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Abstract Fluid overpressure from the water released by subducted sediments and oceanic crust is an
important mechanism for generating earthquakes via brittle failure and frictional instability. If unstable, such
fault materials may also host diverse fault reactivation mechanisms from slow slip events to moderate‐sized
earthquakes in cold subduction zones. We examine this hypothesis for glaucophane gouge ‐ a key index
minerals for blueschist facies ‐ at lower confining stresses where behavior is poorly understood. We measure
friction and stability at temperatures of 100°C–500°C and effective normal stresses of 50–200 MPa, to explore
the controls of temperature, stresses and excess pore fluid pressures on fault friction. The frictional coefficient of
glaucophane at representative temperatures and stresses is ∼0.70, insensitive to temperature but with a slight
increase at lower effective stresses. Elevating temperature promotes a transition from velocity‐strengthening to
weak velocity‐weakening behavior, indicating the destabilizing effect of high temperature downdip in
subduction zones. Reducing effective normal stress or concomitantly elevating pore fluid pressure further
strengthens the velocity‐weakening response and would be manifest as moderate‐sized earthquakes. Our results
support the potential for enhanced unstable sliding of glaucophane gouges at lower effective stresses and
blueschist facies temperatures ‐ with weak to moderate velocity‐weakening responses upon fluid pressurization
vital for understanding the abundance of slow slip to moderate‐sized earthquakes apparent in cold subduction
zones.

Plain Language Summary Blueschist facies present in subduction zones with lower thermal
gradient host abundant slow‐slip and dynamic earthquakes—such events requiring critical stress conditions.
Such blueschist layers are characterized by abundant fluids that are released as the slab descends and heats—
resulting in large excess fluid pressures that may trigger slip on faults at depth. We measure the frictional
properties of simulated faults containing glaucophane powders representative of these blueschist products at
temperatures, stresses and especially fluid overpressures representative of the descending slab at the plate
boundary. Results indicate a temperature‐independent high frictional strength but a transition to unstable slip at
both higher temperatures and increased fluid pressures. In the intermediate‐depth subduction zone, depending
on the fluid pressure, it is possible to generate earthquakes in a diverse range of modes such as slow‐slip events
through moderate‐sized earthquakes. This can explain documented observations in this region. Our results
highlight the importance of fluid pressurization and effective stress reduction in controlling such slow‐slip and
moderate‐sized events at higher temperatures and for understanding earthquakes in subduction zones.

1. Introduction
Abundant intermediate‐depth (moderate‐sized) earthquakes observed in old and cold subduction zones, for
example, offshore Hokkaido and Tohoku in northern Japan and Alaska in the United States, highlight the
importance of fluid overpressures in inducing earthquakes under conditions prevalent in blueschist facies (Abers
et al., 2013; Giuntoli et al., 2022; Hacker et al., 2003; Kim et al., 2015; Kita et al., 2006; Obara & Kato, 2016).
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Meanwhile, regions hosting deep slow slip events are also characterized by abundant fluids and high pore fluid
pressures, such as the Japan Trench (Kirkpatrick et al., 2021; Kodaira et al., 2004; Nishikawa et al., 2023; Ujiie
et al., 2018) (Figure 1). Slow slip events and tectonic tremors (10–20 km depth) are also commonly linked with
fluid overpressure from fluids released from sediment compaction, opal to quartz diagenetic transformation, and
smectite to illite phase transformation (Hyndman & Peacock, 2003; Saffer & Tobin, 2011; Saffer & Wal-
lace, 2015). Moreover, water supplied from pore collapse within basalts may be related to slow slip events within
blueschist facies rocks (Nishikawa et al., 2023; Peacock & Wang, 1999; Uchida et al., 2016; Yokota &
Koketsu, 2015) (Figure 1).

Excess fluids can increase fluid pressure and porosity while reducing effective stresses, which can cause
embrittlement of the fault rocks (Kim et al., 2013; Ko et al., 1997; Miller et al., 2004; Murrell & Ismail, 1976;
Scuderi & Collettini, 2016). Additionally, pore fluid overpressures may develop due to tectonic loading or
compaction disequilibrium processes (e.g., thrusts from subduction forearcs and the accretionary wedge) if there
is an impermeable seal or if the subducting fault zone is sufficiently thick and impermeable (Nishiyama
et al., 2020; Saffer & Tobin, 2011; Tang et al., 2024). Moreover, fluid overpressures and low effective stresses

Figure 1. Schematic plot showing the fluid flux distribution and thermal structure along the Japan Trench. (a) Flux of water
released from the subducted sediments and oceanic basalt crust estimated by Hyndman and Peacock (2003) with the
locations of the possible shallow and deep slow slip regions (orange areas). (b) Thermal structure and temperature
distribution along the Japan Trench (Peacock & Wang, 1999). Orange, yellow and cyan areas indicate the depth ranges for
slow slip events (SSE), moderate‐sized (MSE) earthquakes and the extent of the blueschist phase. Figure adapted from
Hyndman and Peacock (2003), Gao and Wang (2017) and Nishikawa et al. (2023).
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have been regarded as important prerequisites for the occurrence of shallow slow slip events (SSE), low frequency
events (LFE) and episodic tremor and slip (ETS) when the faults exhibit frictional responses transitional from
rate‐strengthening to rate‐weakening (Audet et al., 2009; Collettini et al., 2019; Kao et al., 2005; Kodaira
et al., 2004; Saffer & Wallace, 2015). Thus, the related dependencies of strength and frictional stability on stress,
fluid pressures and temperatures are important in understanding the controls of brittle failure on moderate‐sized
earthquakes and slow slip events in many settings.

Blueschist minerals are indicative of low temperature (<550°C) and high pressure (up to several GPa) meta-
morphism and are widely distributed in the Mesozoic and Cenozoic circum‐Pacific and Alpine fold belts and
oceanic plate subduction zones (Frisch et al., 2011; Maekawa et al., 1993; Stern, 2005). Glaucophane and
lawsonite are two key components of blueschist facies and are typically regarded as index minerals defining
metamorphic grade (Carman & Gilbert, 1983; Jenkins & Corona, 2006; Maresch, 1977; Poli & Schimidt, 1995).
Both minerals contain bound water in their crystal structures (∼2.5 wt.% in glaucophane and ∼11.5 wt.% in
lawsonite) but the breakdown of glaucophane does not occur at depths above 240 km for a cold subduction
geotherm (Peacock, 1993; Schmidt & Poli, 1994, 1998; Gao & Klemd, 2001; Hacker et al., 2003; Bang
et al., 2021). Currently, lawsonite has been observed to produce fault stick‐slip in lab experiments at high
temperatures and very high pressures (of the order of GPa) (Okazaki & Hirth, 2016), although systematic ob-
servations of the frictional stability of glaucophane‐filled faults are limited. In addition, slow slip and episodic
tremor have been reported in blueschist facies in subduction zones and linked to fluid overpressures from porosity
collapse in basalt and within glaucophane stability zone (Giuntoli et al., 2022; Kim et al., 2015; Muñoz‐Mon-
tecinos et al., 2023; Nishikawa et al., 2023) (Figure 1). As a consequence, understanding the frictional properties
of glaucophane gouge under temperatures and stresses representative of cold subducting slabs is vital in con-
straining nucleation mechanisms of the spectrum of moderate‐sized earthquakes, slow slip events (SSE) and
episodic tremor and slip (ETS) present in subduction zones.

Existing study of mixed blueschist (glaucophane‐lawsonite) fault gouge materials demonstrate that fluid pres-
surization under hydrothermal conditions is a key mechanism contributing to frictional instability in glaucophane‐
rich faults (Sawai et al., 2016). Although the frictional properties of blueschist assemblages are not necessarily
represented by those of pure glaucophane or lawsonite, these materials provide end‐member responses for the
friction and stability properties at relevant temperatures and pressures (e.g., Okamoto et al., 2020; Okazaki &
Hirth, 2016). Additionally, as glaucophane is one of the most important products in blueschist facies, under-
standing the friction and stability properties of pure glaucophane gouge under hydrothermal conditions can help
in defining the temperature and pressure conditions that promote the diverse modes of fault slip that are observed ‐
from slow slip events to moderate‐sized earthquakes.

Here, we present results of friction experiments on pure glaucophane gouges under temperatures representative of
blueschist facies (up to 500°C) and for varied effective stresses (50–200 MPa) and pore fluid pressures (30–
80 MPa). Due to limitations of our apparatus, we only explore effective stresses up to 200 MPa and use these
lower stress conditions to extrapolate trends in the control of effective stress on friction and stability. Although
variations in effective normal stress in natural fault zones are primarily achieved through fluid over‐pressure, we
varied both the confining and pore fluid pressures in our experiments to independently deconvolve effects from
both stresses and fluid pressures as representative of a variety of locations in the descending slab. Our obser-
vations highlight the importance of temperature and mineralogy on the diversity of habit of fault reactivation from
slow slip events to moderate‐sized earthquakes.

2. Experimental Methods
2.1. Gouge Preparation

We use glaucophane (Figure 2a) collected from Baoding City, Hebei, northern China. After removing surface
impurities, the glaucophane was crushed and ground to particles <75 μm (Figure 2a). X‐ray diffraction (XRD)
results indicate that the glaucophane powder was >99% pure with impurities primarily of calcite representing the
remaining ∼1 wt.% (Figure 2b). X‐ray fluorescence spectrometry (XRF) indicates that the main components in
the glaucophane powders are SiO2 (47.26% by weight), MgO (21.00%), Fe2O3 (15.67%), Al2O3 (10.74%), TiO2

(1.56%), and Na2O (1.26%), with minor constituents of CaO (0.75%), P2O5 (0.32%), Cr2O3 (0.19%), NiO (0.11%),
MnO (0.07%), V2O5 (0.05%) and K2O (0.02%). Laser particle size analysis indicates a median particle size of the
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powders of 43.5 μm with ∼80 vol.% of particles within the range 5.2–116 μm (Figure S1 in Supporting
Information S1).

2.2. Experimental Procedure

All experiments were completed using an argon gas‐confined apparatus located at the Institute of Geology, China
Earthquake Administration, Beijing, China (He et al., 2006). The apparatus comprises six components: (a) a fault
gouge assembly system, (b) a pressure chamber that accommodates the sheared fault gouge, (c) an argon‐gas
pressurization system, (d) a pore‐fluid pressurization system (e) a heating system (i.e., the heating furnace),
and, (f) an electro‐hydraulic servo‐controlled loading system (Figure 3).

We used cylindrical samples with a 35° saw cut and gabbro driving blocks to impose shear on the glaucophane
fault gouge. The gabbro driving blocks were 40 mm in height and 19.8 mm in diameter. For each test, the saw cut
surfaces of the gabbro driving blocks were roughed by 200‐mesh silicon carbide abrasive to anchor the fault
gouge to the forcing blocks. Two holes (diameter of 2.5 mm) were drilled in the upper gabbro driving block for
pore fluid access. Brass wire filters were inserted into these drill holes to inhibit gouge extrusion during shear and
maintain the high‐permeability of the fault system. We prepared glaucophane powders as a paste using deionized
water and uniformly smeared them on the surface of the upper gabbro driving block. A leveling jig retained the
gouge thickness to 1.0 mm before inserting into a 0.35 mm thick annealed copper jacket. High‐hardness tungsten
carbide and corundum blocks were placed above and below the gabbro and inside the copper jacket (Figure 3).
The area between the furnace and the copper jacket was filled with boron nitride powder to minimize convection
of the argon gas confining fluid—and ceramic wool was used to prevent leakage of the boron nitride powders. O‐
rings on steel end caps above and below the friction assembly sealed pore fluid pressure. The high‐pressure seal
on the upper piston prevents argon‐gas leakage and provides the main seal for confining pressure. A Teflon sheet
was placed between the lower steel end plug and the loading piston to eliminate frictional resistance and allow
shear along that surface in concert with shear on the 35° saw cut. We used a two‐zone heating system to maintain

Figure 2. (a) Bulk glaucophane then crushed. (b) The X‐ray diffraction (XRD) result for the glaucophane powder.
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uniform temperature on the fault zone and our measurements (see thermal
couple in Figure 3) show maximum excursions of ±7°C at ∼600°C. The
maximum temperature in our experiments was 500°C. We used deionized
water as the pore fluid for all experiments. As the duration of most experi-
ments was less than ∼10 hr, the gabbro driving blocks would have negligible
influence on either the fluid chemistry or gouge composition.

A total of eight shear experiments were completed at confining pressures of
55–130 MPa, pore fluid pressures of 30–80 MPa, temperatures of 100°C–
500°C, and axial displacement rates of 0.04–1.0 μm/s (Table 1). For our
triaxial shear experiments, the relationship between the effective confining
pressure (σceff) and effective normal stress (σneff) is expressed by (Liu &
He, 2020),

σcef f = σnef f (1 − μ ⋅ cot α) (1)

where μ is the measured coefficient of friction and α is the angle of the in-
clined fault driving block face relative to the loading axis. Thus, effective
confining pressures of 25, 50 and 100 MPa correspond to effective normal
stresses of ∼50, ∼100 and ∼200 MPa for the glaucophane gouge. Five shear
tests: Gla‐T100, Gla‐T200, Gla‐T300, Gla‐T400 and Gla‐T500 were per-
formed at the same confining and pore fluid pressures (σc = 130 MPa,
Pf = 30 MPa) but different temperatures (T = 100°C–500°C), to explore the
effect of increasing temperature on the frictional and stability properties of the
glaucophane gouge. Another three experiments Gla‐T300 (σneff = 200 MPa),
Gla‐T300‐E100 (σneff = 100 MPa) and Gla‐T300‐E50 (σneff = 50 MPa) were
completed at identical pore fluid pressures (Pf = 30 MPa) and temperatures

(T = 300°C) but different confining pressures (σc = 55–130 MPa), to investigate the effect of varied effective
normal stress (decreased σc, constant Pf) on gouge friction. A final experiment Gla‐T300‐P80 was performed to
explore the effect of varied effective normal stress (Gla‐T300‐P80 and Gla‐T300: elevated Pf, constant σc) and of
elevated pore pressure (Gla‐T300‐P80 and Gla‐T300‐E100: elevated Pf, constant σneff) on gouge friction. We
choose a temperature of 300°C to explore the effect of varied stresses on gouge frictional properties with this just
below the super‐critical temperature of the pore fluid above ∼374°C where the system is most stable.

As fluid pressures would increase with increasing temperatures, the confining and pore fluid pressures were first
elevated to two‐thirds of the desired values by the servo‐controlled hydraulic ramp and pump, respectively.
Subsequently, the temperature was elevated to the desired value by heating the furnace, followed by adjusting the
confining and pore fluid pressures to the desired values. The confining and pore fluid pressures were controlled to
±0.3 MPa and ±0.1 MPa, respectively, during the entire experiment. Axial load, axial displacement and

Figure 3. Schematic plot of the fault gouge and loading assembly for the
triaxial shear apparatus. Gla = glaucophane.

Table 1
Experiment Details

Testing Id σc (MPa) Pf (MPa) σneff (MPa) T (°C) Va (μm/s) lf (mm) Velocity dependence

Gla‐T100 130 30 200 100 1.0‐0.2‐0.04‐0.2‐1.0‐0.2‐0.04‐0.2‐1.0 3.98 v‐s

Gla‐T200 130 30 200 200 1.0‐0.2‐0.04‐0.2‐1.0‐0.2‐0.04‐0.2‐1.0 3.96 v‐s

Gla‐T300 130 30 200 300 1.0‐0.2‐0.04‐0.2‐1.0‐0.2‐0.04‐0.2‐1.0 3.97 v‐s, v‐w

Gla‐T400 130 30 200 400 1.0‐0.2‐0.04‐0.2‐1.0‐0.2‐0.04‐0.2‐1.0 4.05 v‐s, v‐w

Gla‐T500 130 30 200 500 1.0‐0.2‐0.04‐0.2‐1.0‐0.2‐0.04‐0.2‐1.0 3.98 v‐s, v‐w

Gla‐T300‐E100 80 30 100 300 1.0‐0.2‐0.04‐0.2‐1.0‐0.2‐0.04‐0.2‐1.0 3.97 v‐s, v‐w

Gla‐T300‐E50 55 30 50 300 1.0‐0.2‐0.04‐0.2‐1.0‐0.2‐0.04‐0.2 2.90 v‐w

Gla‐T300‐P80 130 80 100 300 1.0‐0.2‐0.04‐0.2‐1.0‐0.2‐0.04‐0.2‐1.0‐0.2‐0.04 3.91 v‐s, v‐w

Note. Symbols σc, Pf, σneff, T, Va, lf, v‐s, and v‐w represent the confining pressure, pore fluid pressure, effective normal stress, temperature, axial velocity, final shear
displacement, velocity‐strengthening behavior and velocity‐weakening behavior, respectively.
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temperature were respectively recorded by an internal high‐precision load sensor, a displacement sensor and a
temperature controller (Yamatake‐Honeywell DCP30) at a sampling frequency of 1 Hz. The accuracy of the
displacement sensor is ±0.01 μm. At the beginning of each shear test, the glaucophane gouge was sheared at an
axial displacement rate of 1.0 μm/s until slip hardening became muted. To evaluate the rate and state dependence
of friction we performed velocity‐step experiments using axial displacement rates of 1.0–0.2–0.04–0.2–1.0 μm/s,
equivalent to fault shear velocities of 1.22–0.24–0.049–0.244–1.22 μm/s (Figure 4). For fault shear velocities of
1.22 and 0.244 μm/s we imposed fault shear displacements of ∼300 μm and this was reduced to ∼200 μm for
shear velocity of 0.049 μm/s. The repeatability of experiments in this apparatus is indicated by previous work (He
et al., 2006) and by systematic data trends for experiments at the same conditions (Table 1) with one parameter
adjusted (temperature or confining pressure).

2.3. Data Analysis

Raw data of confining pressure (σc), pore fluid pressure (Pf), temperature (T ), axial stress (σa) and axial
displacement (la) were recorded at a sampling rate of 1 Hz. We corrected for the change in frictional contact area
with increasing axial displacement and stretching of the copper jacket. As the confining and pore fluid pressures
remain constant only the axial stress is corrected for contact area. The corrected axial stress (σca) is expressed as,

σca = σa/
⎧⎨

⎩
1 −

2
π

⎡

⎢
⎣arcsin

∆l tanα
2r

+
∆l tanα
2r

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

1 − (
∆l tanα
2r

)

2
√ ⎤

⎥
⎦
⎫⎬

⎭
(2)

where Δl and r represent the axial displacement and the radius of the forcing blocks, respectively. The shear
resistance from the copper jacket was measured using smooth steel blocks with Teflon to eliminate friction (He
et al., 2006).

After correcting the raw data, the coefficient of friction (μ) of the glaucophane gouge was calculated as the ratio of
the shear stress (τ) and effective normal stress (σneff), as,

μ =
τ

σnef f
=

τ
σn − Pf

(3)

where σn denotes the applied normal stress. The calculated coefficients of friction in this study are actually the
apparent coefficients of friction—referred‐to here as coefficients of friction for simplicity. The velocity de-
pendency of the glaucophane gouge was analyzed based on the rate‐ and state‐friction (RSF) theory (Dieter-
ich, 1979; Marone, 1998; Ruina, 1983) where the coefficient of friction (μ) is expressed as,

Figure 4. Typical experiment (Experiment: Gla‐T300‐P80) showing overall data trend and results of velocity step tests. Insets
show the idealized responses of (i) velocity‐strengthening and (ii) velocity‐weakening behaviors, respectively. The
boundaries showing the ranges for “First”, “Second” and “Third” sequences are marked.
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μ = μ0 + a ln(
V
V0
) + b ln(

V0θ
Dc
) (4)

Here μ is the instantaneous coefficient of friction at the current shear velocity V and state θ, μ0 is the steady state
coefficient of friction at the reference shear velocity V0, a and b are dimensionless parameters that describe the
direct and evolutional effects of friction upon a perturbation in velocity or θ,Dc represents the critical friction slip
distance and θ is a state variable that is best thought of as asperity contact age or fault gouge porosity. The
evolution of the state variable (θ) with time can be described either by the Dieterich law (slowness law) (Diet-
erich, 1979) or the Ruina law (slip law) (Ruina, 1983), as,

dθ
dt
= 1 −

Vθ
Dc

(slowness law) (5)

dθ
dt
= −

Vθ
Dc
ln(

Vθ
Dc
) (slip law) (6)

At steady state, the state variable θss ceases to evolve with time and thus dθ/dt = 0, which means that θss = Dc/V.
Using this value in Equation 4 shows that the rate dependent of steady state friction μss is:

a − b =
∆μss
∆lnV

(7)

where Δμss denotes the difference in steady state friction before and after a velocity step. The RSF parameters a, b,
andDc are determined by accounting for finite stiffness of the loading machine and using an iterative least squares
method (Reinen &Weeks, 1993). While the values of the friction rate parameter (a–b) are independent of the state
evolution law, we used both the Ruina and Dieterich laws to obtain values of the individual RSF parameters.
Positive values of (a–b) indicate velocity‐strengthening whereby the steady state coefficient of friction increases
with slip velocity (V > V0). Faults with positive (a–b) would show only stable sliding and aseismic shear slip
(Figure 4). Conversely, negative values of (a–b) indicate velocity‐weakening behavior (Figure 4) with a decrease
in the steady state coefficient of friction with velocity (V > V0). Faults with negative (a–b) exhibit potentially
unstable sliding and seismic shear slip depending on the critical rheologic stiffness (Kcr). Based on a simple
spring‐slider model and RSF theory, fault critical stiffness (Kcr) is defined as (Rice & Ruina, 1983),

Kcr =
(σn − Pf )(b − a)

Dc
(8)

where fault instability occurs only when the fault stiffness (K) is smaller than the critical stiffness (Kcr), that is,
K < Kcr (Gu et al., 1984). A pre‐requisite for slow‐slip events is when the fault critical stiffness (Kcr) approaches
the fault stiffness (K) (Scuderi et al., 2017), that is, K ≈ Kcr.

2.4. Microstructural Methods

At the conclusion of experiment, the cylindrical steel end plugs and corundum and tungsten carbide blocks were
removed in sequence from the copper jacket, with the fault‐driving‐blocks remaining wrapped by the copper
jacket. The fault driving blocks were then dried at 65°C for ∼48 hr to remove any moisture inside the gouge zone.
Subsequently, the fault driving blocks were placed in a cylindrical mold and vacuum saturated with epoxy resin.
When the adhesive was hardened, the faults and driving blocks were sliced along the shear direction to obtain thin
sections that were then polished, gold‐coated and imaged by the scanning electron microscopy (SEM). The SEM
images were collected on a Zeiss‐Sigma SEM at an operating distance of 10.0 mm, a voltage of 20.00 kV,
magnification factors of 200–250 and in backscattered electron mode. We focus on the gouge shear structures as
defined by Logan et al. (1992) and particle size reductions in the moderately localized shear zones (MSZ) to
strongly localized shear zones (SSZ). Strongly localized shear zones (SSZ) are characterized by >90% reduction
in grain diameters to <10 μm, while the remaining regions experiencing less comminution are defined as
moderately localized shear zones (MSZ).
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3. Results—Friction/Stability Behavior and Microstructures
3.1. Evolution of Friction and Stability With Temperature

The final shear displacements for tests at different temperatures all approach ∼4.0 mm (Table 1, Figure 5), with
the final effective normal stresses of ∼200 MPa (Figure S2 in Supporting Information S1). The axial sliding
velocities in each step are marked below the friction curves and the changes in friction with up‐ and down‐steps in
shear velocities are apparent from the curves (Figure 5). For the first 1 mm of shear displacement, all shear tests
exhibit a linear increase in strength followed by in‐elastic yield and strain‐hardening with further shear. The gouge

Figure 5. Coefficients of friction versus shear displacement for experiments at temperatures from 100°C (a) to 500°C (e). Velocity step test results are shown in each
case.
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exhibits stable sliding in most cases up to 500°C, except for minor oscillatory slips at the final stage for test Gla‐
T400 (Figure 5d).

We report the coefficient of friction at a shear displacement of 2.75 mm and an axial sliding velocity of 1.0 μm/s
in Table 2 and as a function of temperature in Figure 6. Note that the coefficient of friction of glaucophane gouge
is insensitive to temperature, with the values approaching 0.7 at all temperatures. Our results are broadly
consistent with hornblende gouge at higher temperatures (Liu & He, 2020), but different from either the
actinolite‐rich (Okamoto et al., 2020) or glaucophane‐rich (Sawai et al., 2016) gouges.

Values of the friction rate parameter (a–b) were calculated following the methods described in Section 2.3 and
reported in Table 2 and Figure 7. At temperatures≤300°C, the frictional rate dependence is strongly influenced by
temperature. Note that the transition from strong velocity‐strengthening behavior (a–b = 0.0043 to 0.0089) at
T = 100°C, to moderate velocity‐strengthening behavior (a–b = 0.0016 to 0.0057) at T = 200°C, and then minor
velocity‐weakening behavior (a–b = − 0.0021 to 0.0027) at T = 300°C. Conversely, at higher temperatures
(T ≥ 300°C), the friction rate dependence varies less with temperature. Note that values of (a–b) range from
− 0.0015 to 0.0030 at T = 400°C and − 0.0017 to 0.0029 at T = 500°C. Our results for frictional stability (a–b) at

different temperatures are also similar to those of hornblende (Liu &
He, 2020).

The RSF parameters a, b, Dc and b/a were calculated using both the slowness
and slip evolution laws as reported in Table 3 and Figures 8 and 9. The
stiffness of our apparatus varies with temperature and we provide the stiffness
values in Table 3. Both state evolution laws yield similar values of a and b,
but small differences inDc values, especially for the downward velocity steps.
The Dc values calculated from the slowness evolution law (21–90 μm) are
much larger than those calculated from the slip evolution law (21–59 μm) for
the downward velocity steps (Figures 8e and 8f). Values of a and b in the
upward velocity steps are higher than those for the downward velocity steps,
while theDc values exhibit the opposite trend, consistent with previous works
showing differences between upsteps and downsteps (Rathbun & Mar-
one, 2013). The responses of a, b and b/a values to elevated temperature are
broadly in accordance with the frictional rate parameter (a–b) (Figure 7).
According to Boatwright and Cocco (1996), weak seismic behavior is defined
as frictional stability with (a–b) < 0 and b/a—1 < 0.2. From Figure 9, values
of b/a at temperatures of 100°C–500°C are primarily within the band 0.3–1.2,
indicative of slight velocity‐weakening behavior. In addition, values of the
friction constitutive parameters a and b and friction rate parameter (a–b) at the

Table 2
Coefficient of Friction (μss) and Friction Rate Parameter (a–b) For all Experiments

Testing Id μss

(a–b) values (×10− 3) at different axial velocities (μm/s)

F0.2‐0.04 F0.04‐0.2 F0.2‐1 S1‐0.2 S0.2‐0.04 S0.04‐0.2 S0.2‐1 T1‐0.2 T0.2‐0.04

Gla‐T100 0.701 4.3 8.4 8.9 7.7 7.1 8.7 7.9 ‐ ‐

Gla‐T200 0.691 1.6 3.2 5.5 3.5 3.9 3.1 5.7 ‐ ‐

Gla‐T300 0.682 − 2.1 1.6 2.7 0.6 − 1.2 0 0.7 ‐ ‐

Gla‐T400 0.682 1.0 3.0 0.7 − 0.4 − 1.5 0 1.6 ‐ ‐

Gla‐T500 0.688 − 1.4 1.7 2.9 0.6 − 1.7 1.3 1.9 ‐ ‐

Gla‐T300‐E100 0.706 − 2.9 0.8 0.5 − 1.6 − 1.6 − 0.8 − 0.9 ‐ ‐

Gla‐T300‐E50 0.753 − 5.0 − 1.1 0 − 3.3 − 3.1 − 1.2 ‐ ‐ ‐

Gla‐T300‐P80 0.716 − 4.7 0.5 1.3 − 3.5 − 4.9 − 0.7 − 1.6 − 4.0 − 6.5

Note. For most experiments, the coefficients of friction were evaluated at a set shear displacement of 2.75 mm and an axial
velocity of 1.0 μm/s, except for the tests Gla‐T300‐E50 and Gla‐T300‐P80 (both at an axial velocity of 0.04 μm/s). Test
Gla‐T300‐E50 was terminated earlier than planned due to rupture of the copper jacket.

Figure 6. Coefficient of friction (μ) for the glaucophane gouge at
temperatures of 100°C–500°C. Results for hornblende (Liu & He, 2020),
actinolite‐rich (Okamoto et al., 2020) and glaucophane‐rich (Sawai
et al., 2016) gouges are also displayed for comparison (Table S1 in
Supporting Information S1).
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same stress but different temperatures show a strong dependence on shearing
velocity polarity as upsteps or downsteps, but are less affected by the incre-
mental shear displacements (Figure S3 in Supporting Information S1).

3.2. Evolution of Friction and Stability With Effective Stresses

To explore the influence of effective stress on friction, we reduced the
confining pressures from 130 to 55 MPa and elevated pore fluid pressures
from 30 to 80 MPa (Figure S4 in Supporting Information S1). The final shear
displacements in these tests were also ∼4.0 mm (Figure 10), except for test
Gla‐T300‐E50 due to early rupture of the copper jacket (Figure 10b). The
linear increase in friction at lower effective normal stresses occurs only at
displacements in the range 0–0.5 mm. The gouge shows only stable sliding
with no stick slips observed at the different effective stresses.

At T = 300°C, the coefficients of friction increase from ∼0.68 at
σneff = 200 MPa, to ∼0.71 at σneff = 100 MPa and ∼0.75 at σneff = 50 MPa,
indicating increased coefficients of friction at lower effective normal stresses

(Table 2 and Figure 11a). However, elevating the pore fluid pressure from 30 (μ = 0.71) to 80 MPa (μ = 0.72) has
little influence on the coefficient of friction (Table 2 and Figure 11a). At constant Pf = 30 MPa, the range of the
friction rate parameter (a–b) decreases from − 0.0021 to 0.0027 at σneff = 200 MPa, to − 0.0029 to 0.0008 at
σneff = 100 MPa and − 0.0050 to 0 σneff = 50 MPa, indicating enhanced velocity‐weakening at lower effective
normal stresses (Figure 11b). At constant σc = 130 MPa, the friction parameter (a–b) decreases from − 0.0021 to
0.0027 at Pf = 30 MPa to − 0.0065 to 0.0013 at Pf = 80 MPa, also indicating the destabilizing effect of lower
effective normal stresses (Figure 11c). Similar observations of enhanced fault instability resulting from a decrease
in effective stresses are reported not only in amphibole gouges (e.g., actinolite‐rich and glaucophane‐rich gouges,
Okamoto et al., 2020; Sawai et al., 2016), but also in calcite‐tremolite‐talc mixed gouges (Niemeijer & Collet-
tini, 2014) and epidote gouge (An et al., 2021). At constant σneff = 100 MPa, the friction parameter (a–b) de-
creases from − 0.0029 to 0.0008 at Pf = 30 MPa to − 0.0065 to 0.0013 at Pf = 80 MPa, also demonstrating the
destabilizing effect of higher pore fluid pressures (Figure 11d).

The RSF parameters a, b, andDcwere calculated using both the slowness and slip evolution laws, with the results
presented in Table 3 and Figures 12–14. Note that the parameters for the slowness and slip evolution laws are
quite similar except for Dc and especially for down‐stepped velocities. Values of a and b for up‐steps are also
higher than down‐steps, with Dc values exhibiting the opposite trend. The responses of a and b values to the
increase in effective normal stress are broadly consistent with frictional stability (a–b) (Figure 11b), while the
response of b/a values show the opposite trend (Figure 13). In addition, values of b/a at lower effective normal
stresses or higher pore fluid pressures are primarily within the range of 0.8–1.7 (Figures 13 and 14). The values of
b/a in the velocity‐weakening gouges of Figures 13 and 14 (within the range 1.0–1.7) are slightly higher than
those in Figure 9 (within the range 1.0–1.2) and we classify these behaviors as moderate velocity‐weakening.
Similarly, the values of friction constitutive parameters a and b or frictional stability (a–b) are strongly affected by
the history of the shear velocity but less by variations in shear displacement (Figure S5 in Supporting
Information S1).

3.3. Evolution of Microstructures of Deformed Gouges

The microstructures observed in backscattered images of the deformed gouges at different temperatures and
stresses are shown in Figures 15 and 16. At lower temperatures (100°C–200°C), the gouge returns to velocity‐
strengthening response with sparsely distributed localized shears (i.e., R1 shears) and with Riedel shear angles
within 10°–15° (Figures 15a and 15b). At higher temperatures (300°C–400°C), the gouge exhibits mild velocity‐
weakening and denser R1 localized shears, with Riedel shear angles increasing to 15°–20° (Figures 15c and 15d
and Figure S3c in Supporting Information S1). However, at the highest temperature of 500°C, although the gouge
shows minor velocity‐weakening behavior, the R1 localized shears are also sparsely distributed, with Riedel shear
angles reducing to ∼10°.

The comparisons between the moderately localized shear zones (MSZ) and strongly localized shear zones (SSZ)
at T = 100 and 300°C are shown in Figure S6 in Supporting Information S1. The glaucophane particles in the

Figure 7. The friction rate parameter (a)–(b) as a function of temperature for
glaucophane gouge. Legend shows axial velocities, with the symbols ‘F
(irst)’ and ‘S (econd)’ indicating the sequence (see Figure 4).
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MSZ tend to be > 50 μm, while the particles in the SSZ are smaller, <10 μm (Figures S3a‐S3b in Supporting
Information S1). We also estimate the proportions of the moderately localized shear zones (MSZ) with larger
particles (yellow percentages areas in Figure 17) to the strongly localized shear zones with very fine particles
(gray percentages in Figure 17). Results show that temperature has a negligible influence on the proportions of
MSZ and SSZ for T ≤ 400°C. However, when the temperature is increased to 500°C, the proportion of the

Table 3
Experimental Results for the Frictional Constitutive Parameters a, b and Dc Calculated by Both the Slowness and Slip Evolution Laws and the Normalized Fault
Stiffness k

Testing Id
Friction
law

a values (×10− 3) at different axial velocities (μm/s) b values (×10− 3) at different axial velocities (μm/s)

F0.2‐
0.04

F0.04‐
0.2

F0.2‐
1

S1‐
0.2

S0.2‐
0.04

S0.04‐
0.2

S0.2‐
1

T1‐
0.2

T0.2‐
0.04

F0.2‐
0.04

F0.04‐
0.2

F0.2‐
1

S1‐
0.2

S0.2‐
0.04

S0.04‐
0.2

S0.2‐
1

T1‐
0.2

T0.2‐
0.04

Gla‐T100 Slowness 9.0 14.0 15.6 9.7 11.3 16.4 16.5 ‐ ‐ 4.7 5.6 6.7 2.0 4.2 7.7 8.6 ‐ ‐

Slip 9.0 14.0 15.8 9.7 11.0 16.4 16.5 ‐ ‐ 4.7 5.6 6.9 2.0 3.9 7.7 8.6 ‐ ‐

Gla‐T200 Slowness 8.4 15.5 18.5 9.9 9.3 19.5 21.5 ‐ ‐ 6.8 12.3 13.0 6.4 5.4 16.4 15.8 ‐ ‐

Slip 8.4 15.5 18.5 9.4 9.3 19.5 21.5 ‐ ‐ 6.8 12.3 13.0 5.9 5.4 16.4 15.8 ‐ ‐

Gla‐T300 Slowness 9.5 22.5 22.8 10.0 8.9 25.0 25.0 ‐ ‐ 11.6 20.9 20.1 9.4 10.1 25.0 24.3 ‐ ‐

Slip 9.5 22.5 22.8 10.0 8.9 22.0 24.0 ‐ ‐ 11.6 20.9 20.1 9.4 10.1 22.0 23.3 ‐ ‐

Gla‐T400 Slowness 11.9 24.5 24.5 9.6 9.9 ‐ ‐ ‐ ‐ 10.9 21.5 23.8 10.0 11.4 ‐ ‐ ‐ ‐

Slip 11.9 24.5 24.0 9.6 9.9 ‐ ‐ ‐ ‐ 10.9 21.5 23.3 10.0 11.4 ‐ ‐ ‐ ‐

Gla‐T500 Slowness 7.2 23.0 22.5 7.8 7.1 22.0 25.0 ‐ ‐ 8.6 21.3 19.6 7.2 8.8 20.7 23.1 ‐ ‐

Slip 7.2 23.0 22.5 7.8 7.1 22.0 25.0 ‐ ‐ 8.6 21.3 19.6 7.2 8.8 20.7 23.1 ‐ ‐

Gla‐
T300‐
E100

Slowness 7.7 22.8 23.8 8.0 8.2 20.8 20.8 ‐ ‐ 10.6 22.0 23.3 9.6 9.8 21.6 21.7 ‐ ‐

Slip 7.7 22.8 23.8 7.4 8.2 20.8 20.8 ‐ ‐ 10.6 22.0 23.3 9.0 9.8 21.6 21.7 ‐ ‐

Gla‐
T300‐
E50

Slowness 7.3 18.9 19.1 7.8 7.8 18.4 ‐ ‐ ‐ 12.3 20.0 19.1 11.1 10.9 19.6 ‐ ‐ ‐

Slip 7.3 18.9 19.1 7.8 7.8 18.4 ‐ ‐ ‐ 12.3 20.0 19.1 11.1 10.9 19.6 ‐ ‐ ‐

Gla‐
T300‐
P80

Slowness 9.3 23.3 23.3 9.5 9.5 20.3 19.8 9.0 8.5 14.0 22.8 22.0 13.0 14.4 21.0 21.4 13.0 15.0

Slip 9.3 23.3 23.3 9.5 9.5 20.3 19.8 9.0 8.5 14.0 22.8 22.0 13.0 14.4 21.0 21.4 13.0 15.0

Testing Id Friction law

Dc values (μm) at different axial velocities (μm/s)

Normalized fault stiffness k (/mm)F0.2‐0.04 F0.04‐0.2 F0.2‐1 S1‐0.2 S0.2‐0.04 S0.04‐0.2 S0.2‐1 T1‐0.2 T0.2‐0.04

Gla‐T100 Slowness 35 20 20 21 23 17 19 ‐ ‐ 0.542

Slip 25 20 26 21 21 19 19 ‐ ‐

Gla‐T200 Slowness 58 9 12 58 60 10 10 ‐ ‐ 0.500

Slip 35 10 14 43 42 11 12 ‐ ‐

Gla‐T300 Slowness 83 4 4 60 80 3 2.5 ‐ ‐ 0.499

Slip 48 4.5 4.5 39 45 4 3 ‐ ‐

Gla‐T400 Slowness 85 8 4 70 90 ‐ ‐ ‐ ‐ 0.506

Slip 57 9.5 4.5 42 59 ‐ ‐ ‐ ‐

Gla‐T500 Slowness 88 4.5 4 45 75 2.5 3 ‐ ‐ 0.501

Slip 52 5 4 28 46 3 3 ‐ ‐

Gla‐T300‐E100 Slowness 49 1.5 1.3 62 67 2.5 1.4 ‐ ‐ 0.561

Slip 32 1.7 1.4 42 39 2.8 1.7 ‐ ‐

Gla‐T300‐E50 Slowness 57 1.7 1.2 59 43 1.0 ‐ ‐ ‐ 0.758

Slip 34 1.8 1.2 36 26 1.0 ‐ ‐ ‐

Gla‐T300‐P80 Slowness 67 1.1 1.4 66 74 1.4 1.6 42 60 0.729

Slip 37 1.2 1.6 42 44 1.5 1.6 25 34
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moderate shear zones has increased by ∼10%. The reduction in the proportion of SSZ for test Gla‐T500 may be
due to more ductile deformation at this high temperature where the gouge particles undergo less crushing (Zhang
& He, 2016).

From Figure 16, the characteristics of the shear bands in the deformed gouge significantly differ at varied stress
conditions. At T = 300°C, with a decrease in the effective normal stress, the deformed shear bands exhibit a
transition from dense R1 localized shears at σneff = 200 MPa (Figure 15c), to sparse localized shears at
σneff = 100 MPa (Figures 16a and 16b) and mostly moderate shear zones and boundary shears (B shears) at
σneff = 50 MPa (Figure 16c and Figure S3d in Supporting Information S1). Meanwhile, the moderate shear zones

Figure 8. Friction constitutive parameters a, b, and Dc at temperatures of 100°C–500°C, (a) a values, calculated using the
slowness evolution law, (b) a values, calculated using the slip evolution law, (c) b values, calculated using the slowness
evolution law, (d) b values, calculated using the slip evolution law, (e) Dc values, calculated using the slowness evolution
law, and (f) Dc values, calculated using the slip evolution law.
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(MSZ) account for the half of the gouge shear bands by proportion at σneff = 200 MPa, but increase to three
quarters at σneff = 100 MPa and near the full proportion at the lowest effective normal stress of 50 MPa
(Figure 17).

4. Discussion
4.1. Weak to Moderate Velocity‐Weakening Response of Glaucophane Gouge

The friction rate parameter (a–b) is not only a key parameter to assess fault frictional stability and differentiate
between sliding behaviors, but also an important characteristic in exploring fault nucleation processes (Ampuero
& Rubin, 2008; Mikumo, 1992). The glaucophane gouge exhibits velocity‐weakening behavior at σc = 130 MPa,
Pf= 30MPa and temperatures of 300°C–500°C (Figure 7), with (b–a) values within the range 0–0.0021 and ratios
of b/a primarily within 1.0–1.2 (Figure 9). These all indicate weak velocity‐weakening response (frictional
stability (a–b) < 0 and b/a–1 < 0.2) and potentially seismic behavior for the tested glaucophane gouge at higher
temperatures (e.g., Boatwright & Cocco, 1996). Moreover, the values of (b–a) for glaucophane gouge are also an
indicator of the likelihood of slow‐slip events (SSE) and episodic tremor and slip (ETS) (Liu & He, 2020).
Lowering the effective normal stresses or elevating the pore fluid pressures all further destabilize the glaucophane
gouge (Figure 11). The (b–a) values and ratios of b/a at lower stresses increase to 0–0.0065 and 1.0–1.7
(Figures 13 and 14), respectively, indicating a moderate velocity‐weakening response.

Compared with the frictional stability of glaucophane‐rich gouge in Sawai et al. (2016), the actinolite‐rich gouge
in Okamoto et al. (2020), or the amphibolite gouge in Fagereng and Ikari (2020), they show higher (b–a) values at
both room and high temperatures. Sawai et al. (2016) initially explored the frictional stability of glaucophane‐rich
gouge (glaucophane:lawsonite at 66:23) at σneff = 25–200 MPa, Pf = 25–200 MPa, T = 23°C–400°C and shear
velocities of 0.1–100 μm/s via ring shear. They report velocity‐weakening responses at temperatures of 200°C–
400°C with (b–a) values of 0–0.02 and enhanced frictional stability at higher effective normal stresses. Although

Figure 9. Frictional constitutive parameter b/a and b values versus a values at temperatures of 100°C–500°C, (a) b/a values,
calculated using the slowness evolution law, (b) b/a values, calculated using the slip evolution law, (c) b values versus a
values, calculated using the slowness evolution law, (d) b values versus a values, calculated using the slip evolution law.
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the mineral composition in our tested glaucophane gouge is different from the glaucophane‐rich gouge of Sawai
et al. (2016), the temperatures to promote velocity‐weakening are broadly consistent with Sawai et al. (2016), and
both experimental results show enhanced frictional instability at lower effective normal stresses. Okamoto
et al. (2020) conducted ring shear experiments on actinolite‐chlorite (85:15) mixtures at conditions of σneff = 50–
200MPa, Pf= 50–200MPa, T= 23°C–600°C and shear velocities of 0.3–100 μm/s. The results indicate velocity‐
weakening behaviors at σneff = Pf = 50 MPa, T = 300°C–400°C and shear velocities of 0.3–3 μm/s, with (b–a)
values ranging from 0.002 to 0.011. Fagereng and Ikari (2020) performed direct shear tests on amphibolite gouge
(89% hornblende, with minor quartz, feldspar and phlogopite) at room temperature, σn= 10MPa, shear velocities
of 0.1–30 μm/s and water‐saturated conditions. The results show velocity‐weakening response even at room
temperature, with values of (b–a) ranging from 0 to 0.02. The discrepancies in values of (b–a) may derive from
the different testing conditions and degrees of shear localization, including different net shear strains, confining
stresses and shear velocities. Consistent among them, however, was fault instability promoted by fluid pres-
surization or lower effective stresses (Okamoto et al., 2020; Sawai et al., 2016). Our results also show a transition
from weak to moderate velocity‐weakening response due to an increase in pore fluid pressures or reduction in
effective normal stresses (Figure 11). Additionally, the ranges of (a–b) and b/a obtained from the experiments are
consistent with the slip modes that range from slow slip events (SSE) to dynamic earthquakes depending on the
fault stiffness, critical stiffness, effective normal stress and Dc values.

The difference in frictional stability (a–b) between the cases for velocity upsteps and downsteps is less than∼0.05
as indicated by Figures 7 and 11b ‐ however, values of a and bmay differ by∼0.015 (e.g., Figure 8a). Asymmetry
between upsteps and downsteps is anticipated by the Dieterich/Ruina evolution laws because in one case state
evolution is dictated by time (Dieterich law) and in the other (Ruina) by slip. Notably, this effect is muted in both
(a–b) and a/b, since the increase in the direct effect (a) is directly compensated by an equivalent increase in the
evolutionary effect (b). We speculate that the higher upstep magnitudes of a and b result from chemically

Figure 10. Coefficient of friction (μ) versus shear displacement for different effective stresses, (a) Gla‐T300‐E100, (b) Gla‐T300‐E50, and (c) Gla‐T300‐P80.
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mediated strengthening, for example, by pressure solution increasing grain‐grain contact areas that are then lost
post‐peak strength. This pressure solution effect will be greater as loading builds (upsteps), compared to that in
de‐stressing (downstep). The observation that Dc also systematically reduces in upsteps suggests that the effect is
real—rather than, for example, a loading/unloading hysteresis in the load cell—since the effect is manifest in an
independent measuring system for displacement. Additionally, the asymmetry of RSF friction parameters in
granular fault gouges could also be interpreted using the model proposed byMarone et al. (2009) and Rathbun and
Marone (2013). In this, dilation driven by shear stress and grain rearrangement plays an important role in the shear
behavior of granular gouge. The key reason for the asymmetry is that the granular dilation requires shear strain
and interparticle slip, but compaction may occur with only a change in stress.

4.2. Dependence of Glaucophane Gouge Stability on Temperature and Effective Stress

The current experiments on the glaucophane gouge at σc = 130 MPa, Pf = 30 MPa and T = 100°C–500°C exhibit
two different fault sliding behaviors. These are the velocity‐strengthening response (a–b > 0) at T = 100°C–
200°C, and the weak velocity‐weakening response (a–b < 0) at T = 300°C–500°C (Figure 7). The critical
temperature for transition from velocity‐strengthening to velocity‐weakening behavior may coincidentally be the
same as that for the hornblende and actinolite‐rich gouges (Liu & He, 2020; Okamoto et al., 2020) ‐ but it should
be noted that the testing conditions of these experiments are different. Although the highest temperature in our
experiments reaches 500°C, we can only observe the first frictional stability transition at this temperature range
and the second stability transition from velocity‐weakening to velocity‐strengthening may occur at a much higher
temperature (King & Marone, 2012; Liu & He, 2020). However, according to the temperature‐pressure rela-
tionship for different metamorphic phases (Frisch et al., 2011), glaucophane is primarily present at temperatures
below 500°C and thus we did not further elevate the testing temperature.

Likely mechanisms controlling the change in (a–b) with temperature for the glaucophane gouge can be partially
illuminated by using the microphysical models proposed by Niemeijer and Spiers (2007) and den Hartog

Figure 11. (a) Coefficient of friction (μ) at varied normal stresses and constant T = 300°C. Results for frictional stability (a)–
(b) at (b) a constant Pf = 30 MPa, but different confining pressures, (c) a constant σc = 130 MPa, but different pore fluid
pressures, and (d) a constant σneff = 100 MPa, but different confining and pore fluid pressures.
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et al. (2012) and den Hartog & Spiers (2013, 2014). Even though the model was initially applied to explain the
stability evolution with the temperature for muscovite‐halite or quartz‐illite gouges, it has more universal
application (Boulton et al., 2014; He et al., 2016; Sawai et al., 2016). During shearing, granular flow may induce
dilation. In this microphysical model, the gouge dilation induced by granular flow is countered by thermally
activated compaction controlled by pressure solution—and thus this competition between the gouge dilation and
compaction primarily controls the evolution of frictional stability at different temperatures. At the same effective
stress but lower temperatures (e.g., T = 100°C–200°C in this study), the pressure solution is relatively weak and
insufficient to drive the apparent compaction—and gouge dilation by particle granular flow dominates as pre-
sented in the velocity‐strengthening response. At the same effective stress but higher temperatures (e.g.,
T = 300°C–500°C in this study), the glaucophane pressure solution becomes strong and dominant and thermally

Figure 12. RSF parameters a, b, and Dc at effective normal stresses of 50–200 MPa, (a) a values, calculated using the
slowness evolution law, (b) a values, calculated using the slip evolution law, (c) b values, calculated using the slowness
evolution law, (d) b values, calculated using the slip evolution law, (e) Dc values, calculated using the slowness evolution
law, and (f) Dc values, calculated using the slip evolution law.
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activated compaction balances the shear‐induced gouge dilation but not apparently affect the shear deformation.
During an upward velocity step, increasing the shear velocity accelerates the granular dilation rate (e.g.,
Healy, 1963; Marone et al., 1990) and produces an elevated steady state gouge porosity at the post velocity upstep
(i.e., the velocity post‐step ‐change). In one interpretation, this increased porosity would result in a reduction in
the dilation angle and the gouge frictional strength at the post shear velocity (Samuelson et al., 2009), yielding the
observed velocity‐weakening response. On the other hand, the increase in dilatancy rate results in an increase in
shear strength via the rate of work to increase porosity (e.g., Frank, 1965), and thus velocity weakening would
require an even larger reduction in the base coefficient of friction (Marone et al., 1990). Thus, in either inter-
pretation the observed velocity‐weakening response requires a decrease in the based coefficient of friction for an
upward velocity step. At still higher temperatures, the pressure solution would be sufficiently strong that the
gouge deformation would be dominated by thermally activated compaction and the coefficient of friction would
also be enhanced in an upward velocity step, also yielding velocity‐strengthening response. Consequently,
mechanisms for the change in gouge frictional stability at different temperatures would result from the change in
porosity during a velocity step. At temperatures in the range 100°C–300°C, mass transfer due to pressure solution
for the glaucophane gouge would increase with increased temperature and contribute to the observed decrease in
frictional stability (a–b) (Figure 7). At 300°C–500°C, the frictional stability (a–b) and the frictional constitutive
parameters a and b remain essentially unaffected by temperature (Figures 7 and 8) and we postulate that pressure
solution could be maintained at these temperatures but be insufficient to promote another transition from velocity‐
weakening to velocity‐strengthening response.

At 300°C, instability of the glaucophane gouge is enhanced from both the reduction in effective normal stress and
the elevation of pore fluid pressure (Figure 11). According to Equation 8, the reduction in effective normal
stresses or related fluid pressurization could both result in a decrease in fault critical stiffness (Kcr) and stabilize
the fault, as shown in Figure 18. However, the reduction in effective stress could also affect the magnitudes of

Figure 13. Frictional constitutive parameter b/a and the b values versus a values at effective normal stresses of 50–200 MPa
(i.e., tests Gla‐T300, Gla‐T300‐E100, and Gla‐T300‐E50), (a) b/a values, calculated using the slowness evolution law, (b) b/
a values, calculated using the slip evolution law, (c) b values versus a values, calculated using the slowness evolution law,
(d) b values versus a values, calculated using the slip evolution law.
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velocity dependence (a–b) and the mechanisms of the variation of (a–b) at different stresses can also be explained
by the prior microphysical model. From the model, decreasing the effective normal stress or elevating the pore
fluid pressure at the same high temperature would be equivalent to decreasing the thermally activated gouge
compaction by pressure solution. Upon application of a velocity up‐step, the steady state gouge porosity would be
higher at the post‐shear velocity and lower effective stresses. Therefore, the dilation angle and fault frictional
strength would be lower and contribute to the enhanced velocity‐weakening behavior. From the microstructures
of the deformed gouges (Figures 16 and 17), the presence of moderately localized shear zones gradually increases
with the reduction in effective normal stress and these can also reflect an increase in gouge porosity at lower
effective stresses. The relative proportions of SSZmight be an indicator of the dominance of pressure solution that
are more evident at reduced effective stresses but not elevated temperatures.

4.3. Implications for Diverse Fault Slips Modes

Abundant intermediate‐depth (moderate‐sized) earthquakes within cold subducting slabs and slow earthquakes
with large ruptures have both been observed as associated with the fluid overpressures induced by the released
water from oceanic basalt crust within blueschist layers (Hacker et al., 2003; Jung et al., 2004; van; Keken
et al., 2012; Kim et al., 2013, 2015; Nishikawa et al., 2023; Schmidt & Poli, 1998). We perform laboratory shear
experiments on the pure glaucophane gouge specifically at confining pressures of 55–130 MPa, pore fluid
pressures of 30–80 MPa and temperatures of 100°C–500°C, to represent this subducted fluid overpressure
environment—and to understand the frictional and stability properties of glaucophane gouge. The glaucophane
shear experiments, together with the microstructural observations, indicate a transition from velocity‐
strengthening (aseismic) to velocity‐weakening (potentially) responses at a temperature of 300°C. Both
decreasing the effective stress or similarly elevating the pore fluid pressures, potentially as a result of pore
collapse within basalt in subduction zones (Figure 1) (Nishikawa et al., 2023), specifically at 300°C may trigger

Figure 14. Frictional constitutive parameter b/a and the b values versus a values at pore fluid pressures of 30–80 MPa (i.e.,
tests Gla‐T300 and Gla‐T300‐P80), (a) b/a values, calculated using the slowness evolution law, (b) b/a values, calculated
using the slip evolution law, (c) b values versus a values, calculated using the slowness evolution law, (d) b values versus a
values, calculated using the slip evolution law.
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fault instability. Results obtained from these experiments show that the glaucophane gouges exhibit velocity‐
strengthening and weak to moderate velocity‐weakening behaviors, depending on the temperatures, effective
normal stresses, and pore fluid pressures. At relatively lower effective normal stresses, the gouges exhibit
relatively minor to moderate velocity‐weakening behaviors and the critical stiffnesses also approach or are lower
than fault stiffness, indicative of the potential for slow‐slip events. Thus, the experimental results presented are
compatible with observations of slow‐slip events, episodic tremor and slip or (moderate‐sized earthquakes),
depending on the boundary conditions and sliding velocities.

From many previous studies, fault instabilities are shown to be closely related to ambient in situ temperatures and
pressures (Moore & Lockner, 2008; den Hartog & Spiers, 2013; Faulkner et al., 2018; Tian & He, 2019) specific
to a particular plate subduction habit. An increase in temperature or a reduction in effective stress could each
activate the velocity strengthening‐weakening transition for crustal faults (Blanpied et al., 1995; King &

Figure 15. Microstructures (backscattered images) of deformed gouges for tests (a) Gla‐T100, (b) Gla‐T200, (c) Gla‐T300,
(d) Gla‐T400, and (e) Gla‐T500. The yellow covered areas represent the moderately localized shear zones (MSZ) with lager
particles and the other regions (uncovered areas) are the strongly localized shear zones (SSZ) with very fine particles. The red
dashed lines indicate the localized shear deformations and primarily R1 shears. Scales bars, 500 μm.

Figure 16. Microstructures (backscattered images) of the deformed glaucophane gouge for tests (a) Gla‐T300‐E100, (b) Gla‐
T300‐P80, and (c) Gla‐T300‐E50. As most areas in (c) are moderately localized shear zones (MSZ) and thus they are not
denoted as yellow areas. The red dashed lines indicate the localized shear deformations and primarily B shears. Scales bars,
500 μm.
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Marone, 2012; Niemeijer & Collettini, 2014; Rice, 1992). Based on our experimental results, which indicate that
inherent fault aseismic sliding occurs at lower temperatures of 100°C–200°C, weak velocity‐weakening behavior
is inferred to result in potentially seismic slip in blueschist facies at temperatures of 300°C–500°C and for high
stresses—exactly the conditions presumed for a cold slab. At lower effective normal stresses or high pore fluid
pressures, the growing velocity‐weakening response would be capable of inducing much stronger seismic slip.
Hence, intermediate‐depth intraplate earthquakes associated with the instability of glaucophane gouge could also
be promoted by the reduction in confined effective stress or fluid pressurization at the blueschist facies
temperatures.

Finally, we note that our experiments have several shortcomings in recreating the in‐situ pressure conditions or
the gouge materials. Total stresses for blueschist facies are typically on the order of GPa—outside the limit of our
apparatus. However, if highly over‐pressured, then effective stresses explored within this study are potentially
within an appropriate range. Additionally, the granular glaucophane gouge is also not an ideal material for
conducting the shear experiments as it cannot represent the initial compaction state under pressures of GPa—
unless overpressures are high and compaction state is thus reduced. Two improvements for any future studies
would include experiments probing higher total stresses (e.g., Okazaki & Hirth, 2016) and the use of pre‐com-
pacted/sintered specimens in representing initial conditions.

5. Conclusions
We explored the effects of high temperatures and varied stress on friction‐stability of glaucophane gouge as an
analog to faults in blueschist facies and relevant to the diversity of fault slip styles, from slow‐slip events to
moderate‐sized earthquakes, in cold subduction zones. Velocity‐stepping experiments were performed at hy-
drothermal conditions and the rate‐ and state‐friction applied to assess the friction‐stability. Main conclusions are
described below.

1. Impacts of temperature: The frictional strength of glaucophane gouge is insensitive to the variation in tem-
perature and remains ∼0.7 at 100°C–500°C. The elevated temperature could apparently destabilize the
glaucophane gouge. The glaucophane gouge exhibits moderate to strong velocity‐strengthening response at
100°C–200°C, but weak velocity‐weakening response at 300°C–500°C. This velocity‐weakening is accom-
panied by denser localized shears in microstructures.

2. Impacts of effective stress: The frictional strength of the glaucophane gouge decreases slightly with an increase
in effective normal stress. Frictional instability increases with both decreased effective normal stresses or
equivalently elevated pore fluid pressures. This enhanced instability is promoted by the increase in moderate
shear zones in microstructures.

3. Gouge stability at different temperatures and effective stresses can be partially explained by micromechanical
models that balance the competition between granular flow‐induced dilation and thermally activated
compaction by pressure solution (Niemeijer & Spiers, 2007).

Figure 17. Comparisons of the proportions of the moderately localized shear zone (MSZ) to the strongly localized shear zone (SSZ) in each shear test.
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4. The low values of (b–a) combined with the boundary conditions between fault stiffness and critical stiffness
upon fluid pressurization support the observation of slow‐slip events in glaucophane gouges at blueschist
temperatures.

5. Slow‐slip events and moderate‐sized earthquakes are closely associated with fluid overpressures generated in
the subduction processes. Our results demonstrate the enhanced instability of glaucophane gouges at lower
effective stresses, which have important implications for understanding the diversity of fault slip styles from
slow‐slip events to moderate‐sized earthquakes in cold subduction zones.

Data Availability Statement
The friction data in this paper are available in Dryad at https://doi.org/10.5061/dryad.2v6wwpzvr (An et al., 2023).

Figure 18. Calculated critical stiffness (kcr) values (kcr = Kcr/σneff) at normal stresses of 50–200 MPa using (a) the slowness
evolution law and (b) the slip evolution law. The dashed black line indicates the calculated stiffness (k) values. The legend
shows the sequence of velocity steps with calculated values listed in Table S2 in Supporting Information S1. The calculated
fault stiffness (k) or critical stiffness (Kcr) is normalized by the effective normal stress specifically to exclude the effect of the
variation in effective normal stress. This normalization has no specific physical analog. The ratio of normalized critical
stiffness (kcr) to normalized fault stiffness (k) loses the effective‐stress‐based normalization applied to each parameter and is
the stiffness‐to‐critical stiffness‐ratio ‐ defining the likelihood of occurrence of slow‐slip events. According to Scuderi
et al. (2017), and others, diverse fault slip modes are a result of controlling the ratios of k/kcr. Slow‐slip events frequently
occur at k ≈ kcr. The fault stiffness K was calculated following the methods of Leeman et al. (2016) and the critical stiffness
Kcr was calculated based on Equation 8.
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