into a 1 μm 162 

spot size. Spectra were acquired over 10–100 s of measurement time with the laser power of 6 163 

mW. The spectrum resolution was 4 cm
−1

. See Supplementary material for description of Raman 164 
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spectra of serpentine minerals. In addition, the modal abundances of minerals and serpentine 165 

textures were determined by point counting on 28 × 48 mm thin sections (Table S1). As each 166 

textural type consists of a distinct serpentine mineral, we can roughly estimate the dominant 167 

serpentine minerals within the two samples. 168 

 169 

3.2. Experimental procedure 170 

We performed a series of frictional sliding experiments at pore fluid pressures (Pfluid) of 171 

40–120 MPa, effective normal stresses (σn
eff

) of 60–180 MPa, temperatures (T) of 20–400°C, and 172 

sliding velocities (V) of 0.3–100 μm/s. The σn–T range covers shallower parts of the thrust fault 173 

(<15 km depth) in warm and cold subduction zones, when assuming λ = 0.6. The hydrothermal 174 

ring shear machine, described in detail by Niemeijer et al. (2008), was used in our frictional 175 

sliding experiments (Fig. S4A, B). In this machine, an annular sample with an initial thickness of 176 

~1.1–1.4 mm is located between two opposing René 41 Superalloy pistons (Fig. S4C, D). The 177 

sample is kept in place by inner and outer René 41 Superalloy confining rings, with inner and 178 

outer radii of 11 and 14 mm, respectively. To prevent slip on the piston–sample interface, a 179 

cross-hatched patte n (~200 μm deep) is eng aved on the piston faces.  o  educe wall f iction, the 180 

confining rings were coated with a graphite powder suspension and dried at 50 °C for 10–20 min 181 

to remove volatiles (alcohol) in the suspension, before assembly. 182 

The piston–sample assembly was attached to the pressure-compensated piston plus the upper 183 

sealing head, was then lowered into an internally heated, water-filled pressure vessel, which in 184 

turn was sealed and placed into the Instron 1362 loading frame. The vessel was then moved 185 
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upwards using the Instron ram, and the pressure-compensated piston was engaged with the upper 186 

forcing block plus the torque and axial force gauges. 187 

An effective normal stress of 60 MPa was first applied using the Instron ram, then the 188 

furnace was switched on, heating to the desired temperature and applying a fluid pressure of 40 189 

MPa. The system was subsequently left to equilibrate for ~1 h. After equilibration of the entire 190 

experimental set-up, the  ota y d ive was switched on to give a sliding velocity of 10 μm/s until a 191 

displacement of typically ~5 mm was reached, after which the sliding velocity was systematically 192 

stepped to 1, 0.3, 3, 30, 100 and 10 μm/s,  espectively. Du ing each expe iment, po e fluid 193 

pressure and effective normal stress were simultaneously stepped in the sequence Pfluid = 40, 80, 194 

and 120 MPa and σn
eff

 = 60, 120, and 180 MPa, respectively. Note that the same velocity steps 195 

were applied to the second and third normal-stress sequences. 196 

Each experiment was terminated by switching off the rotary drive and then the furnace, 197 

which resulted in a rapid decrease in the fluid pressure. The system cooled to room temperature 198 

within 20 min, after which the axial load was removed. The piston–sample assembly was then 199 

extracted and dried in an oven at 50 °C for at least 24 h. Details of the experimental conditions 200 

and key mechanical data are provided in Table 1. 201 

 202 

3.3. Data acquisition and processing 203 

Shea  displacement ( esolution ±1 μm), axial displacement (±0.05 μm), to que (±6 Nm), and 204 

normal force (±0.05 kN) were measured externally, and the corresponding signals were recorded 205 

at a sampling rate of 10 Hz, using a 16 bit A/D converter. Torque and normal force data were 206 
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corrected for seal friction to obtain the shear stress (τ) and effective normal stress (σn
eff

) acting on 207 

the sample. The apparent coefficient of friction (μ) was calculated as μ = τ/σn
eff

 and assuming no 208 

cohesion. Additional information on the details of data acquisition can be found in den Hartog et 209 

al. (2012a,b). 210 

The velocity dependence of friction was quantified in the framework of the rate and state 211 

friction model as: 212 

      
    

      
     (1) 213 

(e.g., Ruina, 1983). Here, μss is the steady state friction coefficient and V is the sliding velocity. 214 

Positive (a–b) values indicate an increase in friction coefficient with increasing velocity, i.e., 215 

velocity-strengthening slip behavior, which is inherently stable. Negative (a–b) values mean that 216 

the behavior is velocity-weakening, which is potentially unstable. Values of (a–b) were calculated 217 

using Eq. (1), after detrending the μ versus displacement curves for slip hardening or softening, 218 

following Blanpied et al. (1998) and den Hartog et al. (2012a). Details of the friction rate 219 

parameter (a−b) are shown in Tables S2 and S3. 220 

 221 

4. Experimental results 222 

4.1. Frictional strength 223 

The evolution of the apparent coefficient of friction (μ) with shear displacement is shown in 224 

Figs. 5 and S5, for all temperatures. In the first normal-stress sequence, all samples, except for 225 

argillite, showed an initial peak μ at ~0.3–1.7 mm displacement, followed by a drop in μ of up to 226 

~0.1, after which steady-state sliding or strain hardening was observed until the velocity steps 227 
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were superimposed. The argillite sample showed strain hardening after apparent yielding at ~0.4 228 

mm displacement. 229 

The steady-state apparent coefficient of friction (μss) obtained at the first 4 mm displacement 230 

in each normal-stress sequence is plotted as a function of effective normal stress in Fig. 6A, for a 231 

temperature of 150°C. The μss values for the serpentinite sample slightly decreased from 232 

0.54–0.60 at σn
eff

 = 60 MPa to 0.51 at σn
eff

 = 180 MPa, while those for the talc schist sample 233 

increased from 0.13–0.17 at σn
eff

 = 60 MPa to 0.19–0.21 at σn
eff

 = 180 MPa. The μss of the foliated 234 

cataclasite sample ranged from 0.30 to 0.33. The μss values for the argillite and tremolite schist 235 

samples increased from 0.45 and 0.36 at σn
eff

 = 60 MPa to 0.58 and 0.43–0.46 at σn
eff

 = 180 MPa, 236 

respectively. We also confirmed that the steady-state shear stress at all temperatures increased 237 

linearly with increasing σn
eff

, indicating that a frictional regime was achieved in our experiments 238 

(Figs. S6 and S7). 239 

The μss obtained at the first 4 mm displacement in the second normal-stress sequence (Pfluid = 240 

80 MPa and σn
eff

 = 120 MPa) is plotted against temperature in Fig. 6B. The μss of the serpentinite 241 

sample ranged from 0.55 to 0.59. The μss values for the talc schist sample decreased from 0.21 at 242 

T = 20°C to 0.14 at T = 300°C. The μss value for the foliated cataclasite sample was 0.21 at T = 243 

20°C, increasing to 0.30–0.31 at T = 150–300°C. The μss of the argillite and tremolite schist 244 

samples increased from 0.43 and 0.39 at T = 20°C to 0.59 and 0.53 at T = 400°C, respectively. 245 

 246 

4.2. Velocity dependence of friction 247 

Values of (a−b) obtained at an effective normal stress of 120 MPa are plotted as a function 248 
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of sliding velocity in Figs. 7 and 8, for all temperatures. The (a−b) values of the serpentinite 249 

sample at a given temperature were roughly independent of sliding velocity, with the values being 250 

lower at 20°C (a−b = −0.004–−0.002) and higher at 150°C (a−b = 0.011–0.018) (Fig. 7A). The 251 

(a−b) values of the foliated cataclasite sample slightly increased with increasing sliding velocity, 252 

ranging from −0.001–0.010 at the 1–0.3 μm/s velocity step to 0.011–0.017 at the 30–100 μm/s 253 

velocity step (Fig. 7B). The talc schist sample exhibited a narrow range in (a−b) at a given sliding 254 

velocity, increasing from 0.001–0.005 at the 1–0.3 μm/s velocity step to 0.009–0.017 at the 255 

30–100 μm/s velocity step (Fig. 7C). For the argillite sample, the (a−b) values ranged from 256 

−0.008 to 0.007 (Fig. 8A). At a given sliding velocity, the argillite sample showed an overall 257 

decrease in (a−b) with increasing temperature (T = 150–400°C) (Fig. 8A). Note that unstable, 258 

oscillatory (stick-slip) events were occasionally observed at T = 400°C. The (a−b) values of the 259 

tremolite schist sample were independent of sliding velocity, with the clear exception of the 260 

100–10 μm/s and 30–100 μm/s velocity steps, where they gradually decreased from 0.008–0.011 261 

at T = 150°C to −0.002–0.006 at T = 400°C (Fig. 8B). 262 

 263 

5. Discussion 264 

5.1. Comparison of frictional properties between metasomatic and non-metasomatic rocks 265 

Hydrothermal frictional sliding experiments on gouge mixtures of antigorite and quartz (T = 266 

300–500°C) for <6 days have demonstrated that metasomatic alteration of antigorite to form talc 267 

leads to significant strain weakening (Hirauchi et al., 2013). Moore and Lockner (2013), who 268 

conducted triaxial experiments on lizardite and antigorite gouges sheared between forcing blocks 269 
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of granite and quartzite under hydrothermal conditions (T = 200–350°C), also observed that for 270 

short (≤6 days) and long (>10 days) duration runs, a solution-transfer process causes the 271 

precipitation of serpentine and Mg-rich smectite clays (e.g., saponite) or talc, respectively, 272 

resulting in lower μ and higher (a−b). 273 

Our experiments showed a marked contrast in frictional strength and slip stability between 274 

metasomatic (i.e., talc and tremolite schists) and non-metasomatic (i.e., serpentinite and argillite) 275 

rocks. Overall, metasomatic alteration of the serpentinite and argillite reduces friction and 276 

stabilizes slip, consistent with previous studies (Hirauchi et al., 2013; Moore and Lockner, 2013). 277 

The serpentinite and argillite were frictionally strong (μ = 0.4–0.7) across all experimental 278 

conditions tested (Table 1; Fig. 6). Raman spectroscopic analysis reveals that antigorite is 279 

contained in the serpentinite (Fig. S3), explaining why the μss of the serpentinite (0.5–0.6) is 280 

higher than that of other pseudomorphic, lizardite/chrysotile serpentinites (0.3–0.5) at similar 281 

conditions (e.g., Moore et al., 1997; Tesei et al., 2018). The argillite has a strong positive 282 

dependence of μ on both effective normal stress and temperature (Fig. 6); at higher effective 283 

normal stress and temperature (e.g., σn
eff

 = 180 MPa and T = 150°C; Fig. 6), the argillite is 284 

frictionally stronger than the serpentinite. Similar trends have been observed for pure 285 

phyllosilicates such as biotite, chrysotile, and montmorillonite (Moore et al., 2004; Lu and He, 286 

2014; Mizutani et al., 2017), illite/quartz and muscovite/quartz mixtures (i.e., argillitic lithologies) 287 

(den Hartog et al., 2012a, 2013), and phyllosilicate-bearing natural fault gouges (Niemeijer et al., 288 

2016). Moore et al. (2016) also reported that for water-saturated gouges derived from the 289 

Franciscan metasedimentary rocks, the μss at shear displacement of <5 mm gradually increased 290 
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from 0.47 to 0.52 with increasing temperature (T = 25–250°C and V = 1 μm/s). The strength of 291 

phyllosilicates is a function of the number of water molecules absorbed on the (001) planes, 292 

which act as a lubricant to reduce friction. The observed increase in μss with effective normal 293 

stress and temperature might be attributed to gradual loss of the water molecules by compaction 294 

and heating, respectively (e.g., Moore et al., 2004). First-principles electronic calculations based 295 

on density functional theory also imply that the roughness of potential energy surfaces contributes 296 

to macroscopic friction of phyllosilicate (Sakuma et al., 2018). 297 

In metasomatic rocks, the talc schist exhibited very low friction (μ as low as 0.13) at our 298 

experimental conditions (Table 1), consistent with previous experimental studies that demonstrate 299 

the mechanical weakness of talc-rich rocks (Moore and Lockner, 2008; Escartín et al., 2008; 300 

Collettini et al., 2009a; Hirauchi et al., 2013; Moore and Lockner, 2011; Niemeijer and Collettini, 301 

2014). The decreasing trend of frictional strength with increasing temperature (Fig. 6) is similar to 302 

that observed for pure talc gouge sheared at similar conditions (Moore and Lockner, 2008). We 303 

suggest that the difference in μ between the talc schist and foliated cataclasite (Fig. 6) is attributed 304 

to the ratio of serpentine content to talc content (Fig. S1), consistent with previous friction 305 

experiments on various mixtures of serpentine and talc (Moore and Lockner, 2011). We note that 306 

the presence of 20 vol.% foliated chrysotile (Table S1) also contributes to the frictional weakness 307 

of the foliated cataclasite. Similar to the argillite, the tremolite schist also shows a positive 308 

dependence of μ on effective normal stress and temperature (Fig. 6); however, at any given 309 

experimental condition, the tremolite schist is always frictionally weaker than the argillite, with 310 

one exception at σn
eff

 = 60 MPa and T = 400°C (Table 1). The observed μ values are intermediate 311 
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of those obtained by Niemeijer and Collettini (2014) for their tremolite-bearing (42–46 wt.%) 312 

samples. This can be explained by the presence of 22 wt.% talc in their weaker sample and 43 313 

wt.% calcite in their stronger sample, while our sample is a mixture of chlorite and tremolite. In 314 

addition, our tremolite schist sample has μ values intermediate between those of pure chlorite and 315 

tremolite samples sheared at T = 290°C and σn
eff

 = 140 MPa (Swiatlowski et al., 2017). 316 

Our velocity-step tests demonstrated that the serpentinite gouge exhibits velocity-weakening 317 

behavior under certain conditions (Fig. 7A), which is consistent with complex velocity-dependent 318 

frictional behavior of lizardite or chrysotile gouge sheared at 25–194°C (Reinen et al., 1994; 319 

Moore et al., 1997). However, our experiments on serpentine-bearing samples showed that with 320 

increasing talc content (serpentinite, foliated cataclasite and talc schist in order; Fig. S1), the 321 

(a−b) values become positive at all experimental conditions tested (Fig. 7), in good agreement 322 

with previous work (Moore and Lockner, 2008, 2011). For the argillite, an increase in 323 

temperature from 150°C to 400°C resulted in a transition from velocity strengthening to velocity 324 

weakening behavior (Fig. 8A), with stick-slip events at 400°C. A similar transition to velocity 325 

weakening at elevated temperatures has been observed for illite/quartz and muscovite/quartz 326 

gouges sheared at σn
eff

 = 170 MPa (den Hartog et al., 2012, 2013) as well as the Franciscan 327 

metasedimentary rock sample at σn
eff

 = 100 MPa (Moore et al., 2016). This change in 328 

velocity-dependence with increasing temperature can be interpreted in the framework of the 329 

series of microphysical models for the steady-state and transient frictional behavior of gouges in 330 

which thermally activated compaction is possible (Niemeijer and Spiers, 2007, den Hartog and 331 

Spiers 2014, Chen and Spiers, 2016). In the microphysical model, velocity weakening is only 332 
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attained when dilation due to frictional slip on grain contacts is balanced by compaction through 333 

time-dependent thermally activated process (pressure solution) of the soluble phases (e.g. quartz). 334 

A similar trend with (a−b) decreasing with temperature was observed for the tremolite schist (Fig. 335 

8B), while the transition temperature appears to be higher for the tremolite schist than for the 336 

argillite. Niemeijer and Collettini (2014) have shown that for tremolite-rich (up to 46 wt.%) fault 337 

rocks obtained from the Zuccale fault, values of (a−b) change from positive to negative with 338 

increasing temperature (25–300°C). Swiatlowski et al. (2017) have demonstrated that at a 339 

temperature of 290°C, pure chlorite and tremolite samples are velocity strengthening and velocity 340 

weakening, respectively. This indicates that (a−b) values for tremolite-rich rocks vary depending 341 

on the chlorite content, which would be a function of Al content in the fluids. 342 

 343 

5.2. Evolution of frictional behavior via metasomatism along subduction zone faults 344 

As mentioned above, the serpentinite body examined in this study represents abyssal 345 

peridotites derived from transform faults/fracture zones or oceanic core complexes developed in 346 

the setting of a slow- to ultraslow-spreading ridge (Hirauchi et al., 2008). The peridotites 347 

experienced subduction-related high-temperature metamorphism within the stability field of 348 

antigorite, and then were exhumed into an argillite-matrix mélange of the Franciscan Complex. 349 

On the basis of field and experimental data, we show in Figure 9 a schematic illustration for the 350 

lithological and mechanical evolution (Stage I–III) of the serpentinite–argillite contact zone. 351 

During Stage I, the serpentinite body was emplaced as tectonic slices within the Franciscan 352 

tectonic mélange (Hirauchi and Yamaguchi, 2007). Along the lithological boundary, the 353 
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serpentinite was fragmented and incorporated as competent lenses into an incompetent argillitic 354 

matrix (Fig. 3C). This observation indicates that the serpentinite was mechanically stronger than 355 

the argillite at conditions of the upper part of the seismogenic zone, which is supported by μ 356 

values of the two samples sheared at lower effective normal stresses (Fig. 6A). The observed 357 

trends in (a−b) as a function of temperature (Figs. 7A and 8A) also suggest that the lithological 358 

boundary acted as intrinsically strong patches (asperities) at seismogenic depths, representing 359 

preferential sites for hosting earthquake nucleation. 360 

Stage II is characterized by an episode of intense fluid–rock interaction along the lithological 361 

boundary (Figs. 2 and 3A, B). Since the intensity of veining associated with brittle deformation 362 

increases towards the argillite–serpentinite contact, we suggest that the lithological boundary 363 

provided an essential fluid pathway at this stage. The fluid–rock interaction involved the 364 

hydration of relict olivine and pyroxenes within the phacoids to form serpentine. After complete 365 

serpentinization, the presence of silica-rich fluids may result in the replacement of serpentine by 366 

talc (i.e., Si-metasomatism), according to the following reaction (Manning, 1997): 367 

serpentine + 2SiO2(aq) = talc + H2O. 368 

We postulate that the dissolution of quartz grains contained in the argillite (Fig. 4B) supplies 369 

significant amounts of silica into the serpentinite. The presence of hydrofractures infilled with talc 370 

within foliated cataclasites (Figs. 3B and 4D, E) suggests the attainment of fluid overpressures 371 

during fault activity. We also suggest that the serpentinite blocks within the argillite were 372 

metasomatized to talc-rich assemblages at this stage. As the tremolite schist occurs in contact 373 

with the serpentinite, the source of calcium responsible for the formation of tremolite may be 374 
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attributed to the breakdown of pyroxenes within the phacoids (i.e., Ca-metasomatism; Peacock, 375 

1987). 376 

During continued fault activity (Stage III), strain localization may occur in the talc-rich 377 

assemblages owing to their low friction (Fig. 6). The development of shape-preferred orientation 378 

of talc (Fig. 4G, H) suggests that frictional sliding on (001) planes is the main deformation 379 

mechanism. At this stage, the talc schist acted as an intrinsically weak, ductile shear zone (Fig. 2), 380 

which is unlikely to be a nucleation site for earthquake rupture (Figs. 6 and 7C). We also note that 381 

decomposition of organic matter dispersed in the argillite contributes to the formation of 382 

CO2-bearing veins (i.e, dolomite). 383 

 384 

5.3. The role of ultramafic components on the degree of interplate coupling 385 

Geological observations of exhumed subduction complexes have revealed that at depths 386 

corresponding to the seismogenic zone, precipitation of SiO2 and CaCO3 proceeds along discrete 387 

faults (e.g., Moore et al., 2007). Because quartz and calcite exhibit velocity-weakening behavior 388 

at temperatures above 100–150°C (Chester and Higgs, 1992; Verberne et al., 2013), fluid–rock 389 

interaction in accretionary prisms will generally promote slip instability and earthquake 390 

nucleation. In contrast, in the case that the serpentinite body is in contact with argillaceous 391 

sediments, Si- and Ca-metasomatism along the serpentinite–argillite contact will lead to the 392 

development of a complex fault zone due to spatial variations in metasomatic alteration (Fig. 2) as 393 

well as due to the temperature dependence of frictional properties of all the rock units (Figs. 6–8). 394 

However, we stress that the weak, talc-rich ductile shear zones, which remain velocity 395 
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strengthening even at high temperature, represent stable sliding patches on subduction thrust 396 

faults. 397 

Along oceanic ridges spreading at <8 cm/yr, numerous long-lived detachment faults exhume 398 

lower crustal and upper mantle rocks on the seafloor, forming oceanic core complexes (e.g., 399 

Smith et al., 2012). For instance, about half of the northern Mid-Atlantic Ridge axis is 400 

experiencing spreading by detachment faulting, implying that up to ~25% of the seafloor is 401 

composed of oceanic core complexes (Escartín et al., 2008). The tectonic unroofing leads to 402 

extensive serpentinization of the mantle rocks, characterized by pseudomorphic replacement of 403 

olivine and pyroxenes by lizardite and/or chrysotile (e.g., Rouméjon et al., 2015). Our 404 

experimental results indicate that if the oceanic mantle rocks start to subduct at the trench, they 405 

exhibit distinctly different frictional behavior compared to subducting sediments and oceanic 406 

crust. In particular, our results suggest the possibility that continuous subduction of the hydrated 407 

mantle rocks results in a transition from velocity weakening to velocity strengthening behavior 408 

via Si-metasomatism in a plate boundary shear zone. The onset of Si-metasomatism is primarily 409 

associated with that of quartz dissolution in underthrusting sediments at a temperature of ~150°C 410 

(Moore et al., 2007). 411 

A number of serpentinite mud volcanoes exist in the Izu-Bonin-Mariana (IBM) forearc 412 

region, implying the existence of an extensively serpentinized mantle wedge of the Philippine Sea 413 

(PHS) plate (e.g., Fryer, 2012). In the Kanto district of central Japan, north of the IBM forearc, 414 

the PHS plate is subducting northwestward beneath the continental plate, and the Pacific (PAC) 415 

plate is subducting westward beneath the PHS and continental plates. Based on seismic 416 
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tomographic data beneath Kanto, Nakajima et al. (2009) found that the wedge-shaped 417 

serpentinized mantle in the PHS plate is subducting down to depths of ~80 km due to the low 418 

geothermal gradient. Furthermore, Uchida et al. (2009) revealed that on the upper surface of the 419 

PAC plate, the plate interface overlain by the serpentinized mantle of the PHS plate is 420 

characterized by weak interplate coupling and low seismic activity. Since the dominant serpentine 421 

phases present in the serpentinite muds sampled are lizardite and chrysotile (Fryer, 2012), which 422 

become velocity weakening particularly at elevated temperatures (Fig. 7A; Moore et al., 1997, 423 

2004), we suggest that metasomatic alteration of lizardite/chrysotile to form talc after subduction 424 

enables the plate boundary fault to slip aseismically, lowering the coupling. We caution, however, 425 

that the degree of interplate coupling is also influenced by fluid content and topographic reliefs on 426 

the subducting plate, which contribute to values of effective normal stress (e.g., Wang and Bilek, 427 

2011; Scholz and Campos, 2012; Heise et al., 2017). 428 

Although the metasomatic reaction zone observed in our study formed at shallow 429 

seismogenic depths, our results are applicable to any tectonic setting where ultramafic and crustal 430 

rocks are juxtaposed. For instance, Si-rich fluids liberated from the subducting oceanic slab 431 

migrate into the overlying forearc mantle wedge, inducing serpentinization and subsequent 432 

metasomatic alteration (Manning, 1997; Bebout and Penniston-Dorland, 2016). Seismic 433 

tomographic studies indicate that in the warm Nankai subduction zone, the shallow (<60 km 434 

depth) mantle wedge is partially serpentinized (e.g., Hirose et al., 2008). The weak interplate 435 

coupling along the slab–mantle interfaces (e.g., Yoshioka and Matsuoka, 2013) can be explained 436 

by ductile deformation of talc-rich shear zones formed via Si-metasomatism, in addition to stable 437 
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frictional sliding of antigorite, a high-temperature serpentine phase, which tends to exhibit 438 

velocity strengthening behavior in its stability field (Moore et al., 1997; Takahashi et al., 2011). 439 

Indeed, geological studies of exhumed subduction complexes at greenschist to eclogite facies 440 

conditions have reported the occurrence of talc- or tremolite-bearing metasomatic reaction zones 441 

between mantle wedge-derived antigorite serpentinite and pelitic schist (Aoya et al., 2013). On 442 

the other hand, in the cold Tohoku subduction zone, the degree of interplate coupling is found to 443 

be spatially heterogeneous on the slab–mantle interface (Suwa et al., 2006). Yamamoto et al. 444 

(2008) shows a close correlation between areas of high Vp/Vs ratios within the shallow (<60 km) 445 

mantle wedge and weak interplate coupling, suggesting that low-temperature serpentinization and 446 

subsequent metasomatic alteration allow the plate interface to slip stably. 447 

 448 

Conclusions 449 

Metasomatic alteration at the ultramafic–sedimentary contact leads to the formation of a 450 

reaction zone consisting of hydrous minerals. To investigate the evolution of frictional strength 451 

and slip stability via Ca- and Si-metasomatism, we performed a series of hydrothermal frictional 452 

sliding experiments on simulated gouge prepared from the metasomatic (talc and tremolite 453 

schists) and non-metasomatic (serpentinite and argillite) rocks in the Franciscan accretionary 454 

complex. On the basis of our mechanical data, we can conclude the following: 455 

1. Pseudomorphic serpentinite as tested in this study is frictionally strong, with the coefficient of 456 

friction (μ) ranging from 0.5 to 0.6. 457 

2. Talc schist has a very low μ (as low as 0.1), with a negative dependence of μ on temperature. 458 
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3. Argillite and tremolite schist exhibit an increase in μ with increasing effective normal stress and 459 

temperature, up to 0.7 and 0.6, respectively. The former is frictionally stronger than the latter at 460 

a given experimental condition. 461 

4. With increasing talc content, serpentine-bearing rock becomes more velocity strengthening. 462 

Talc schist has a positive dependence of (a−b) on sliding velocity. 463 

5. For argillite and tremolite schist, friction transitions from velocity strengthening to velocity 464 

weakening with increasing temperature. The temperature transitioning to velocity weakening is 465 

lower for the former than for the latter. 466 

6. The metasomatic growth of talc in ultramafic systems plays a role in reducing friction, 467 

stabilizing slip, and preventing earthquake propagation along the fault. 468 

 469 
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Captions 664 

Figure 1. (A) Geologic map of the western margin of central California, showing rock units, 665 

major faults, modified from Jennings (1958) and King et al. (2003). (B) Enlargement of the area 666 

shown in (A) (black rectangle), showing sample localities at Sand Dollar Beach and Jade Cove, 667 

Monterey County. All samples except for sample G02 were collected from outcrop. 668 
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 669 

Figure 2. Occurrence of a reaction zone between argillite and serpentinite within the Franciscan 670 

Complex at Jade Cove. (A) Outcrop photograph showing lenses and layers of talc schist 671 

embedded within tremolite schist. (B and C) Stereoplots illustrating poles to foliation (B) and 672 

lithological contacts between foliated cataclasite and tremolite schist (C). All plots are shown on 673 

lower hemisphere, equal area projections. Blue squares: foliated cataclasite, green square: talc 674 

schist, red squares: tremolite schist. 675 

 676 

Figure 3. Outcrop photographs showing metasomatic features at Jade Cove. (A) Blocky 677 

serpentinite crosscut by serpentine and talc veins. (B) Close up of a lithological boundary 678 

between foliated cataclasite and tremolite schist. The foliated cataclasite is accompanied with vein 679 

networks of talc. (C) Lenticular serpentinite (now altered to talc-rich assemblages) blocks 680 

embedded in tremolite schist. (D) Close up of talc schist in Figure 2A. 681 

 682 

Figure 4. Optical photomicrographs of metasomatic (talc and tremolite schists) and 683 

non-metasomatic (argillite and serpentinite) rock samples used for friction experiments. The 684 

photomicrographs were taken in plane-polarized light (B) and in cross-polarized light (A, C, D, E, 685 

F, G and H). (A and B) Argillite (sample no.: 11121002) with preferentially oriented 686 

illite/muscovite (I/M) aggregates (A) and dark pressure-solution seams and soluble minerals such 687 

as quartz and plagioclase (B). (C) Massive serpentinite (sample no.: 10122109) exhibiting mesh 688 

(hourglass) texture (MT) and bastite (Bs). Note crosscutting veins of lizardite (liz) and talc (tlc). 689 
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(D and E) Foliated cataclasite (sample no.: 10122102) in which serpentinite clasts exhibiting 690 

interpenetrating texture of antigorite (Atg) (D) and mesh (hourglass) texture (E) are contained in a 691 

matrix of fine-grained, randomly-oriented talc, along with minor dolomite (Dol). Cr: mesh core, 692 

Rm: mesh rim. (F) Tremolite schist (sample no.: 10122101) consisting of tremolite (Tr) and 693 

minor chlorite (Chl) overgrowing the previous metamorphic foliation. (G) Talc schist (sample 694 

no.: G02) showing a shape-preferred orientation of fine-grained talc. (H) Close up of aligned talc 695 

blades in Figure G. 696 

 697 

Figure 5. (A) Coefficient of friction (μ) as a function of shear displacement sheared at pore fluid 698 

pressures (Pfluid) of 40, 80 and 120 MPa, effective normal stresses (σn
eff

) of 60, 120 and 180 MPa, 699 

and a temperature (T) of 20°C. (B) Enlargement of the area shown in (A) (black rectangle), 700 

showing the details of velocity steps in the first normal-stress sequence. Numbers adjacent to 701 

cu ves co  espond to sliding velocity (μm/s). Note that the same velocity steps were applied to the 702 

second and third normal-stress sequences. 703 

 704 

Figure 6. Summary of friction data. All plotted measurements were taken at 4 mm shear 705 

displacement in each normal-stress sequence. (A) Coefficient of friction (μ) versus effective 706 

normal stress at a temperature (T) of 150°C. (B) Coefficient of friction (μ) versus temperature at a 707 

pore fluid pressure (Pfluid) of 80 MPa and an effective normal stress (σn
eff

) of 120 MPa. 708 

 709 

Figure 7. Plots of the friction rate parameter (a−b) as a function of sliding velocity for serpentinite 710 
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(A), foliated cataclasite (B) and talc schist (C) sheared at temperatures of 20, 150 and 300°C and 711 

an effective normal stress (σn
eff

) of 120 MPa. 712 

 713 

Figure 8. Plots of the friction rate parameter (a−b) as a function of sliding velocity for argillite (A) 714 

and tremolite schist (B) sheared at temperatures of 20, 150, 300 and 400°C and an effective 715 

normal stress (σn
eff

) of 120 MPa. 716 

 717 

Figure 9. Schematic diagram showing metasomatic alteration of a contact zone between argillite 718 

and serpentinite in the Franciscan Complex. Cata.: cataclasite. See the text for more details. 719 

 720 

Figure S1. X-ray diffraction (XRD) patterns for serpentinite (A), foliated cataclasite (B) and talc 721 

schist (C) used in our experiments. Ch: chlorite, Sp: serpentine, Tc: talc. 722 

 723 

Figure S2. X-ray diffraction (XRD) patterns for argillite (A) and tremolite schist (B) used in our 724 

experiments. Ch: chlorite, I/M: illite/muscovite, Qz: quartz, Tr: tremolite. 725 

 726 

Figure S3. Raman spectra of serpentine minerals in the range of 250–1200 cm
−1

 obtained for the 727 

serpentinite (A) and foliated cataclasite (B) samples. A: antigorite, C: chrysotile, L: lizardite. 728 

 729 

Figure S4. Hydrothermal ring shear machine installed at Utrecht University, the Netherlands. (A) 730 

The ring shear drive system and pressure vessel located inside the Instron loading frame. (B) The 731 
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two internal pistons assembled with the pressure-compensated piston plus upper sealing head. 732 

The two insulating mullite tubes, sheathed with stainless steel, and the furnace element are 733 

normally located inside the pressure vessel. (C) The two internal pistons plus sample-confining 734 

rings. (D) Schematic cross section of the piston–sample assembly. 735 

 736 

Figure S5. Coefficient of friction (μ) as a function of shear displacement sheared at pore fluid 737 

pressures (Pfluid) of 40, 80 and 120 MPa, effective normal stresses (σn
eff

) of 60, 120 and 180 MPa, 738 

and temperatures (T) of 150 (A), 300 (B) and 400°C (C). 739 

 740 

Figure S6. Plots of shear stress as a function of effective normal stress (σn
eff

) for serpentinite (A), 741 

foliated cataclasite (B) and talc schist (C) sheared at temperatures of 20, 150 and 300°C. Shear 742 

stress was measured at 4 mm shear displacement in each normal stress step. The slope of the 743 

linear best fit represents the average coefficient of friction (μ). 744 

 745 

Figure S7. Plots of shear stress as a function of effective normal stress (σn
eff

) for argillite (A) and 746 

tremolite schist (B) sheared at temperatures of 20, 150, 300 and 400°C. Shear stress was 747 

measured at 4 mm shear displacement in each normal stress step. The slope of the linear best fit 748 

represents the average coefficient of friction (μ). 749 



 
Figure 1. (A) Geologic map of the western margin of central California, showing rock units, major faults, 

modified from Jennings (1958) and King et al. (2003). (B) Enlargement of the area shown in (A) (black 

rectangle), showing sample localities at Sand Dollar Beach and Jade Cove, Monterey County. All 

samples except for sample G02 were collected from outcrop. 
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Figure 2. Occurrence of a reaction zone between argillite and serpentinite within the Franciscan 

Complex at Jade Cove. (A) Outcrop photograph showing lenses and layers of talc schist embedded 

within tremolite schist. (B and C) Stereoplots illustrating poles to foliation (B) and lithological contacts 

between foliated cataclasite and tremolite schist (C). All plots are shown on lower hemisphere, equal 

area projections. Blue squares: foliated cataclasite, green square: talc schist, red squares: tremolite 

schist. 
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Figure 3. Outcrop photographs showing metasomatic features at Jade Cove. (A) Blocky serpentinite 

crosscut by serpentine and talc veins. (B) Close up of a lithological boundary between foliated 

cataclasite and tremolite schist. The foliated cataclasite is accompanied with vein networks of talc. (C) 

Lenticular serpentinite (now altered to talc-rich assemblages) blocks embedded in tremolite schist. (D) 

Close up of talc schist in Figure 2A. 
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Figure 4. Optical photomicrographs of metasomatic (talc and tremolite schists) and non-metasomatic (argillite 
and serpentinite) rock samples used for friction experiments. The photomicrographs were taken in 
plane-polarized light (B) and in cross-polarized light (A, C, D, E, F, G and H). (A and B) Argillite (sample no.: 
11121002) with preferentially oriented illite/muscovite (I/M) aggregates (A) and dark pressure-solution seams 
and soluble minerals such as quartz and plagioclase (B). (C) Massive serpentinite (sample no.: 10122109) 
exhibiting mesh (hourglass) texture (MT) and bastite (Bs). Note crosscutting veins of lizardite (liz) and talc (tlc). 
(D and E) Foliated cataclasite (sample no.: 10122102) in which serpentinite clasts exhibiting interpenetrating 
texture of antigorite (Atg) (D) and mesh (hourglass) texture of lizardite/chrysotile (E) are contained in a matrix 
of fine-grained, randomly-oriented talc, along with minor dolomite (Dol). Cr: mesh core, Rm: mesh rim. (F) 
Tremolite schist (sample no.: 10122101) consisting of tremolite (Tr) and minor chlorite (Chl) overgrowing the 
previous metamorphic foliation. (G) Talc schist (sample no.: G02) showing a shape-preferred orientation of 
fine-grained talc. (H) Close up of aligned talc blades in Figure G. 
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Figure 5. (A) Coefficient of friction (μ) as a function of shear displacement sheared at pore fluid 

pressures (Pfluid) of 40, 80 and 120 MPa, effective normal stresses (σneff) of 60, 120 and 180 MPa, and 

a temperature (T) of 20°C. (B) Enlargement of the area shown in (A) (black rectangle), showing the 

details of velocity steps in the first normal-stress sequence. Numbers adjacent to curves correspond to 

sliding velocity (μm/s). Note that the same velocity steps were applied to the second and third 

normal-stress sequences. 
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Figure 6. Summary of friction data. All plotted measurements were taken at 4 mm shear displacement 

in each normal-stress sequence. (A) Coefficient of friction (μ) versus effective normal stress at a 

temperature (T) of 150°C. (B) Coefficient of friction (μ) versus temperature at a pore fluid pressure 

(Pfluid) of 80 MPa and an effective normal stress (σneff) of 120 MPa. 
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Figure 7. Plots of the friction rate parameter (a−b) as a function of sliding velocity for serpentinite (A), 

foliated cataclasite (B) and talc schist (C) sheared at temperatures of 20, 150 and 300°C and an 

effective normal stress (σneff) of 120 MPa. 
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Figure 8. Plots of the friction rate parameter (a−b) as a function of sliding velocity for argillite (A) and 

tremolite schist (B) sheared at temperatures of 20, 150, 300 and 400°C and an effective normal stress 

(σneff) of 120 MPa. 
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Figure 9. Schematic diagram showing metasomatic alteration of a contact zone between argillite and 

serpentinite in the Franciscan Complex. Cata.: cataclasite. See the text for more details. 
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Table 1. Summary of all tests performed in this study

Run no. Sample Temperature
(°C)

Pore fluid
pressure
(MPa)

Effective
normal stress

(MPa)

Sliding
velocity
(µm/s)

Friction
coefficient

(µ )

Initial gouge
thickness

(mm)

Total
displacement

(mm)

KH-20 tremolite schist 150 40, 80, 120 60, 120, 180 0.3, 1, 3, 10, 30, 100 0.36, 0.41, 0.46 1.12 49.9
KH-22 talc schist 20 40, 80, 120 60, 120, 180 0.3, 1, 3, 10, 30, 100 0.21, 0.21, 0.23 1.27 54.3
KH-23 argillite 20 40, 80, 120 60, 120, 180 0.3, 1, 3, 10, 30, 100 0.43, 0.43, 0.46 1.35 54.4
KH-24 serpentinite 20 40, 80, 120 60, 120, 180 0.3, 1, 3, 10, 30, 100 0.54, 0.55, 0.55 1.46 54.5
KH-25 foliated cataclasite 20 40, 80, 120 60, 120, 180 0.3, 1, 3, 10, 30, 100 0.21, 0.21, 0.27 1.32 55.1
KH-26 tremolite schist 20 40, 80, 120 60, 120, 180 0.3, 1, 3, 10, 30, 100 0.35, 0.39, 0.45 1.14 56.9
KH-28 argillite 150 40, 80, 120 60, 120, 180 0.3, 1, 3, 10, 30, 100 0.45, 0.53, 0.58 1.15 54.2
KH-29 serpentinite 150 40, 80 60, 120 0.3, 1, 3, 10, 30, 100 0.54, 0.56 1.28 22.4
KH-30 talc schist 150 40, 80, 120 60, 120, 180 0.3, 1, 3, 10, 30, 100 0.17, 0.19, 0.21 1.27 54.7
KH-31 foliated cataclasite 150 40, 80, 120 60, 120, 180 0.3, 1, 3, 10, 30, 100 0.30, 0.31, 0.33 1.35 55.9
KH-32 serpentinite 150 40, 80, 120 60, 120, 180 0.3, 1, 3, 10, 30, 100 0.60, 0.56, 0.51 1.34 54.7
KH-33 serpentinite 300 40, 80, 120 60, 120, 180 0.3, 1, 3, 10, 30, 100 0.55, 0.59, 0.55 1.38 53.8
KH-34 argillite 300 40, 80, 120 60, 120, 180 0.3, 1, 3, 10, 30, 100 0.52, 0.61, 0.68 1.36 53.6
KH-35 tremolite schist 300 40, 80, 120 60, 120, 180 0.3, 1, 3, 10, 30, 100 0.40, 0.47, 0.53 1.29 53.4
KH-36 talc schist 300 40, 80, 120 60, 120, 180 0.3, 1, 3, 10, 30, 100 0.13, 0.14, 0.16 1.36 53.8
KH-38 talc schist 150 40, 80, 120 60, 120, 180 0.3, 1, 3, 10, 30, 100 0.13, 0.16, 0.19 1.28 54.0
KH-40 foliated cataclasite 300 40, 80, 120 60, 120, 180 0.3, 1, 3, 10, 30, 100 0.32, 0.30, 0.27 1.34 53.2
KH-41 tremolite schist 400 40, 80, 120 60, 120, 180 0.3, 1, 3, 10, 30, 100 0.51, 0.53, 0.59 1.44 53.3
KH-42 argillite 400 40, 80, 120 60, 120, 180 0.3, 1, 3, 10, 30, 100 0.51, 0.59, 0.63 1.32 53.1
KH-43 tremolite schist 150 40, 80, 120 60, 120, 180 0.3, 1, 3, 10, 30, 100 0.36, 0.39, 0.43 1.25 53.3
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