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Abstract In the rate‐state friction law framework, the transition from velocity weakening (V‐W) to velocity
strengthening (V‐S) behavior marks the base of the seismogenic crust. Here we investigate the role of fault slip
displacement under hydrothermal conditions in controlling the V‐W to V‐S transition. We shear simulated
gabbro gouges at slip velocities ranging from 16 nm/s (∼50 cm/year) to 10 μm/s (∼8 cm/day) under
hydrothermal conditions (300–400°C temperature; 30 MPa pore fluid pressure). We observe that cumulative
fault slip increases the critical velocity for the V‐W to V‐S transition. The transition is accompanied by localized
to distributed deformation mode, the formation of smectite‐type clays and occurrence of intergranular mass
transfer. Our results provide insights into understanding the deepening and shallowing of V‐W/V‐S boundary
(lower limit of the seismogenic zone) following a mainshock. Besides strain rate effects, slip‐enhanced chemical
alteration and grain size‐sensitive deformation may temporarily contribute to the shallowing process.

Plain Language Summary According to the standard model of earthquake nucleation, earthquakes
are the result of frictional instabilities along faults. The necessary condition for earthquake nucleation is that the
frictional strength of a fault decreases with fault slip velocity (“velocity‐weakening” behavior) or slip distance
(“slip‐weakening” behavior). Although extensive laboratory studies have been conducted to investigate the
velocity‐dependence of friction in rocks, less attention was paid to the role of slip displacement on fault
frictional stability, especially in the presence of hot and pressurized fluids. The latter, difficult to reproduce in
the laboratory, is a common condition at seismogenic depths. In this study, we examine how the frictional
stability evolves with slip velocity and displacement on simulated faults made of powders of gabbro (a common
rock of the oceanic crust) under hydrothermal conditions up to 400°C. We find that the critical velocity for the
transition from velocity‐weakening to velocity‐strengthening increases with cumulative slip displacement. In
nature, the increase of this critical velocity may result in the uplift, during seismic sequences, of the base of the
seismogenic crust (i.e., aftershock hypocenters will be shallower). Our findings suggest that, slip displacement,
accompanied by fault mineralogical‐structural evolution, can influence fault frictional stability and earthquake
nucleation.

1. Introduction
In the standard model of earthquake nucleation, the necessary condition is that the fault strength, described by the
friction coefficient, decreases with increasing fault slip displacement d and slip velocity V (slip weakening S‐W
and velocity weakening V‐W behavior: Dieterich, 1978, 1979; Ruina, 1983; Ohnaka, 2013; Rice, 2006). The
dependence of fault friction with V is described by the empirical rate and state friction law (RSFL: Dieter-
ich, 1979; Ruina, 1983; Marone, 1998). Because earthquakes in the upper crust nucleate often in the presence of
hot and pressurized fluids, a number of experimental studies have been conducted on crustal rocks (e.g., gabbro,
granite, limestone, quartz‐ or phyllosilicate‐rich rocks, etc.) under “hydrothermal conditions,” indicating that the
frictional behavior of faults depends on ambient temperature (Blanpied et al., 1991; den Hartog et al., 2012;
Okuda et al., 2023; He et al., 2007; Nakatani & Scholz, 2004). The velocity‐stepping (V‐stepping) experiments
(i.e., the slip velocity is increased or decreased abruptly during sliding to measure the response of the dynamic
friction coefficient) reveal the presence of three domains of V‐dependence with increasing temperature (hence,
crustal depth). With increasing depth, these include a low temperature velocity‐strengthening (V‐S, friction co-
efficient increases with increasing V) domain, an intermediate temperature V‐W domain and a high temperature V‐
S domain (Verberne et al., 2015; Chen et al., 2020; Blanpied et al., 1991; He et al., 2007; Zhang & He, 2016; den
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Hartog et al., 2012; Okuda et al., 2023). The transition from V‐W to V‐S frictional behavior at greater depths and
temperatures is thought to constrain the lower limit of the seismogenic zone (Scholz, 2019). The V‐W to V‐S
transition should also roughly overlap to the change in the fault dominant deformation mechanisms (e.g., from
cataclasis to dislocation creep) and associated rheology (from elasto‐frictional and mainly pressure‐dependent to
viscous‐plastic and mainly temperature‐dependent: Handy et al., 2007; Sibson, 1982; Scholz, 2019).

In addition to the temperature‐dependence discussed above, the V‐W to V‐S transition is also dependent on
several other parameters, including pressure, presence of fluids, strain rate, lithology, grain size, etc (Chen
et al., 2020; Okuda et al., 2023; Scholz, 2019; Verberne et al., 2015). In particular, because of technical
limitations in triaxial machines which limit slip displacement to <1 cm for hydrothermal experiments, the role
of slip displacement in the V‐W to V‐S transition has not been investigated in depth, although its influence on
frictional healing and sliding behavior at room conditions has been recognized (Beeler et al., 1996; Noel
et al., 2023, 2024; Richardson & Marone, 1999; Scuderi et al., 2017; Wong et al., 1992). For hydrothermal
ring shear experiments where large displacement could be applied (den Hartog et al., 2012; Okuda
et al., 2023), the effect of slip displacement on frictional behavior was not discussed. In this study, we
investigate whether the cumulative slip displacement affects the frictional stability transition under hydro-
thermal conditions. On simulated faults made of gabbro gouges we impose V‐steps from 16 nm/s (∼50 cm/
year, almost approaching plate tectonic rates) to 10 μm/s (∼8 cm/day) for a cumulative slip displacement up to
70 mm, at temperatures T of 300°C and 400°C, pore fluid pressure Pp of 30 MPa and effective normal stresses
σeff of 50 MPa–100 MPa. In the experiments, the transition from possibly unstable (V‐W) to stable (V‐S)
frictional behavior occurs with increasing fault slip displacement. This is in contrast with the results of ex-
periments performed under room‐temperature conditions, according to which as displacements increases the
simulated faults become more unstable (Noel et al., 2023). From microstructural observations we infer that the
transition from V‐W to V‐S is associated with the transition from localized to distributed deformation in the
gouge layer (Rutter, 1986), chemical alteration and occurrence of intergranular mass transfer. Our results
highlight that fault frictional stability could evolve with shear displacement and slip history.

2. Methods
The rock used in the experiments is the “Jinan dark green” gabbro (China). The rock is crushed in a mill and
sieved with a 180‐mesh to obtain powders with grain size of less than 88 μm for the experiments. The miner-
alogical and chemical compositions are determined with X‐Ray Powder Diffraction (XRD) and X‐Ray Fluo-
rescence (XRF) (Tables S1 and S2 in Supporting Information S1). The gabbro mainly consists of feldspar,
pyroxene, olivine, and minor biotite.

Seven experiments are performed with the Low to High‐Velocity rotary shear apparatus (LHVR‐Beijing)
equipped with a new‐conceived hydrothermal vessel, installed at the Institute of Geology, China Earthquake
Administration in Beijing, China (Feng et al., 2023; Ma et al., 2014) (Figure S1 in Supporting Information S1).
Experiments are conducted at constant σeff of 50 MPa or 100 MPa, Pp of 30 MPa and T of 300°C or 400°C (Table
S3 in Supporting Information S1 for full list). In setting up each experiment, about 0.8 g of gouge powder is
distributed evenly between two ring‐shaped and surface‐grooved pistons (22/28 mm in inner/outer diameter),
yielding an initial gouge thickness of ∼1.5 mm. The samples are confined laterally by inner and outer metal rings
(with MoS2 coating) to avoid extrusion during compaction and shearing.

The whole gouge assembly is then mounted into the vessel. In each experiment, after achieving the desired
ambient conditions of σeff, Pp and T, the initial “run‐in” stage is imposed at a slip velocity of 10 μm/s for 5 mm or
7 mm of slip displacement (d). Once a stable friction coefficient (μ = τ/σeff) is achieved, a series of V‐steps is
applied by switching the load‐point velocities over 3 orders of magnitude from 16 nm/s to 10 μm/s. The slip
displacement between each V‐step varies from 0.5 to 2 mm, depending on the slip distance required to reach a new
steady‐state friction value. To study whether the cumulative slip displacement may affect frictional stabilities, two
cycles of V‐stepping tests (i.e., referred to as Cycle 1 and Cycle 2), separated by a slip displacement of 15–50 mm,
are conducted. The experiments lasted up to ∼20 hr. Three additional experiments (LHV2609, LHV3063 and
LHV3081), with only one cycle or with a limited slip displacement, are performed to investigate the micro-
structural evolution of the gouge layer with slip displacement and its relation to the measured V‐dependence. In
this study, we focus on the friction coefficient V‐dependence and do not determine the Rate‐State‐Friction law
parameters (i.e., a, b and the critical slip distance Dc) since steady‐state conditions are not reached at low slip
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Figure 1. The evolution of the friction coefficient μ versus slip displacement d for the friction experiments of gabbro
performed under hydrothermal conditions (temperature T, pore pressure Pp and effective normal stress σeff are reported in
each diagram). Right panel shows close‐ups of critical velocity‐steps. (a) Experiment LHV2588 performed at T= 400°C and
σeff = 50 MPa. The emergence of period‐multiplying cycle behavior is observed in the transitional regime. (b) Experiment
LHV2710 performed at T = 400°C and σeff = 100 MPa. (c) Experiment LHV3082 performed at T = 300°C and
σeff = 100 MPa. (d) Experiment LHV3081 performed at T = 400°C and σeff = 100 MPa.
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velocities (16–80 nm/s). At the end of the experiment, the deformed samples are recovered for XRD and Scanning
Electron Microscope (SEM) investigations. Further details of the experimental setup and methodology can be
found in Supporting Information S1 Text S1.

3. Results
3.1. Mechanical Data

The friction coefficient of the sheared gouges and its velocity dependence evolve with slip displacement for all
experiments (Figures 1 and 2). In experiment LHV2588 performed at σeff = 50 MPa and T = 400°C, during the
run‐in atV= 10 μm/s, the fault has μss∼ 0.68. After d= 5 mm, in Cycle 1, a series ofV‐steps are imposed and stick‐
slip events initiate. In this velocity range (16 nm/s ≤ V ≤ 10 μm/s) the fault exhibits V‐W behavior; and the
magnitude of the friction coefficient (or stress) drops during stick‐slip events increases with decreasing velocity
(Figure 1a). After imposing 40 mm of slip displacement at V = 10 μm/s (time duration 4,000 s, d ∼ 60 mm), in
Cycle 2, stick‐slip and V‐W behavior are still observed at 2 ≤ V ≤ 10 μm/s. However, the stick‐slip events vanish
and the frictional behavior becomes V‐S for 16 nm/s ≤ V ≤ 2 μm/s (μ decreases when V is decreased from 0.4 μm/s
to 16 nm/s and then increases when V is increased from 16 nm/s to 2 μm/s, Figure 2). Period‐multiplying cycle
behavior (i.e., a mixture of stick‐slip events characterized by multiple amplitude stress drop, Mei et al., 2021) is
observed at this transitionV of 2 μm/s in the transitional regime (Inset a.2). All these observations are producible in
the experiment LHV3080 performed at identical deformation conditions (Figure S2 in Supporting
Information S1).

In experiment LHV2710 performed at higher σeff = 100 MPa and same T = 400°C as LHV2588, in Cycle 1, the
fault has a V‐W behavior for 80 nm/s ≤ V ≤ 10 μm/s and V‐S behavior for 16 ≤ V ≤ 80 nm/s (Figure 1b). Then,
after imposing 15 mm of slip displacement, in Cycle 2, the gouges exhibit stick‐slip events and V‐W behavior for
2 ≤ V ≤ 10 μm/s (see d ∼ 23 mm), and V‐S behavior for V < 2 μm/s. The velocity where the V‐W to V‐S transition
occurs increases from 80 nm/s (at d ∼ 7 mm in Cycle 1) to 2 μm/s (at d ∼ 23 mm in Cycle 2) with increasing slip
displacement and shear deformation. Intriguingly, the V range for V‐S behavior is further extended to 10 μm/s at
the end of the experiment (d > 30 mm) (Figures 1b and 2). In contrast, in experiment LHV3082 performed at
σeff= 100 MPa but lower T= 300°C, in Cycle 1, the fault shows V‐W behavior for 80 nm/s ≤ V ≤ 10 μm/s and V‐S
behavior for 16 ≤ V ≤ 80 nm/s (Figure 1c). After imposing∼15 mm of slip displacement, the velocity for the V‐W
to V‐S transition increases to 0.4 μm/s in Cycle 2 (at d ∼ 30 mm), but not as high as that observed at T = 400°C.

Summarizing, experimental faults made of gabbro gouges, under the investigated hydrothermal conditions, show
transition from V‐W to V‐S frictional behavior with decreasing slip velocity. The velocity where this transition
occurs is defined as critical slip velocity Vc (red to blue in Figure 2), and Vc increases with cumulative slip
displacement. This point is further attested by experiment LHV3081 performed at the same P‐T conditions of the
experiment LHV2710 but without imposing a 15 mm displacement interval (Figure 1d): Vc for V‐S behavior
extends from 0.4 μm/s to 2 μm/s with slip displacement, but lower than Vc of 10 μm/s in experiment LHV2710.
This suggests the critical role of slip displacement in controlling instability nucleation, as discussed below.

3.2. Microanalysis of Deformed Samples

3.2.1. Mineral Assemblage

Gabbro‐built gouges recovered from experiments that exhibit creep or V‐S behavior at the end of the slip show a
broad peak at 2θ∼ 8° in the XRD spectra, which is absent in the starting materials (Figure 3a). The intensity of the
8° peak increases with temperature (compare LHV3082 performed at 300°C with LHV3080 and LHV3081
performed at 400°C). After separation of the ultra‐fine grains, orientation and glycol treatment, this newly formed
mineral is identified as smectite‐type clay (Brindley & Brown, 1980) (See Figure S3 in Supporting Informa-
tion S1). In addition, a decrease in the intensity of the biotite peak 2θ∼ 10° is measured in the sheared gouges with
respect to the starting materials. XRD data suggests that frictional sliding under the investigated hydrothermal
conditions results in the appearance of newly‐formed smectite (Na‐rich montmorillonite‐type mineral).

3.2.2. Microstructures

The microstructures associated with V‐W and V‐S friction behavior are investigated by arresting the experiments
and recovering the sheared gouge layer at increasing displacement and in different regions.
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In experiment LHV3063 (Figure S4 in Supporting Information S1) stopped at d = 9 mm during stick‐slip and
V‐W behavior, strain is localized into ∼15 μm‐thick slip zone (marked by dashed line in Figure 3b). The slip
zone is made of comminuted grains of feldspar and clinopyroxene with sharp edges (Figure 3c). With
increasing slip displacement (d = 18 mm, LHV3081), once the gouge layer underwent V‐W to V‐S and V‐S to
V‐W transitions, the gouge layer is intensely comminuted (Figure S5 in Supporting Information S1). Grain size
reduction is larger in the upper ∼300–500 μm‐thick gouge layers and interpreted as the main slip zone. The slip
zone is characterized by intense fragmentation, with sub‐angular to rounded grains (<1 μm) and low porosity.
Grain size remains as the initial size at the bottom part of the gouges layer. For gouges which underwent an
additional 15 mm of slip displacement (LHV2710), after d = 32 mm, deformation is distributed over the entire
gouge layer thickness and a S‐C fabric, outlined by the spatial arrangement of pyroxene and feldspar grains, is
well‐developed (Figures 3d and 3e). Grains have sharp edges and angular shapes, indicative of cataclastic flow.
The matrix includes up to 1 μm long acicular in shape grains interpreted as newly‐formed smectite‐type clays
(write arrows, Figure 3f). The neck grain boundaries are partly observed (yellow arrows, Figure 3g), suggesting
that mass transfer process may take place.

Figure 2. Evolution of the friction coefficient μ and velocity‐dependence as a function of slip velocity V for each series of V‐steps in the experiments shown in Figure 1.
Black numbers in the box indicate the range of slip displacement for individual V‐steps Cycle. Symbols in blue and red colors represent V‐S and V‐W frictional behavior,
respectively. The error bars show magnitude of drops in friction coefficient in the stick‐slip events.
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Figure 3. Microanalytical results of deformed gouges recovered from friction experiments. (a) X‐ray diffraction (XRD)
spectra of representative samples (experimental conditions are reported in each diagram). The appearance of the peak at 2θ
∼8° in the sheared gouges is indicative of the presence of newly‐formed smectite‐type clays. (b–g) Microstructures of
sheared gabbro from three experiments at T = 400°C and σeff = 100 MPa stopped at different displacements. Experimental
conditions are reported in the top images. (b–c) LHV3069, d = 7 mm d‐g. LHV2710, d = 32 mm. White arrows indicate the
newly‐formed clays, yellow arrows point to neck grain boundaries indicative of diffusive mass transfer.
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4. Discussion
4.1. Slip‐Dependence of the Frictional Behavior

The goal of this study is to explore how frictional stability of gabbro gouges evolves with shear displacement
under hydrothermal conditions. The mechanical data shown in Figures 1 and 2 highlight the transition from
velocity weakening (possibly resulting in frictionally unstable behavior) to velocity strengthening (frictionally
stable) regime with decreasing slip velocity, which can be promoted by increasing slip displacement. The fric-
tional response to V‐steps in the V‐S regime is gradual (e.g., Figure 1b, b.2) rather than instantaneous as usually
observed in the RSF framework (Dieterich, 1979; Marone, 1998). The microstructural analysis of the deformed
gouges arrested during the V‐W and V‐S regimes (Figures 3b–3g) indicates that this V‐W to V‐S transition is
accompanied by the transition from localized to distributed deformation within the gouge layer (Logan
et al., 1992; Logan & Rauenzahn, 1987). However, the deformation mechanism derived from the microstructures
remains primarily cataclasis. Because of this, the stability transition may not completely overlap with the brittle‐
ductile transition usually referred to by geologists.

In general, the transition of frictional stability from V‐W to V‐S has widely been recognized in previous friction
experiments performed on calcite, granite, basalt, gabbro, olivine, phyllosilicate‐rich mylonite, illite‐rich shale
by increasing temperature or decreasing slip velocity (Barbot & Zhang, 2023; Blanpied et al., 1991; Chen
et al., 2020; den Hartog et al., 2012; He et al., 2007; Okuda et al., 2023; Verberne et al., 2015; Zhang &
He, 2016; Zhang et al., 2017). Particularly, this temperature‐ and velocity‐dependent transition in halite and
calcite is interpreted by the transition in deformation mechanism from granular sliding to rate‐ and temperature‐
dependent creep (Chen & Spiers, 2016; Shimamoto, 1986; Shimamoto & Noda, 2014). Although no evidence
of typical crystal plastic deformation in the V‐S regime is captured, we still observe a correlation between
temperature and velocity for this stability transition. This is consistent with previous studies that the higher
temperature corresponds to a higher Vc. For instance, for basalt gouges, at T = 500–550°C, Vc is 30–100 μm/s,
whereas at T = 400–450°C Vc decreases to 3–10 μm/s (Okuda et al., 2023). Our results also suggest that this V‐
W to V‐S transition can be promoted by shear displacement, that is, Vc increases with slip (Figure 2), which
have not been previously observed. In fact, the effect of shear displacement on fault stability has been sys-
temically investigated at room conditions: Beeler et al. (1996) showed that the velocity dependence of Westerly
granite gouge evolves from V‐S to V‐W, then back to V‐S or V‐neutral with displacement. Noel et al. (2023)
showed that the simulated faults of quartz‐rich rocks become more unstable with increasing slip displacement.
They linked this stability transition to the degree of localized deformation. Also in the experiments presented
here but under hydrothermal conditions, the transition from localized to distributed deformation is associated
with the transition from V‐W to V‐S behavior. However, in our experiments, the fault slip displacement favors
stable sliding rather than frictional instability.

How slip displacement contributes to this stabilization transition under hydrothermal conditions observed here
can be attributed to the chemical alteration and diffusive mass transfer. Newly‐formed smectites are present in the
deformed samples that underwent sufficient long displacement and exhibit frictional V‐S behavior (Figure 3a).
Previous experiments indicated that smectite or smectite‐rich gouges are characterized, in water‐saturated con-
ditions, by a V‐S behavior (Moore & Lockner, 2007; Saffer & Marone, 2003; Tesei et al., 2015). Moreover, grain
size reduction due to shear‐induced comminution result in an increase in surface area, promoting the activation of
hydrothermal alteration process (e.g., the formation of smectite in this study; Callahan et al., 2019) and grain size
sensitive deformation (neck grain boundaries; Figure 3g). These effects will be boosted at higher σeff and higher
temperature, which increases the amount of the smectite produced and promotes diffusive mass transfer processes
(Figures 3f and 3g). These may explain why the stability transition exhibits a temperature dependence.

However, smectite is thought to be unstable and turn into illite at T > 150°C (Mills et al., 2023). Two questions
arise: (a) whether smectite may stably exist at elevated temperatures (e.g., 400°C) during our experiment duration
(Derkowski & Kuligiewicz, 2022; Odom, 1984), and (b) if the abundance of smectite is sufficient to control the
frictional properties of the fault gouge. Comparison of XRD pattern of pure Na‐rich montmorillonite, the same
type of smectite formed, and of the ones subjected to uniaxial compaction at 400°C and Pp = 30 MPa for 12 hr
shows that they are similar (Figure S6 in Supporting Information S1). We infer that the process of smectite
breakdown takes longer time than the duration of our experiments, and that newly formed smectites grow at
400°C and survive during cooling to room temperature. However, considering that smectite is probably meta-
stable under these temperature conditions, at the time scale of seismic cycle, the longevity of these newly‐formed
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clays at seismogenic depths is questioned (Schuck et al., 2018). These smectite‐type minerals, which are expected
to be concentrated within the slip zone where fluid‐rock interaction is more intense due to grain size reduction, can
impact the frictional response of gouge layer subjected to shear (Collettini et al., 2009; Niemeijer et al., 2010).

4.2. Geological Implications

Based on the experimental evidence presented, the formation of alteration products and occurrence of grain‐size
sensitive deformation processes indeed affect the frictional stability of faults: faults become more stable with
shear displacement. Vc for the V‐S to V‐W transition increases, meaning that faults are stable over a broader range
of sub‐seismic slip rates (Figure 4a and Figure S7 in Supporting Information S1). As applied to tectonic faults, this
stability transition promoted by shear‐enhanced chemical alteration may take place locally in the area experi-
encing intense deformation, for example, the fault patches where coseismic slip occurred. In nature, the hypo-
central depth of aftershocks is found to increase immediately after the mainshock and then to decrease gradually
with time (Cheng & Ben‐Zion, 2019; Rolandone et al., 2004). A plausible explanation is that the so called “brittle‐
ductile transition” deepens and then shallows during the postseismic stage because of the changes in strain rate in
the root of the fault zone (solid line in Figure 4b; e.g., Schaff et al., 2002; Tse & Rice, 1986). In particular, the later
relaxation of slip rate shifts the base of the seismogenic zone to a shallower depth (Nishimura & Thatcher, 2003).
In addition to changes in slip rate, we suggest that chemical alteration may occur on the newly exposed surfaces,
which could be facilitated by grain size reduction during coseismic slip and early afterslip. As a consequence, the
stabilization effect due to chemical alteration may temporarily and locally play a role by increasing Vc,
contributing to the shallowing of V‐S to V‐W transition (black dashed line in Figure 4b). Based on experimental
observations, we propose that faults patches located beneath the seismogenic zone may undergo, after a main-
shock, a transition from V‐S to V‐W induced by the stress perturbations, and back to V‐S that can be promoted by
chemical alteration (Stages I to III).

Although in this study we attempt to investigate the impact of slip displacement on fault friction under hydro-
thermal conditions, a common condition in Earth's seismogenic crust, the study suffers from several limitations.
For example, we employed only gabbro and studied its interaction with distilled water. It is well known that
natural fluids can have wide compositional variations that affect the type of newly formed minerals, ranging from
clays (“soft” and V‐S) to quartz and epidote (“hard” and V‐W) (e.g., Di Toro & Pennacchioni, 2005; Wintsch
et al., 1995). Furthermore, given the experimental setup, we could not consider the geometric complexity of fault
zones, including the variable thickness of fault slip zones, the roughness of fault surfaces, and, on a larger scale,

Figure 4. Conceptual diagram of the effect of slip displacement on fault frictional stability. (a) The critical slip velocity (Vc) at which the transition from V‐S to V‐W
occurs shifts toward higher values with fault slip‐enhanced chemical alteration. (b) Depths profile of velocity dependence of fault friction over time near the lower
boundary of the seismogenic zone for a simplified seismic cycle. Black lines represent V‐neutral profile. This boundary deepens and then shallows during the
postseismic stage because of the changes in strain rate induced by the mainshock. The faults patches located beneath the seismogenic zone may experience a transition
from V‐S to V‐W induced by increased slip rate, and back to V‐S with decreased slip rate (Stages I to III). The latter shallowing process could be promoted by slip‐
enhanced chemical alteration (dashed line). Fsp = Feldspar; Px = Pyroxene.
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the network of minor and major faults/fractures and the presence of damage zones (Faulkner et al., 2010;
Wibberley et al., 2008). All these geometric parameters contribute to the evolution in space and time of the
velocity dependence of the so‐called “coefficient of friction.” Moreover, although our experiments lasted up to
20 hr, fluid‐rock interaction during the afterslip takes months to years, and we could only partially address the role
of time.

5. Conclusions
Our study highlights that slip displacement‐enhanced chemical alteration in the presence of hot and pressurized
water affects the frictional behavior of faults, contributing to the transition from V‐W to V‐S behavior at higher Vc

(Figures 1 and 2). This transition in frictional behavior is controlled by cataclastic processes, and by the
appearance of newly formed clays and intergranular mass transfer. The transition is also associated with the
transition from localized to distributed deformation. In a seismic sequence, the shift of the frictional transition to
higher Vc temporarily contributes, together with the post‐mainshock relaxation, to the rise of the base of the
seismogenic zone.

Data Availability Statement
All datasets collected in this study are available at Feng et al. (2024).
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