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Epidote is a common hydrous mineral present in subduction zones subject to greenschist metamorphic conditions
- and potentially an important control on the fault stability-instability transition observed under greenschist
facies. We explore controls on this transition through shear experiments on simulated epidote gouge at tem-
peratures of 100-500 °C, effective normal stresses of 100-300 MPa and pore fluid pressures of 30-75 MPa. We
use rate-and-state friction to define these controls of temperature, effective stress and pore fluid pressure on
gouge stability. Experimental results indicate that the epidote gouge is frictionally strong (4 ~ 0.73) and the
frictional strength is insensitive to variations in temperature or pressure. With increasing temperature, the
epidote gouge exhibits a first transition from velocity-strengthening to velocity-weakening at sub-greenschist
conditions (T < 100 °C) before transitioning to velocity-strengthening under greenschist metamorphic condi-
tions (T > 300 °C). Elevating the pore fluid pressure or decreasing the effective stress promotes unstable sliding.
The transition in gouge rheology at varied temperatures and pressures is explained by the competition between
granular flow-induced gouge dilation and pressure solution-induced gouge compaction. Our results demonstrate
that the rate-and-state frictional stability of epidote gouges support the potential for a fault stability-instability-
stability transition for subduction under greenschist metamorphic conditions.

1. Introduction physical and mechanical properties of the hydrous minerals under

subduction temperatures and pressures, is warranted as a key prereg-

Dehydration of a variety of hydrous minerals (e.g., chlorite, zoisite/
epidote, glaucophane, lawsonite, talc, serpentine and amphibole) in
subduction zones may produce copious volumes of released water
(Forneris and Holloway, 2003; Oliver, 1996; Pawley et al., 1996; Pea-
cock and Hyndman, 1999; Schmidt and Poli, 1998). These dehydration
products will elevate pore fluid pressures and reduce effective stresses,
contributing to dehydration embrittlement in the subducting slab where
the excess pore fluids are unable to drain (Deseta et al., 2014; Hacker
et al., 2003; Incel et al., 2017; John et al., 2009; Jung et al., 2004).
Previous studies demonstrate that such dehydration embrittlement may
trigger upper plate earthquakes in the subducting oceanic crust (Green II
and Houston, 1995; Hacker et al., 2003; Kirby, 1995; Raleigh, 1967;
Spinelli and Wang, 2009). Consequently, a systematic study of the
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uisite for understanding fault deformation, seismic triggering and geo-
dynamic processes in subduction zones (Ando et al., 2012; Behr et al.,
2018; Fagereng and Toy, 2011; Tulley et al., 2022).

Extensive laboratory studies have explored the frictional strength
and stability of hydrous mineral gouges under pressure and temperature
conditions relevant to subduction zones. These include chlorite (Belzer
and French, 2022; Okamoto et al., 2019), blueschist (glaucophane-
lawsonite mixtures) (Sawai et al., 2016), talc (Boneh and Hirth, 2023;
Moore and Lockner, 2008), serpentine (Reinen et al., 1994; Tesei et al.,
2018), and amphibole gouges (Liu and He, 2020) — however, few
examine the response of epidote gouges and especially at high temper-
atures (An et al., 2021; Fagereng and Ikari, 2020; Kolawole et al., 2019).
Epidote is characteristic of other hydrous Ca-Al-silicate mineral, with
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the chemical formula of CasAl3 4Fex(Si04)(Si207)O(OH). It is commonly
generated under greenschist, blueschist and epidotite-amphibolite
metamorphic conditions and widely distributed in metabasites, meta-
pelites, and metacherts within subducting plates (Bird and Spieler,
2004; Chen et al., 2019; Enami et al., 2004; Franz and Liebscher, 2004;
Wehrens et al., 2016). In retrograde faults exhuming mafic rocks, the
epidote mineral also occurs as a result of retrograde greenschist meta-
morphism (Diener et al., 2016; Fagereng and Diener, 2011; Fagereng
and Ikari, 2020).

Epidote minerals generally contain ~2 wt% bound water in their
crystal structures and typically comprise up to one fifth by weight of
subducting mid-ocean ridge basalts (MORB) (Apted and Liou, 1983; Frei
et al., 2004; Schmidt and Poli, 1998). Consequently, the dehydration
reaction injects a significant mass of water into the subducting slab and
thus, potentially, the mantle (Hu et al., 2017; Li et al., 2021; Spandler
et al., 2003). An important question arises as to whether epidote-filled
faults in the subducting slab would show stable or unstable sliding be-
haviors upon fluid pressurization. Current experimental observations
are limited to temperatures representative only of the shallow crust (An
et al., 2021; Fagereng and Ikari, 2020; Shads 4-1 sample in Kolawole
etal., 2019), highlighting the need for measurements of rheology at high
temperatures and pressures — in particular at the fluid pressurization
conditions upon dehydration reactions that could affect the porosity and
elastic mechanical properties in the mineral skeleton and further induce
strain localization and shear instabilities during deformation (Brantut
et al., 2011a, 2011b, 2012).

(a)

Fault plane

(b)

Sea level
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Spring-slider models are commonly used to simulate the stability
response of tectonic loading and failure that may contribute to seis-
micity on faults (Fig. 1a) (Gu et al., 1984; Marone, 1998). Fault rupture
initiates when the resultant shear stress on the pre-existing fault plane
exceeds the frictional resistance. From Amonton’s law, the strength
failure criterion is defined and the resultant shear stress 7 is expressed as,

T:C()-‘rﬂo(dn—Pf):Co-‘rﬂoo'mff (€8]
where Cy represents the cohesive strength, p is the coefficient of friction,
on, Pp, and opef indicate the normal stress, pore fluid pressure and
effective normal stress, respectively. Eq. (1) denotes the stress condition
when a fault would slip, but it cannot define the slip velocity for a fault
rupture. The evolution of fault friction with slip velocity may be rep-
resented by the empirical rate-and-state friction (RSF) law (Dieterich,
1979; Marone, 1998; Rice, 1983; Rice and Ruina, 1983; Ruina, 1983;
Schloz, 2002). RSF theory accommodates the variation of coefficient of
friction with change in slip velocity and the evolution of contact area
under an applied effective stress. A variety of expressions describe RSF
theory with the most frequently employed written as,
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Fig. 1. (a) Conceptual sliding model for fault sliding behavior, and the idealized rate-and-state friction response at a velocity up-step: velocity-strengthening (v-s) and
velocity-weakening (v-w). Symbols ks and Vj, represent the system (spring) stiffness and load point velocity, respectively. (b) Schematic of greenschist metamorphism
within a subducting slab and the corresponding rate-and-state frictional stability (a — b) in epidote gouge. The temperature/depth on (b)-right corresponds to the
cartoon in (b)-left by considering a thermal gradient of 25 °C/km.
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do Ve, (Ve .
@ D—Cln <D_c> (slip law) 4)

where pp and p represent the steady state coefficient of friction at the
reference shear velocity Vj and the instantaneous coefficient of friction
at the current shear velocity V. a and b are two dimensionless parameters
that describe the direct and evolutional effects from the velocity step,
respectively, D, is the required critical slip distance from a past to a new
steady state and 6 describes the contact age and could be described from
either the slowness or slip law in Egs. (3)-(4). An idealized rate-and-
state friction response for a velocity up-step is shown in Fig. 1a.

At steady state, the state variable ¢ is constant and the frictional
stability (a — b) can be generated from Egs.(2)-(4), as,

_ Apg

b=y

)

where Apgs denotes the difference in coefficients of friction before and
after the velocity change. Positive values of (a — b) indicate an enhanced
frictional strength from a velocity up-step, representing velocity-
strengthening behavior. Faults with positive values of (a — b) favor
only stable and aseismic sliding. Conversely, negative values of (a — b)
denote velocity-weakening behavior and promote unstable and seismic
fault sliding whenever the fault stiffness is lower than the rheologic
critical stiffness of the loading medium (Gu et al., 1984). The impacts of
geological (including mineralogy and fault roughness) and environ-
mental (including the temperature and applied pressure) conditions on
fault response are reflected in the frictional constitutive parameters a, b
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and D, (den Hartog and Spiers, 2013; Fang et al., 2018). Additionally,
changes in the values of a, b and D, also depend on microstructural
evolution. Thus, the rate-and-state frictional response, especially fric-
tional stability (a - b) is vital in understanding mechanisms controlling
the evolution of fault stability and geodynamic process under hydro-
thermal conditions.

To explore the controls of epidote on faulting styles in greenschist
facies we complete laboratory velocity-stepping experiments on pure
epidote gouge at temperatures up to 500 °C and effective stresses up to
300 MPa to (1) define the temperature dependence of rate-and-state
friction parameters in epidote gouge, as represented in Fig. 1b, (2)
examine the effect of fluid pressurization on the stability response of
epidote gouge at high temperatures, and (3) explore related implications
for a stability-instability-stability transition in faults subducting under
greenschist facies conditions.

2. Experimental methods

We complete a series of frictional sliding experiments under
greenschist facies conditions on powdered epidote gouges under inde-
pendently controlled temperatures and effective stresses modulated by

fluid overpressures. We use the experimental observations to define
anticipated changes in styles in faulting with depth and time.

2.1. Epidote gouge preparation

The epidote (Fig. 2a) used in the shear experiments was recovered
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Fig. 2. (a) Powdered epidote with corresponding (b) X-ray diffraction (XRD) results and (c) particle size distribution.
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from Handan city, Hebei Province, northern China. Surface impurities
were removed and the epidote powdered to particles <75 pm to repre-
sent fault gouge (Fig. 2a). The mineral composition was determined with
the X-ray diffraction method, which showed an epidote powder of >99
% purity (Fig. 2b). Laser classifier (Fig. 2c) defined diameters of ~90 %
epidote particles to be <75 pm, with a median particle diameter of
~48.7 pm.

2.2. Experimental apparatus and procedures

Velocity-stepping shear experiments were completed using the gas-
confined triaxial shear assembly shown in Fig. 3 - with a detailed
description presented in He et al. (2006). For each test, the upper and
lower cylindrical forcing blocks were prepared from gabbro — with a
diameter of 19.8 mm and a height of 40 mm and with an inclined saw cut
at 35° to the cylinder axis to accommodate shear of the confined gouge
layer. The gabbro driving blocks were first ground flat, and then
roughened by 300-mesh silicon carbide (SiC) abrasive to drive the gouge
layer in shear. The upper driving block was drilled with two inter-
connected holes (shown in Fig. 3) for the pore fluid entry. Dense brass
filters with micrometer-sized pores (pore diameters on the order of
micrometers) were inserted into these two holes to prevent gouge
extrusion and ensure the supply of pore fluids and pressures. The epidote
powder was prepared as a paste using deionized (DI) water and placed
on the upper driving block, before mating with the lower driving blocks.
Under high-temperature and high-pressure conditions, the DI water is
highly reactive with the gouge and forcing blocks and would be expected
to influence pressure-solution processes on lab timescales. During our
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shear experiments, we typically leave 2-3 h to ensure that the pore fluid
is uniformly distributed within the gouge zone and this period of time
may allow the gouge sample or forcing blocks to chemically equilibrate
with the DI water and minimize any transient chemical effects. The
thickness of the epidote gouge was precisely controlled to be 1.0 mm by a
high-precision leveling jig. Subsequently, the gouge-filled driving blocks
were inserted into a 0.35-mm thick annealed copper jacket, with cylin-
drical tungsten carbide and corundum blocks arranged above and below
the sample as forcing platens. The space between the copper jacket and
furnace was filled with boron nitride powders to inhibit convection of
the argon gas confining fluid. The O-rings on both steel end plugs seals
the fault gouge zone, while the high-pressure seal at the top sealing
block and upper piston maintains the sealing of the entire system.
Finally, a thermocouple was inserted in the upper forcing block to record
the gouge midpoint temperature at a distance of ~8.72 mm from the
thermocouple to gouge midpoint. Uniform temperature along the sam-
ple was maintained by a two-zone internal furnace returning a near-zero
vertical gradient.

A total of eight shear experiments were completed at temperatures
(T) of 100-500 °C, confining pressures (6.) of 125-170 MPa and pore
fluid pressures (Py) of 30-75 MPa, with experimental details given in
Table 1. The eight experiments can be divided into two distinct groups
according to their respective objectives. The five experiments in group I,
including Ep-100, Ep-200, Ep-300, Ep-400 and Ep-500, were completed
at constant confining (6. = 125 MPa) and pore fluid (P = 30 MPa)
pressures but at different temperatures. These were to explore the effect
of temperature evolution with depth on epidote gouge friction and
stability. The final three experiments, including Ep300-125-75,
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Fig. 3. Schematic of fault gouge assembly in the triaxial shear apparatus.
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Table 1
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Suite of experimental conditions. Symbols and abbreviations T, o, Pf, 0ceff; Onefs Dy V-5, and v-w represent applied temperature, confining pressure, pore fluid pressure,
effective confining pressure, and effective normal stress, together with observed total shear displacement and designation as to whether velocity-strengthening, or
velocity-weakening behaviors, are observed, respectively. The confining and pore fluid pressures are kept constant during the experiments, while the effective normal
stress would change slightly with the velocity steps. Thus, the listed values of effective normal stress are approximate values.

Experiment T o Py Oeeff Oneff Axial velocities (um) D, Velocity Occurrence of stick-slips or
number (o] (MPa) (MPa) (MPa) (MPa) (mm) dependence oscillations
Group I: Constant pressure condition (6. = 125 MPa and Py = 30 MPa)
1-0.2-0.04-0.2-1-
Ep-100 100 125 30 95 ~200 0.2-0.04-0.2 3.86 V-s, V-w -
Ep-200 200 125 30 95 ~200 1-0.2-0.04-0.2-1-0.2-0.04 3.73 v-w All velocity steps
1-0.2-0.04-0.2-1- All velocity steps, except for second
Ep-300 300 125 30 95 200 0.2-0.04-0.2 3.76 v-w 0.04 pm/’s
1-0.2-0.04-0.2-1-
Ep-400 400 125 30 95 ~200 0.2-0.04-0.2 3.70 V-5 -
1-0.2-0.04-0.2-1-
Ep-500 500 125 30 95 ~200 0.2-0.04-0.2 3.70 V-s -
Group II: Constant temperature condition (T = 300 °C)
1-0.2-0.04-0.2-1- .
Ep300-125-75 300 125 75 50 ~100 0.2-0.04-0.2-1 3.87 v-w All velocity steps
1-0.2-0.04-0.2-1- First and second 0.2 pm/s, second 1
E —170- 1 1 ~ . -S, V-
p300-170-30 300 70 30 40 300 0.2-0.04-0.2 3.94 V=S, V-w um/s
1-0.2-0.04-0.2-1- First and second 0.2 um/s, second
Ep300-170-75 300 170 75 95 200 0.2-0.04-0.2-1 3.86 V=S, V-w and third 1 um/s

Ep300-170-30, and Ep300-170-75, were performed at constant tem-
perature (T = 300 °C) but different fluid pressures, to investigate the
impact of different fluid pressure to normal stress ratios on epidote
gouge stability.

As the gas and fluid pressures in the triaxial sample assembly would
increase as temperatures were elevated, the confining and pore fluid
pressures were first raised to approximately one third of the desired end-
values, followed by heating and adjusting the confining and pore fluid
pressures to the desired values. Deionized water was adopted as the pore
fluid to minimize unwanted chemical effects. The axial load, displace-
ment and temperature were recorded by the high-resolution internal
load sensor (with resolution of +0.1 N), external displacement sensor
(with resolution of +£0.1 pm and range of 0-10 mm), and an external
thermocouple (with resolution of +1 °C and range of 0-1000 °C),
respectively, at a sampling frequency of 1 Hz. The epidote gouge was
initially sheared at an axial velocity of 1 pm/s until the slip-
strengthening trend is gentle, followed by up- then down-stepping the
axial velocities between 1 and 0.2-0.04-0.2-1 uym/s (corresponding to
velocities of 1.22-0.244-0.0488-0.244-1.22 pum/s along the shear di-
rection) to assess the velocity dependence of friction evolution. The total
duration of the shear experiment is ~11 h and the time taken to allow
saturation of the gouge layer is 2-3 h under both high-temperature and
high-pressure conditions before shearing initiated.

2.3. Data reduction and pretreatment

Variation in the epidote gouge contact area with increasing
displacement and the changing shear resistance from the copper jacket
required correction of the raw data, with detailed descriptions of these
corrections reported in He et al. (2006). The coefficient of friction () is
recovered from Eq. (1) by assuming zero cohesion. Fault frictional sta-
bility (a - b) is calculated from rate-and-state friction (RSF) following
Egs. (2)-(5) with velocity-strengthening or velocity-weakening repre-
sented by (a - b) values as shown in Fig. 1a. For fault response with stick-
slip, the values of (a — b) were calculated from the average values of
stress drops. It should be noted that these (a — b) values obtained from
the stick-slips are only approximate as the obtained values depend on
the critical slip distance D, which could vary within the experiments.

After the shear experiments, the deformed gouges were first dried in
a drying oven at a temperature of 65 °C for ~48 h and then vacuum
impregnated with epoxy resin. Subsequently, the samples were thin
sectioned along the shear directions and perpendicular to strike
following the standard thickness, then polished and gold-coated for

imaging by scanning electron microscopy (SEM). Additionally, as the
tested gouge in each shear experiment is generally less than 1.5 gand the
epidote minerals generally contain ~2 wt% bound water in their crystal
structures, the alteration products would be very limited (<0.03 g).
Consequently, we did not conduct post experimental geochemical
analyses.

3. Results - friction/stability behavior
3.1. Friction/stability at elevated temperatures

By performing experiments at a constant pressure but different
temperatures, we can isolate the effect of temperature on the evolution
of friction and frictional stability of the epidote gouge. A quasi-linear
increase in friction is apparent within the initial 1.0 mm displacement
followed by macroscopic yield and slight displacement-strengthening
response over the remaining displacement (Figs. 4 and S2). At temper-
atures of 100, 400 and 500 °C (Fig. 4a and d-e), the epidote gouge ex-
hibits only stable sliding. However, at temperatures of 200-300 °C
(Figs. 4b-4c), stick-slip initiates at almost all velocities, indicative of the
potential for seismic response (Brace and Byerlee, 1966). The magni-
tudes of the individual stress drops also increase with elevated tem-
perature with the maximum friction drops reaching ~0.03 at 200 °C
and ~ 0.052 at 300 °C, respectively, occurring at the lowest velocity.

The coefficients of friction (i) across the tested temperature range
(100-500 °C) approach ~0.73 and are insensitive to temperature (Fig. 5
and Table 2). This frictional strength is high compared to other hydrous
mineral gouges, such as chlorite (4 = 0.2-0.4) (Okamoto et al., 2019),
talc (4 < 0.3) (Moore and Lockner, 2008), and lizardite serpentinite (u =
0.15-0.35) gouges, but similar to amphibolite (0.67-0.73) (Liu and He,
2020) and antigorite serpentinite (4 = 0.50-0.85) (Reinen et al., 1994)
gouges. Conversely, elevated temperatures exert a significant control on
frictional stability. As the temperature increases, the epidote gouge
transitions from velocity-neutral behavior at 100 °C (a—b = —0.0005 to
0.0018), to velocity-weakening behavior at 200 °C (a— b = —0.0187 to
—0.0076) and 300 °C (a — b = —0.0339 to —0.0185), then back to
velocity-strengthening behavior at 400 °C (a - b = 0.0040 to 0.0094)
and 500 °C (a - b = 0.0052 to 0.0092) (Fig. 6 and Table 2) - indicating
the destabilizing effects of temperature in the range 100 < T < 300 °C.
This first stability transition is similar to results for epidote vein gouge
(stability to instability occurring at 105 °C) under hydrothermal con-
ditions as reported by Kolawole et al. (2019) although they used the
average friction values to obtain (a — b) for stick-slips. In addition, we
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Fig. 4. Coefficient of friction (4) versus shear displacement for tests at the uniform confining pressure (125 MPa) and pore fluid pressure (30 MPa) but different
temperatures (100-500 °C). Experiment numbers: (a) Ep-100, (b) Ep-200, (c) Ep-300, (d) Ep-400, and (e) Ep-500. Incremented/decremented shearing velocities are

marked below the curves.

also examined the velocity dependence of (a — b) values at T = 100-500
°CinFig. 7. Values of (a—b) at T = 100 and 400-500 °C are less affected
by the upward or downward velocity steps. However, the values of (a —
b) at T = 200-300 °C are apparently affected by the upward or down-
ward variation of velocities. Besides, the magnitudes of our obtained
positive (a — b) values are small compared to values reported in other
friction experiments under hydrothermal conditions (e.g., Blanpied
et al., 1995; Niemeijer et al., 2016; Verberne et al., 2015), but similar
with the results from Tian and He (2019) and Liu and He (2020). This
discrepancy may derive from different testing conditions and shear
apparatus.

3.2. Friction/Stability at elevated fluid pressures

To explore the effect of elevated fluid pressure within the slab, driven
by dehydration reactions, the pore fluid pressures were increased at both
low (6, = 125 MPa) and high (6, = 170 MPa) confining pressures, with
the friction-displacement and friction-effective normal stress curves
shown in Figs. S3 and S4, respectively. At a low confining pressure (6. =
125 MPa), elevating the pore fluid pressures to 75 MPa in test
Ep300-125-75 returns larger stick-slips for each velocity than for test
Ep-300 (Figs. 4c and S3a) — an indicator of enhanced frictional insta-
bility. At a high confining pressure (6, = 170 MPa), elevating the pore
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Fig. 5. Evolution of frictional strength with temperature (u) for epidote gouge
at 6. = 125 MPa and Py = 30 MPa. Black dashed line defines mean friction as y
= 0.73.

fluid pressure also promotes larger stick-slips (Figs. S3b-S3c), similar
with the trend at a low confining pressure. Additionally, compared with
the experiments at low confining pressure, the high confining pressure at
tests Ep300-170-30 and Ep300-170-75 also enhances stable sliding and
velocity-strengthening response (Figs. S3b-S3c).

At alow confining pressure (o, = 125 MPa) (Figs. 8a-8b and Table 2),
elevating the pore fluid pressure would slightly increase the epidote
gouge coefficients of friction from 0.732 to 0.779 and apparently lower
the (a - b) values from within the range of —0.0339 to —0.0185 to the
range of —0.0373 to —0.0277. The variation in coefficient of friction at a
high confining pressure (6, = 170 MPa) (Figs. 8c and Table 2) is similar
to that at low confining pressure. However, only the (a — b) values at
velocities exhibiting stick-slip behaviors apparently decrease with an
increase in pore fluid pressure (Fig. 8d and Table 2). By examining the
effect of decreased effective normal stress in Figs. 9a-9b, it is apparent
that, with a decrease in effective normal stress, the coefficients of fric-
tion increase slightly from 0.73 to 0.74 at 6per = 200 and 300 MPa to
~0.78 at opeff = 100 MPa (Fig. 9a and Table 2). Meanwhile, frictional
instability is enhanced at higher effective normal stresses (Fig. 9b), with
values of (a - b) decreasing from —0.0198 to 0.0017 at o, = 300 MPa,
to —0.0339 to —0.0185 at 6y = 200 MPa, and to —0.0373 to —0.0277
at opeff = 100 MPa (Table 2). In addition, decreasing the confining
pressure also has only a negligible effect on coefficient of friction
(Fig. 9¢) but apparently further promotes fault instability (Fig. 9d).
These results all show that either elevating the pore fluid pressure or
decreasing the effective stress, each promote unstable sliding. However,
we note that changes in pore pressure are not intrinsically isolated from
effective normal stress in our test suite. The discussions on the effect of
pore fluid pressure in Fig. 8 are not based on the constant effective
normal stress, while the discussions on the effect of effective normal

Table 2
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stress in Fig. 9 are also not based on the constant pore fluid pressure.

3.3. Microstructural development

Following the methods described in Section 2.3, the microstructures
of deformed epidote gouges were obtained from scanning electron mi-
croscopy (SEM) with the shear fabrics described following the termi-
nology of Logan et al. (1992) (Fig. S5). The most common features of
deformed fault gouge fabrics are R; and Y shears with both indicating
localized shear zones. The R; fractures typically show a low angle
(<30°) to the interface parallel with the forcing block, while the Y
fractures are nearly parallel with the forcing block interface (Logan
et al., 1992).

Backscattered microscopic images at different temperatures (T =
100-500 °C) are shown in Figs. 10-11 with the microstructures of
epidote gouges returning velocity-strengthening response quite different
from those returning velocity-weakening or stick-slip responses. At T =
100 °C, the epidote gouge returns velocity-neutral behavior and the
deformed gouge shows apparent particle extrusion and crushing
(Figs. 10a and 11a). Apparent R; shear fabrics could also be observed
with particle diameters at the R; shear zone <10 pm due to the effect of
strong shear (Fig. 11b). The areas outside the R; shear zone show
apparent particle granular flow, with particles undergoing weaker shear
(Fig. 10a). At T = 200 °C, the epidote gouge returns velocity-weakening
behavior and minor stick-slips and the R; shears are closer together
(Fig. 10b). When the temperature increases to T = 300 °C, the epidote
gouge shows apparent stick-slip behavior and Y shears are observed
throughout the shear zone (Fig. 10c). The Y shears generally appear with
the fault sliding potentially changing from stable slip to apparent stick-
slips according to Logan et al. (1992), consistent with the stick-slip

0.010 1
0 s e I s o . i B A s s SRl 8 ol et s
()
=
©-0.010f 1
o]
: | —0O—F0.2-0.04| |
©-0.020 —l—F0.04-0.2
—d—F0.211
I —>—s1-02 ||
-0.030 . —0—50.2-0.04
V-weakening —[1—S0.04-0.2
-0.040 ! L L L L
100 200 300 400 500

Temperature for Ep Gouge (C)

Fig. 6. Frictional stability (a — b) for epidote (Ep) gouge at . = 125 MPa, Py =
30 MPa and temperatures (100-500 °C). Legend shows the sequence of velocity
steps, with “F” and “S” representing first and second, respectively.

Experimental results for coefficient of friction (jiss) and frictional stability (a — b). The coefficients of friction (us;) were evaluated at a shear displacement of ~2.75 mm
and a shear velocity of 1.22 pm/s. Symbols for ‘F(irst)’ and ‘S(econd)’ indicate the sequence of shear velocity steps.

Experiment number Hss Values of (a - b) at different axial velocities (um/s)

F0.2-0.04 F0.04-0.2 F0.2-1.0 $1.0-0.2 $0.2-0.04 $0.04-0.2 $0.2-1.0

Ep-100 0.722 0 0.0008 0.0018 0.0010 —0.0003 —0.0005 -

Ep-200 0.740 —0.0187 —-0.0119 —0.0076 —0.0117 —0.0181 - -

Ep-300 0.732 —0.0339 —0.0280 —0.0207 —0.0224 —0.0242 —0.0185 -

Ep-400 0.741 0.0040 0.0074 0.0057 0.0070 0.0094 0.0078 -

Ep-500 0.708 0.0077 0.0092 0.0075 0.0052 0.0071 0.0069 -
Ep300-125-75 0.779 —0.0373 —0.0363 —0.0282 —0.0322 —0.0326 —0.0299 —0.0277

Ep300-170-30 0.735 —-0.0198 —0.0141 —-0.0112 —-0.0105 0.0020 0.0017 -
Ep-300-170-75 0.754 —0.0277 —0.0220 —0.0209 —0.0168 —0.0013 0.0037 _0.0121
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response in experiment Ep-300. In addition, the Y shear zones also un-
dergo strong particle crushing with diameters of most particles <5 pm
(Fig. 11d). However, at T = 400 and 500 °C, the epidote gouges return
velocity-strengthening responses and also show apparent R; shear zones
but no visible fractures - possibly as these zones are more highly com-
pacted and do not dilate upon decompression. Meanwhile, the deformed

gouges show only a minor amount of grain size reduction at T =
400-500 °C (Figs. 10d-e, 11e-f). Backscattered microscopic images at T
= 300 °C but different pressures are shown in Fig. 12 where R; shears
dominate the shear fabrics. Upon elevated pore pressure in Experiment
Ep300-125-75, dilatant granular flow with a higher porosity (more
apparent void) is observed with grain sizes less reduced as a result of



M. An et al

o
©

T
/oneff)
o
(e o]

e
2y
r

o o
3] o
T T
L L

Coefficient of Friction (y
o
»

100 200 300
Effective Normal Stress (MPa)

o
w

o
©

=T/crnef‘f)
=}
o

o o ©
(¢} (2] ~
T T T
L 1

Coefficient of Friction (u
o
N

125 170
Confining Pressure (MPa)

o
w

Tectonophysics 890 (2024) 230497

0.010 T T :
(b) V-strengthening
P S B
—0O—F0.2-0.04 —P—51-0.2
——F0.04-0.2 -O—50.2-0.04
S -0.010} [-#=Fo21 —O-s004-02 J
g
Kol
o ~0.020 1
-0.030 1
-0.040 . ‘ .
100 200 300
Effective Normal Stress (MPa)
0.010 T T
(d) V-strengthening
0 _________________________________________________
V-weakening
S-0010f ]
(]
>
o
o 0020T —O—F02004||
iF0.0«t-O.Z
F0.2-1
-0.030 —P—s1-0.2
—0O—5s02-004
—{0—S0.04-0.2
-0.040
125 170

Confining Pressure (MPa)

Fig. 9. (a) Coefficient of friction () and (b) frictional stability (a — b) at constant temperature (T = 300 °C) but varying effective normal stresses. The comparisons in
(a) and (b) are based on tests Ep300-125-75, Ep300, and Ep300-170-30. (c) Coefficient of friction (x) and (d) frictional stability (a - b) at constant temperature (T =
300 °C) and pore fluid pressure (Ps = 75 MPa) but varying confining pressures. The comparisons in (c) and (d) are based on tests Ep300-125-75 and Ep300-170-75.

shear comminution (Fig. 12a and d-e).
4. Discussion
4.1. Comparison with previous observations

Frictional stability (a - b) in the epidote gouge at a constant effective
stress (Gnefr = 200 MPa and Py = 30 MPa) is sensitive to increasing
temperature, i.e., velocity-neutral at T = 100 °C, velocity-weakening
with stick-slips at T = 200-300 °C, then again velocity-strengthening
at T = 400-500 °C (Fig. 7). The first transition from velocity-
strengthening to velocity-weakening at a temperature of ~100 °C is
significantly lower than for gouges comprising most common hydrous
minerals - including sheet-structured chlorite and talc, hornblende and
glaucophane-lawsonite (Liu and He, 2020; Moore and Lockner, 2008;
Okamoto et al., 2019; Sawai et al., 2016). Chlorite gouge only exhibits
minor velocity-weakening behavior at T = 300 °C at total normal
stresses of 100-400 MPa and pore fluid pressures of 50-220 MPa across
a testing temperature range of 22-600 °C (Okamoto et al., 2019).
Similarly, the talc gouge shows only velocity-strengthening and inher-
ently stable behavior over the temperature range 25-400 °C (Moore and
Lockner, 2008). Chlorite and talc are both phyllosilicate minerals and
their layered crystal structure and weak interlayer bonds typically
contribute to low frictional strength and velocity-strengthening
behavior (Giorgetti et al., 2015; Ikari et al., 2009; Moore and Lockner,
2008, 2011). Additionally, simulated hornblende gouges show velocity-
strengthening response at T = 100-200 °C and minor velocity-
weakening response at T = 300-600 °C at a confining pressure of 136
MPa and a pore fluid pressure of 30 MPa (Liu and He, 2020). Similarly,

glaucophane-lawsonite mixed gouges only exhibit velocity-weakening
behavior at T = 200 and 400 °C at effective normal stresses in the
range 25-200 MPa and pore fluid pressures of 25-200 MPa (Sawai et al.,
2016). These comparisons demonstrate that an abundance of epidote
gouge within subduction zone faults could allow the nucleation of
earthquakes at a lower temperature than most of the common hydrous
minerals. Meanwhile, the occurrence of epidote is closely related to
retrograde metamorphism of plagioclase and augite, with calcium
family minerals (like calcite) also contributing to the abundance of
epidote under greenschist metamorphic conditions (Franz and
Liebscher, 2004; Spinelli and Wang, 2009). The first transition tem-
perature from velocity-strengthening to velocity-weakening at ~100 °C
is similar to gouges rich in plagioclase (~100 °C) (He et al., 2013),
augite (~100 °C) (Tian and He, 2019) and calcite (even <100 °C)
(Verberne et al., 2015).

In addition to temperature, effective normal stresses or pore fluid
pressures also affect the stability of subduction zone faults (den Hartog
et al., 2012; den Hartog and Spiers, 2013). At T = 300 °C, a decrease in
effective normal stress or an increase in pore fluid pressure both desta-
bilize the epidote gouge (Figs. 8-9). This indicates that epidote gouge
stability is also sensitive to the variation in effective normal stress or
pore fluid pressure. This observation that decreasing the effective
normal stress destabilizes the fault is opposite to results on quart-clay
mixed gouge (den Hartog and Spiers, 2013), but congruent with
several experimental studies, including those on phyllosilicate-bearing
gouges (Niemeijer and Collettini, 2014), glaucophane-lawsonite mixed
gouges (Sawai et al., 2016) and granitic gouges (Zhang et al., 2022). This
discrepancy may result from either the different testing materials or
conditions. More importantly, a lower effective stress would tend to
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Fig. 10. Backscattered microstructural images of the deformed gouges at 6. = 125 MPa, Py = 30 MPa and different temperatures (T = 100-500 °C), (a) Ep-100, (b)
Ep-200, (c) Ep-300, (d) Ep-400, and (d) Ep-500. Scale bars, 200 pm. The zoom-in pictures of the white rectangles are shown in Fig. 11.

stabilize slip, but if the lower effective stress also changes the stiffness
(of the apparatus and fault surroundings), it could potentially lead to
more unstable slip (Im et al., 2017). Also, lowering the effective stress
could affect gouge particle compaction and the particle size and thus
change values of D.. Meanwhile, the lower effective stress could enhance
fault embrittlement and localized shear. This could further lower the
contact area for the gouge particles and increase b values. These changes
all could affect fault critical stiffness and hence fault instability.

4.2. Mechanisms of epidote instability at different temperatures and
pressures

Observed variations of frictional stability (a — b) of epidote gouge at
different temperatures and pressures can be partially understood by a
microphysical model proposed by Niemeijer and Spiers (2007).
Although this model was initially proposed to explain the strong velocity
weakening behavior in phyllosilicate-bearing gouges, it has broad ap-
plications to understand the velocity-strengthening to weakening tran-
sition with increasing temperatures or pressures (Boulton et al., 2014;
den Hartog and Spiers, 2014; Sawai et al., 2016). In the microphysical
model, fault instability is modulated by granular flow-induced gouge
dilation and the competition with pressure solution-induced compac-
tion. Pressure solution involves water-mediated mineral particle disso-
lution, transport and precipitation. Although we do not find the direct
evidence of pressure solution in the microstructural observations,
epidote exhibits comparable solubility and dissolution rates to feldspars
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(like the K-feldspar and albite) and micas at low temperatures (Rose,
1991; Kalinowski et al., 1998; Poli and Schmidt, 2004; Marieni et al.,
2021). This further supports the applicability of the microphysical
model.

At low temperatures (e.g., T < 100 °C for epidote gouge), the pres-
sure solution (dissolution-precipitation) will be too slow relative to
gouge deformation dominated by granular flow and rearrangement (e.g.
Figs. 10a and 11a). Particles will rotate and displace with this only
possible if accompanied by dilation. Frictional stability at this temper-
ature is dominated by the mineralogical intergranular response as either
velocity-strengthening or velocity-neutral. At higher temperatures (i.e.,
T = 200-300 °C for epidote gouge), pressure solution effects strengthen
and gouge compaction counters the tendency for dilation apparent at
lower temperatures. The fault gouge dilation rate depends on the
displacement and porosity (and grain size/shape through packing).
Increasing the shear velocity would result in elevated gouge porosity ata
new steady state—contributing to a decreased dilation angle, reduction
in frictional strength and resulting in the observed velocity-weakening
behavior over a velocity-up-step. At further increased temperatures (i.
e, T = 400 and 500 °C for epidote gouge), particle-particle pressure
solution (dissolution-precipitation) is then sufficiently strong to domi-
nate gouge deformation with the development of porosity suppressed (as
observed in the denser and less porous structure in Figs. 10d-e and 11e-f)
- with fault response returning to velocity-strengthening behavior (Bos
and Spiers, 2002; Niemeijer and Spiers, 2006). In summary, fault
instability (a — b < 0) at different temperatures primarily occurs due to
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(f) Ep-500 &

Fig. 11. Zoom-in backscattered microstructural images of the deformed gouges from Fig. 10, with (a)-(b), (c)-(d), and (e)-(f) from the experiments Ep-100, Ep-300

and Ep-500, respectively. Scale bars, 50 pm.

the competition between the granular flow-induced gouge dilation (i.e.,
the slip-dependent dilation) and pressure solution-induced gouge
compaction (i.e., time-dependent compaction) (Chen and Spiers, 2016;
Niemeijer and Spiers, 2006, 2007; Rutter and Mainprice, 1979).

At 300 °C, epidote instability is also influenced by effective normal
stresses or elevated pore fluid pressures (Figs. 8-9), with the evolution in
deformation mechanisms potentially interpreted as the competition
between granular flow-induced gouge dilation and pressure solution-
induced gouge compaction. Decreasing the effective normal stress is
equivalent to lowering the gouge compaction rate driven by pressure
solution. During shear, the gouge porosity would be increased at a lower
effective normal stress after an upward velocity step—contributing to
the much lower frictional strength observed after the velocity step and
the enhanced velocity-weakening behavior observed at lower effective
stresses. This is evident in the elevated gouge porosity of Fig. 12.

11

4.3. Implications for subduction fault stability under greenschist facies
conditions

Our experimental results have important implications in under-
standing the stability of epidote-rich faults and the potential for a
stability-instability-stability transition in subduction zones representa-
tive of greenschist metamorphism, with a conceptual fault zone model
shown in Fig. 13 (Fagereng and Toy, 2011; Scholz, 1988, 2002; Sibson,
1983; Wehrens et al., 2016). We consider a typical geothermal gradient
of 25 °C/km in warm subduction zones (Hyndman and Peacock, 2003)
with the wupper transition for velocity-strengthening to
velocity-weakening occurring at a temperature of ~100 °C and a depth
of 4 km, corresponding to the diagenetic zone. In this zone, epidote-rich
faults exhibit velocity-strengthening behavior and primarily stable
sliding — thus, deformation is dominated by particle-particle granular
flow. Temperatures from ~100 °C to 300 °C bracket the seismogenic
zone with epidote-rich faults showing velocity-weakening and stick-slip
behaviors and promoting unstable sliding. Sub-greenschist meta-
morphic reactions could occur over this temperature range with
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Fig. 12. Backscattered microstructural images of the deformed gouges at T = 300 °C but different pressures, (a) Ep300-125-75, (b) Ep300-170-30, and (c)
Ep300-170-75. The two white rectangles in panel (a) indicate the panels (d)-(e). Scale bars in (a)-(c), 200 ym. Scale bars in (c)-(d), 50 um.

earthquake ruptures readily nucleating. Dominant fault deformation
mechanisms here are particle-particle granular flow and pressure solu-
tion with fault stability determined by their competition and the
stronger of the two behaviors. Under greenschist metamorphic condi-
tions with temperatures >300-500 °C for depths to ~20 km,
epidote-rich faults will show a transition from velocity-weakening to
velocity-strengthening (frictional to viscous transition) and deform
predominantly by aseismic creep. The dominant fault deformation
mechanisms thus include pressure solution and dislocation creep,
resulting in the evolution of mixed behaviors over this range of tem-
peratures and stresses. The observed rate-and-state frictional stability (a
- b) of  epidote gouge supports this purported
stability-instability-stability transition in subducting faults under
greenschist facies.

The magnitudes of effective normal stress and pore fluid pressure are
also vital in defining the stability of faults within the subducting slab and
in supporting this stability-to-instability transition. Decreasing the
effective normal stress and/or elevating the pore fluid pressure are both
capable of destabilizing epidote-rich faults and combined with elevated
temperatures can promote such a stability-to-instability transition, as
shown in Figurel3. This relies on the water released from the dehy-
dration reactions of hydrous minerals being contained within the slab to
reduce effective stresses and thereby destabilize fault sliding, with a
seismic event as the outcome.

In addition, epidote is stable not only under greenschist facies con-
ditions but also stable into lower blueschist facies (clinozoisite) and
hence within the slow earthquake window (i.e., up to 500 °C). Epidotites
are found in an ancient subduction interfaces in the Dent Blanche Thrust
(Alps) where transient brittle-ductile deformation patterns are observed
(Angiboust et al., 2015). Consequently, our experimental results not
only aid in understanding the stability-instability transition in
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greenschist facies, but also have implications for understanding slow
earthquakes in subduction zones. Firstly, despite the wide range of
temperatures and pressures studied, epidote is likely present at seis-
mogenic depths in subduction zones exhibiting velocity-weakening
response only at 100-300 °C (Fig. 7) (An et al., 2021). This frictional
stability-instability transition is consistent with observed slow earth-
quakes in old and cold subduction zones, e.g., the Tohoku subducted
slab hosting the 2011 Tohoku earthquake hypocenter at temperatures in
the range 150-200 °C (Kato et al., 2012; Ito et al., 2015; Sawali et al.,
2016). Secondly, at T = 300 °C, enhanced velocity-weakening occurs
when the pore fluid pressure is higher and the effective stress is lower
(Figs. 8-9). The transition that leads (a — b) values being negative but
close to zero (neutral) is a necessary condition for generating slow
earthquakes (Shibazaki et al., 2010). But this phenomenon may occur at
a much lower temperature for epidote gouge. The above results suggest
that slow earthquakes might also be induced by the accumulation of
epidotite gouge within cold subduction zones.

Finally, we acknowledge that our experiments may still have some
deficiencies in recreating natural conditions representative of subduct-
ing faults subject to greenschist facies conditions. The particle size dis-
tribution of the natural fault gouge may be vastly different from that
simulated, — with the grain size exerting an important control on rates of
dissolution-precipitation creep and thus frictional behavior. Like many
other experiments, the minimum velocities of our current experiments
are still at least one order of magnitude higher than those in nature.
Experiments on recovered natural fault gouges and/or at shear velocities
approaching plate convergence rates cm/yr (10~*-10~2 pm/s) could
further help in recreating natural fault conditions (Brune et al., 1969;
Wallace, 1970).
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Fig. 13. Conceptual model of fault zone under greenschist metamorphic conditions based on the rate-and-state frictional stability behavior (a - b) of epidote gouge.
Figure modified from Fagereng and Toy (2011), Scholz (1988, 2002) and Sibson (1983).

5. Conclusions

We use rate-and-state friction to separately explore the effects of
elevated temperatures, elevated pore fluid pressures, and decreased
effective normal stress on the frictional stability of epidote gouge. The
results are then closely related to causal and contributing mechanisms of
deformation and to explain the stability-instability-stability transition
that occurs under greenschist facies subduction. The main conclusions of
the study are as follows.

5.1. Temperature impact

Elevating the temperature has a negligible effect on the frictional
strength (4 ~ 0.73) of epidote gouge across our tested range but
significantly affects frictional stability. With increasing temperature, the
epidote gouge undergoes a transition from velocity-neutral behavior at
T =100 °C, to velocity-weakening and stick-slip behavior at T = 200 and
300 °C, then back to velocity-strengthening behavior at T = 400 and
500 °C.

Fluid Pressure Impact. The frictional strength of epidote gouge is only
slightly affected by a variation in pore fluid pressure or effective normal
stress. The elevated pore fluid pressure or the decreased effective normal
stress both promote unstable slips in the epidote gouge.

5.2. Deformation mechanisms

Observed variations of the frictional stability of epidote gouge at
different temperatures and pressures may be explained by a transition in
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deformation mechanisms from granular flow to pressure solution and
dislocation creep. Competition between gouge dilation induced by the
granular flow and gouge compaction induced by the pressure solution
plausibly contributes to the observed velocity-weakening behavior. At
higher temperatures, increased effective stresses and pore fluid pres-
sures each promote gouge pressure solution rate and impact stability.

5.3. Fault stability-instability-stability transition

Our experimental results on the rate-and-state frictional stability of
epidote gouge support a stability-instability-stability transition of
epidote-filled faults under greenschist metamorphic conditions. The first
transition from the velocity-strengthening to velocity-weakening
response indicates the upper level of the seismogenic zone with the
other transition from velocity-weakening to velocity-strengthening
corresponding to the instability to stability transition, at depth.
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