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Key Points:

e The frictional-viscous transition in granitoid gouges is promoted by increasing
temperature and decreasing velocity.

e The transition involves forming a dense, ultrafine-grained principal slip zone where
dissolution-precipitation creep operates.

e This temperature-, rate- and grain size-sensitive creep mechanism greatly weakens the
crust at depth >7 km depending on geothermal gradient.
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Abstract

In crustal faults dominated by granitoid gouges, the frictional-viscous transition marks a
significant change in strength constraining the lower depth limit of the seismogenic zone.
Dissolution-precipitation creep (DPC) may play an important role in initiating this transition,
especially within polymineralic materials. Yet, it remains unclear to what extent DPC
contributes to the weakening of granitoid gouge materials at the transition. Here we
conducted sliding experiments on wet granitoid gouges to large displacement (15 mm), at an
effective normal stress and pore fluid pressure of 100 MPa, at temperatures of 20-650°C, and
at sliding velocities of 0.1-100 um/s, which are relevant for earthquake nucleation. Gouge
shear strengths were generally ~75 MPa even at temperatures up to 650°C and at velocities >
1 um/s. At velocities < 1 um/s, strengths decreased at temperatures > 450°C, reaching a
minimum of 37 MPa at the highest temperature and lowest velocity condition.
Microstructural observations showed that, as the gouges weakened, the strain localized into
thin, dense, and ultrafine-grained (< 1 um) principal slip zones, where nanopores were
located along grain contacts and contained minute biotite-quartz-feldspar precipitates.
Though poorly constrained, the stress sensitivity exponent n decreased from >17 at 20°C to
~2 at 650°C at the lowest velocities. These findings suggest that high temperature, slow
velocity and/or small grain sizes promote DPC-accommodated granular flow over cataclastic
frictional granular flow, leading to the observed weakening and strain localization. Field
observations together with extrapolation suggest that DPC-induced weakening occurs at
depths of 7-20 km depending on geothermal gradient.

Plain Language Summary

Below the Earth’s surface, rocks usually undergo a change in strength and deformation
behavior as they reach deeper crustal levels, transitioning from strong and brittle behavior in
the upper crust, to weak and viscous near the middle crust. This change, known as the
frictional-viscous transition, defines the limit in depth where major earthquakes can occur.
Some evidence from nature and laboratory experiments suggest that deformation by
dissolution-precipitation creep (DPC or “pressure solution”) may play an important role in
triggering this transition. However, these assumptions lack adequate verification and
comprehensive understanding. Here, we conducted laboratory tests across a wide range of
temperatures and deformation rates in order to reconstruct the frictional-viscous transition in
granitoid rocks, one of the most common rock type in the upper to middle continental crust.

We found that granitoid gouges started to weaken and became viscous when being deformed
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at higher temperatures and lower deformation rates. As the rock became weaker, deformation
localized in a distinct layer called the principal slip zone. This is very fine-grained and
contains tiny pores filled with many newly precipitated minerals, which proves active DPC.
In nature, activation of DPC could trigger the frictional-viscous transition at shallower crustal

depths than otherwise expected.

1 Introduction

Granitoid or granitic fault gouge is a type of non-cohesive fault rock that consist
predominantly of quartz, albite and orthoclase (Barbarin, 1999; Sammis et al., 1987).
Observations of natural fault zones suggest deformation often localizes into a thin layer of
non-cohesive granitoid fault rocks in the crystalline part of the continental crust, at upper to
middle crustal depths (Baumberger et al., 2022; Berger et al., 2017; Wehrens et al., 2016).
Therefore, the mechanical behavior of these granitoid gouges is highly relevant for
determining the rheology of crustal fault zones. The frictional-viscous transition in these
gouges is of great importance, as it not only marks a pronounced change in rheological
properties of the Earth’s lithosphere, but also helps to constrain the lower boundary of the
seismogenic zone, where large-magnitude earthquakes normally originate (Evans et al., 1990;
Scholz, 1998; Sibson, 1982; Tse & Rice, 1986).

In the classical crustal rheological profile, the frictional-viscous transition extends
over a depth range of several kilometers, serving as a bridge between predominantly
frictional behavior in the upper crust and viscous behavior in the lower crust (Burgmann &
Dresen, 2008; Burov, 2011; Goetze & Evans, 1979; Kohlstedt et al., 1995; Paterson & Wong,
2005). The strength of the upper crust typically increases linearly with depth, characterized
by a constant slope represented by friction coefficients of ~0.6-0.85, often referred to as
Byerlee's law (J. Byerlee, 1978; Labuz & Zang, 2012). Within the upper crust, frictional
sliding occurs along preexisting fault planes, with low temperature and strain rate sensitivity.
In contrast, the strength of the lower crust generally decreases with increasing depth. This
behavior is often described by the thermally activated, power-law flow of monomineralic
quartz or feldspar, which are the most abundant rock forming minerals at this crustal level. In
the case of these end-member minerals, deformation is thought to be mainly controlled by
dislocation creep and dynamic recrystallization processes (Rutter & Brodie, 2004b; Rybacki
& Dresen, 2004). Deformation at the frictional-viscous transition is usually considered as a
combination of the frictional and creep mechanisms that separately govern the deformation of
the upper and the lower crust. However, the widespread occurrence of stylolites,
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slickenfibres, veining, grain scale overgrowths and truncated grain-grain contacts, found in
exhumed mid-crustal fault zones (Gratier et al., 2023; Hickman et al., 1995; Wassmann &
Stockhert, 2013, and references therein), indicate that apart from the classical frictional and
creep mechanisms, dissolution-precipitation creep may play an important role particularly in
the case of polymineralic faults. It is also known as pressure solution (Gratier et al., 2013;
Spiers et al., 1990) or viscous granular creep (Paterson 1995; Stiinitz 1998).

Dissolution-precipitation creep (DPC) is a fluid-assisted deformation mechanism
involving three processes: first, material is dissolved at grain contacts with relatively high
normal stress concentrations, then transported away from the contacts by diffusive mass
transport process, and finally precipitated at low stress sites (Gratier et al., 2013; Rultter,
1983; X. Zhang & Spiers, 2005). Under conditions where fluids are present, DPC is promoted
and accelerated by the presence of fine grain size, polymineralic composition, moderate
temperatures and slow strain rates (de Meer & Spiers, 1997; Rutter, 1983; Visser et al.,
2012). These conditions align well with those found in permeable mid-crustal fault zones,
suggesting that DPC may indeed represent a dominant deformation mechanism within the
frictional-viscous transition. DPC is typically known to play a crucial role in compaction,
sealing and healing of fault rocks during the interseismic period between individual
earthquake events (Nakatani & Scholz, 2004; Niemeijer et al., 2002; Schwichtenberg et al.,
2022). More importantly, several studies have demonstrated that this mechanism may also
reduce the strength of fault rocks at the frictional-viscous transition, especially in fault rocks
that contain fine-grained phyllosilicates (Bos & Spiers, 2001; Kirkpatrick et al., 2021) or
albite (Okuda et al., 2023). Yet, it remains unclear to what extent DPC contributes to the

weakening of granitoid gouge materials at the frictional-viscous transition.

Many laboratory experiments conducted under hydrothermal conditions have
investigated the frictional-viscous transition and associated deformation processes in the case
of different rock compositions, such as pure quartz gouge (Hirth & Tullis, 1992, 1994), albite
gouge (Tullis & Yund, 1992), and granitoids (Blanpied et al., 1995; Lei, Niemeijer, et al.,
2022; Mitchell et al., 2016; Simpson, 1985; Tullis & Yund, 1980). These experimental
studies have demonstrated that the frictional-viscous transition occurs in a range of increasing
temperature and/or decreasing sliding velocity, which typically is expressed by temperatures
of around 350-450°C under a velocity range of 0.01-1 um/s. For monomineralic aggregates
such as quartz gouge, DPC has been demonstrated to play an important role in weakening the

gouges (Niemeijer et al., 2008). A more pronounced weakening effect was observed in
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granitoid gouges due to the addition of water, emphasizing the important role of fluid-assisted
deformation mechanisms, such as DPC, in initiating the frictional-viscous transition in
polymineralic aggregates (Blanpied et al., 1995; Griggs, 1967; Tullis & Yund, 1980).
However, these experiments were confined to small shear strains (y = 4-7), and the
microstructural investigations were limited to either optical microscopy or transmission
electron microscopy scales. These constraints hinder a comprehensive understanding of the
role of DPC on weakening at the frictional-viscous transition, as its processes are mainly
observable at intermediate grain-scales.

In this study, we aim to replicate the frictional-viscous transition in the case of fine-
grained granitoid gouges in order to gain more profound knowledge of the associated
deformation mechanisms. We conducted sliding experiments on wet granitoid gouges to large
displacement (15 mm) under hydrothermal conditions (20-650°C, 100 MPa pore fluid
pressure, and effective normal stress) and at sliding velocities (0.1-100 pum/s) relevant for
earthquake nucleation. Microstructures of deformed samples were quantitatively analyzed at
a variety of scales, using methods allowing observation from the mm down to the nm range.
The laboratory measurements of gouge strengths were further extrapolated to natural
conditions. Together, our results demonstrate that notable weakening at the frictional-viscous
transition is accompanied by intense strain localization, elimination of fracture arrays and the
formation of nanopores at grain contact surfaces that contained tiny precipitated biotite
flakes. In terms of deformation mechanisms, cataclastic frictional granular flow is gradually
replaced by DPC-accommodated viscous granular flow at temperatures above 450°C, sliding

velocities below 1 um/s, and/or mean grain size below 1 um.

2 Materials and Methods

2.1. Starting material

The investigated “gouges” were produced from a granitoid ultramylonite that was
drilled and cored from a ductile shear zone inside the Nagra Grimsel Test Site (GTS), an
underground rock laboratory located near Grimsel Pass in the Aar Massif, Central
Switzerland (46°35'27"N, 8°19'17"E; e.g. Schneeberger et al., 2017). The collected sample
was disaggregated in a step-wise procedure to simulate non-cohesive gouge-like powders.
They were first crushed into large fragments by electrical fragmentation, which is based on
high-voltage discharges (SELFRAG®: www.selfrag.com; Giese et al., 2010; Zwingmann et

al., 2017), then further milled into powders with a McCrone micronizing mill for less than 1
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minute (Behnsen & Faulkner, 2011). Fragments that remained large were manually ground
with a mortar and pestle and subsequently wet sieved to obtain a grain size fraction smaller
than 125 um. All of the disaggregated material was collected and dried in an oven at ~40°C

for at least 48 h and stored in sealed containers at room temperature and ambient humidity.

To determine the mineralogical composition and particle size distribution, powders
were analyzed using X-ray Powder Diffraction (XRD) and a laser particle-size
diffractometer, respectively (supporting information, Text S1). XRD results show that the
starting material has a typical granitoid composition, being composed of quartz (37 wt.%),
albite (38 wt.%), orthoclase (11 wt.%), biotite (8 wt.%) and epidote (6 wt.%). Particle size
analysis shows a log-normal distribution, with a mean grain size of 56 um and a standard

deviation of 47 um.

2.2. Experimental techniques

Rock deformation experiments were conducted in a hydrothermal ring shear
apparatus, installed at the HPT lab at Utrecht University (see details in den Hartog et al.,
2012; Niemeijer et al., 2008). In this apparatus, an internally heated pressure vessel and a
rotary drive system are installed inside an Instron loading frame (Figure 1a). Within the
pressure vessel, the pore fluid pressure is controlled using a hand pump. The added fluid is
deionized water. The effective normal stress (resolution £0.05 MPa) is transmitted to the
sample through a pressure-compensated loading piston using the Instron ram (Figure 1a). The
sample is heated to the desired temperature (resolution £0.5°C) using a coiled thermocoax
furnace surrounding the sample-piston assembly. Sample temperatures are measured using a
K-type thermocouple installed ~5 mm away from the sample layer. For each experiments, a
~1.5 mm thick gouge layer was sandwiched between two internal René-41® superalloy
pistons in the sample-piston assembly (Figure 1c). The internal pistons are roughened with
~0.2 mm deep, cross-cut grooves to increase the grip between the sample powder and piston
surfaces (Figure 1d). The gouge is confined with inner (22 mm diameter) and outer confining
rings (28 mm diameter) which were coated with Molykote® (MoS,) antifriction lubricant to
reduce the wall friction between sample and the confining rings (Verberne et al., 2015). The
resulting shear stress is externally measured using the torque gauges mounted on the torque
bar at the top of the pressure vessel (resolution £0.006 MPa). Shear displacement is measured

using a potentiometer installed at the bottom-forcing block (resolution £0.001 mm).
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Figure 1. (a) Schematic diagram of hydrothermal ring shear apparatus showing the pressure
vessel and fluid lines; (b) Cross section of the compound pressure vessel, modified after den
Hartog and Spiers (2013); (c) Schematic diagram of sample assembly; (d) Photograph of the

grooved piston surface.

In each experiment, the desired temperature and pore fluid pressure were applied
within ~30 min of installing the sample in the apparatus. After equilibrating for at least 45
min, the effective normal stress was applied to the sample, and then the rotary driving system
was switched on. Upon completion of the experiment, shear stress, effective normal stress,
temperature, and pore fluid pressure were sequentially decreased. Temperature and pore fluid
pressure were adjusted to atmospheric conditions in a stepwise procedure to avoid pore fluid
boiling. The experiment termination process took ~30 min. During the experiment, signals
including shear displacement, torque, temperature, axial displacement and load, pore fluid
pressure, and rotational drive velocity were continuously recorded using a 18-bit A/D
converter and an acquisition rate of 900 Hz, which was averaged and logged at frequencies of

1-100 Hz, depending on sliding velocities.

Sixteen experiments in total were conducted at an effective normal stress of 100 MPa
and a pore fluid pressure of 100 MPa applying ~15 mm displacement (shear strain of ~23).
They are subdivided into three groups based on the applied sliding velocities of V = 100, 1,
0.1 um/s (Table 1). In the first group, gouges were sheared at a constant sliding velocity of V
= 100 um/s and temperatures ranging from 20°C to 650°C, in order to study the effect of
temperature on the strength of the gouge. The second and the third groups are identical to the

first group, except that the applied sliding velocity was, respectively, setat V =1 um/s and V
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= 0.1 um/s to study how fault slip rate influences the strength of gouge samples. To prevent
melting, the highest temperature and pore fluid pressure conditions explored were
deliberately chosen to be well below the H,O-saturated melting curve for granitoid system
(T=690°C at 200 MPa, Johannes, 1984; Lamadrid et al., 2014). After reaching the desired
displacement, each sample was quickly removed from the apparatus and dried in an oven. In
some experiments, samples underwent shearing and were then held at the designated
temperature and pressure for a specific duration (listed as tpoiq in Table 1), followed by
unloading. Static grain growth of grains during the hold duration may influence
microstructures, particularly the absolute grain sizes of sheared samples. To investigate these
effects, we conducted additional experiments with identical displacement, sliding velocity

and zero hold duration (theig = 0 h).

During data processing, the recorded torque was corrected for seal friction to obtain
the shear stress (7), while the potentiometer displacement (D) was corrected for elastic
distortion. We define the yield point as the point of the minimum second derivative of the
shear stress-displacement curve. In the initial loading stage leading up to the yield point thus
defined, shear stresses showed a near-linear increase with displacement, appearing as a
straight line in the stress-displacement curve. Beyond the yield point, the rate of increase in
shear stresses decreased, i.e. the slope of the stress-displacement curves decreases, ultimately
approaching a steady state. The yield point shear stresses (z,,4) were calculated as the average
of measurements taken over a 1 mm displacement interval beyond the yield point
displacement value. The (near) steady-state shear stresses (z,;) were calculated in a similar
way, but only when a total displacement of 15 mm was achieved. For experiment u1150 with
a total displacement less than 15 mm, t,; was picked up at a displacement of ~ 13 mm. The

difference between z,; and 7,4 represents the extent of shear stress changes (At), calculated

as AT = Ty — Tyq.
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Table 1. List of experiments, conditions and key data. All experiments were conducted under
an effective normal stress of 100 MPa and a pore fluid pressure of 100 MPa (normal stress is
200 MPa). T: temperature, V: sliding velocity, D: displacement, t;,;4: time for sample being
hold at applied P-T conditions before unload, 7,4: yield point shear stress selected at the
point of the minimum second derivative of shear stress-displacement curve, 7.: (near)

steady-state shear stress selected at displacements of ~15 mm, At = 7 — 7,4, U apparent

friction coefficient at (near) steady-state, calculated as ugs = 74 /a,‘ff ! by ignoring cohesion.

Experiments T (°C)  V (um/s) D (mm) tpoq () Tyq (MPA) 7, (MPa) At (MPQ)  ugs (-)

V =100 um/s

ulo51 20 100 15.08 0.0 56.69 74.50 17.81 0.75
ul049 200 100 15.11 1.4 65.01 73.58 8.57 0.74
ul052 450 100 15.10 11 59.96 77.40 17.44 0.77
ul059 650 100 15.47 0.5 54.81 81.51 26.70 0.82
V=1um/s

ul038 20 1 15.98 10.0 68.97 81.11 12.14 0.81
u908 200 1 15.60 0.0 56.60 75.41 18.81 0.75
u909 450 1 15.10 0.1 57.79 73.04 15.25 0.73
ulis4 650 1 16.25 0.0 59.61 67.83 8.22 0.68
u913 650 1 15.60 12.0 64.34 49.78 -14.56 0.50
ul060 650 1 17.10 41.9 62.03 63.94 1.91 0.64
V=01lum/s

ulils7 20 0.1 15.59 0.0 56.31 65.82 9.51 0.66
ulls3 200 0.1 15.49 0.0 54.56 65.84 11.28 0.66
ulisl 450 0.1 15.50 0.0 68.73 73.56 4.83 0.74
ul150 650 0.1 13.10 0.0 73.21 49.70 -23.51 0.50
ull7s 650 0.1 15.49 2.0 63.73 43.08 -20.65 0.43
u910 650 0.1 19.80 9.6 60.09 37.27 -22.82 0.37

2.3. Analytical methods

At the end of each experiment, we obtained a ring-shaped gouge layer with
dimensions of ~3 mm in width and ~0.7 mm in thickness. Upon drying and disassembling,
the deformed gouges often split into several fragments. We carefully selected relatively thick
fragments for microstructural imaging, assuming their microstructures are representative of
the entire sample. The fragments from each experiment were subjected to two different
treatments: some were air-impregnated with an epoxy resin, while others were fixed to

carbon SEM stubs with no impregnation. For the air-impregnated samples, sectioning was
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performed in a plane normal to the shear plane and ~2 mm tangential to the centrally
inscribed circle (22 mm diameter), followed by a 10 nm thick carbon coating. Microstructural
consistency was confirmed across different sectioned distances from the inscribed circle.
Backscatter images of the sectioned sample were collected and stitched using a ZEISS EVO
50 scanning electron microscope (SEM) at 20 kV and 0.5-1.5 nA. These stitched images
provided an overview of the microstructure with the aim to cover the entire thickness of the
final gouge layer. Close-up images were obtained using a ZEISS Gemini SEM 450 (FEG-
SEM) operating at 10 kV and 300 pA. As for the fragments on carbon SEM stubs, backscatter
images of broken surfaces were obtained using the FEG-SEM operating at 5 kV and 100 pA
to enable investigation of grain boundary morphologies.

BSE images were processed using the interactive machine-learning tool ilastik, and
then quantitatively analyzed using ImageJ. A summary of image analysis workflow can be
found in Text S2 of the supporting information. Based on the processed images, we classified
four distinct objects types: ‘clasts’, ‘matrix’, ‘pores’ and ‘cracks’. ‘Clasts’ refers to particles
larger than 1 pm? (~120 pixel®), while ‘matrix’ refers to all particles smaller than 1 pm?.
‘Pores’ are isolated openings, and ‘cracks’ refers to interconnected (sub)planar openings,
which presumably resulted from the unloading of the experiments. Two microstructural
features were quantitatively characterized, including the grain size distribution of clasts, as
well as the relative area proportion between clast, matrix and porosity (also referred to as
clast:matrix:porosity ratio). For the grain size distribution, the area-weighted diameter
(d;, pum) was calculated using the measured area (4;, um?) of each clast, according to the

formula below (Berger et al., 2011):

Ai

di=2x [— (1)

3 Results

3.1. Mechanical data

Diagrams of shear stress () against displacement (D) are shown in Figure 2 for
different sliding velocities (V = 100, 1, 0.1 um/s) and temperatures (T = 20, 200, 450, 650°C).
Despite some variability, all experiments showed a steep, near-linear increase in shear stress,
reaching the yield point at 7,,; = ~70 MPa within the first 1-2 mm displacements. As
displacements continued, shear stresses either increased (displacement-hardening) or started

to decrease (displacement-weakening) until gradually approaching steady state (zs,). The
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276  negative change of At = -24 MPa for samples that underwent displacement weakening, to a
277  positive change of At = +27 MPa for those with displacement hardening. Both the applied
278  temperatures and sliding velocities influenced the sign of shear stress changes (displacement-
279  hardening or displacement-weakening), the extent of shear stress changes (At), as well as the
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282  Figure 2. Plots of shear stress (r) against shear displacement (D), showing data from

283  experiments at (a) V = 100 um/s, (b) V =1 um/s, and (c) V = 0.1 um/s. See Table 2 for a list
284  of conditions applied in these experiments. (d) Steady-state shear stress (z ) plotted as a

285  function of temperature (T) and sliding velocity (V). Lines are interpreted trends.

286 In the case of gouges sheared at a sliding velocity of V = 100 um/s, samples sheared
287  at various temperatures consistently showed stable sliding, continuous displacement-

288  hardening, eventually reaching 7., = ~75 MPa (Figure 2a). The extent of shear stress increase
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exhibited no discernible dependency on temperature. In comparison, for gouges subjected to
a medium sliding velocity of V = 1 um/s, temperatures showed a pronounced influence on the
type of shear stress changes and the stability of sliding (Figure 2b). At lower temperatures of
T = 20-450°C and in one experiment (u1154) at T = 650°C, these samples were characterized
by displacement-hardening with 7, = ~75 MPa. As temperatures increased to T = 650°C, the
samples showed a distinctive behavior, with a short region of displacement-hardening in the
first 2 mm displacement, followed by displacement-weakening towards ¢, = ~50-64 MPa.
Only experiments conducted at temperatures between 200 and 450°C showed unstable sliding
behavior, which often occurred as stick-slip events. In comparison, gouges subjected to slow
shearing at V = 0.1 um/s exhibited a temperature-dependent behavior similar to those sheared
at vV =1 um/s. However, for those sheared at T = 650°C, ., was ~37-50 MPa and a shorter
critical displacement (1-3 mm) was needed for the transition from displacement-hardening to
weakening behavior (Figure 2c). Note that the limited reproducibility of experiments
conducted at T = 650°C and V = 0.1-1 um/s is probably caused by fluctuations in pore fluid

pressure applied during experiments (see supporting information Figure S3).

To highlight the influence of temperature and sliding velocity on the strength of the
granitoid gouge, we plot the steady-state shear stress () against temperature in Figure 2d
for the three investigated sliding velocities (V = 100, 1, 0.1 um/s). Gouges sheared at V = 100
um/s showed consistently high steady-state shear stresses that progressively increased with
elevated temperatures, from 74, = 74 MPa at 20°C to t4, = 82 MPa at 650°C. In contrast,
gouges sheared at lower velocities of V =1 and 0.1 um/s exhibited mostly temperature-
insensitive shear stresses at T <450°C but showed significant weakening at T = 650°C.
Specifically, for gouges sheared at V = 1 um/s, shear stresses ranged from 73-81 MPaat T <
450°C, dropping to ~60 MPa at T = 650°C (weakening by ~16%). In comparison, gouges
sheared at V = 0.1 um/s showed a lager reduction in shear stresses, going from 74 MPa at
450°C to ~43 MPa at 650°C (weakening by ~42%). Overall, in our experiments, the
displacement-weakening and a notable reduction in steady-state shear stress occurred at T >
450°C and V < 1 um/s. Once the weakening was triggered, lower sliding velocities led to
greater weakening over shorter critical displacements, ultimately resulting in lower steady-

state shear stresses.
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3.2. Microstructures

The mechanical data showed that considerable weakening occurred in granitoid gouge
as temperature increased and sliding velocity decreased. To understand the evolution of the
deformation processes during the transition from strong to weak gouges, we adopted a three-
step microstructural analysis. First, we used quantitative image analysis to systematically
categorize the strain localization consistently observed in the sheared gouges. Then, we
seperately examined the effect of temperature and velocity on the microstructural evolution
of the whole gouge layer, by analyzing two experimental series with controlled
velocity/temperature conditions. Finally, we analyzed the grain-scale microstructural

evolution in two end-member cases: the strongest and the weakest gouges.

3.2.1. Strain localization in the deformed gouges

The microstructures of the sheared gouges were classified into three zones, based on
the degree of strain localization: the ‘bulk zone’, the “slip zone’ and the “principal slip zone’
(PSZ). The evaluation of localization was performed using quantitatively characterized
microstructural features, including the grain size distribution of clasts, and the
clast:matrix:porosity ratio (see definition in section 2.3). Notably, in zones with a higher
degree of strain localization, additional particles that were initially clasts were incorporated
into the fine-grained matrix. This led to a narrower grain size distribution of clasts and a
reduction in the mean size (d). Consequently, this process led to a lower clast:matrix ratio,
and reduced porosity compared to less localized zones. Table S1 summarizes the width,

median, and mean particle size of localized zones of all sheared gouges.

To illustrate the varying degrees of strain localization, we show a quantitative
microstructural analysis of the sheared gouge from experiment u913 (T = 650°C, V =1 um/s,
D = 15 mm) and the starting material (compressed and held at T = 650°C for ~4h) (Figure 3).
The starting material showed homogeneously distributed compaction, characterized by
densely fractured, coarse-grained clasts, loosely consolidated among fine-grained clasts
(Figure 3a). Quantitative analysis revealed a clast size (d) that ranged between 1-98 um with
a mean d of ~29 um, while the clast:matrix:porosity ratio was 68%:11%:21%. Owing to
shear deformation, sample u913 developed distinct strain localization and pervasive clast size
reduction, with a less localized bulk zone in the center, an intermediate localized slip zone,
and a highly localized PSZ towards the sample-piston interface (Figure 3b). The bulk zone

was characterized by a clast size d ranging from 1-61 um with a mean d ~ 24 um and a clast-
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dominant texture (a clast:matrix:porosity ratio of 71%:29%:9%). In comparison, the slip zone
had a narrower d ranging from 1-20 pm with a smaller d of ~7 um, and a higher proportion
of matrix (a clast:matrix:porosity ratio of 53%:41%:6%). The PSZ showed the most intense
clast size reduction and compaction, resulting in a clast size d ranging from 1-4 um with a

d of ~2 um, and a matrix-dominant texture (a clast:matrix:porosity ratio of 7%:92%:1%).
High-magnification FEG-SEM images of PSZs indicated that the mean and median grain size
of particles (clasts and matrix) were down to 0.6 um and 1.2 um, respectively. This
quantitative analysis showed that sheared gouges developed three different microstructural
domains, transitioning from the coarse-grained and porous bulk zone, comparable to the
unsheared microstructure, to the medium-grained and less porous slip zone, and finally to the
ultrafine-grained and dense PSZ. However, it should be noted that not all sheared gouges
developed the aforementioned three microstructural domains, and many factors, including
temperatures and sliding velocities, affected the level of strain localization. Section 3.2.2

provides a detailed description of these factors.
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Figure 3. Quantitative microstructural analysis of (a) starting material (T = 650°C, V =0
um/s, D =0 mm) and (b) gouge from experiment u913 (T = 650°C, V =1 um/s, D = 15 mm),
including three zones with varying degrees of deformation localization. Left column: the
representative imaging areas cropped from the entire gouge layer. Central column: the grain

size distribution of clasts from stitched BSE images. N = count numbers, d = the mean
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diameter. Right column: relative ratio of clasts-matrix-porosity, relative ratio equals to the
sum area of each phase divided by the entire imaging area.

3.2.2. Microstructural evolution of the whole gouge layer

We chose two experimental series to study the microstructural evolution
corresponding to the transition from high to low strength: one with increasing temperature of
T = 20°C-450°C-650°C and fixed velocity of V =1 um/s (Figure 4a-4c), and the other with
decreasing velocity of V = 100-1-0.1 um/s and fixed temperature of T = 650°C (Figure 4d-
4f).

In the first series of experiments, involving increasing temperature, all sheared
samples showed some level of strain localization (bulk, slip or principal slip zones), fracture
arrays (Y- and R-shears) and P-foliations (following terminology used by Logan et al., 1992;
Passchier & Trouw, 1996). P-foliations were defined by alternating layers of well-aligned
biotite and sigmoidal porphyroclasts of orthoclase (Figure 4f). The sample sheared at a low
temperature (20°C; Figure 4a) showed a bulk zone and a slip zone, with no PSZ observed.
The width of the slip zone constituted up to ~39% of the total recovered gouge layer, with a
maximum width of ~195 um (Table S1). Note that the boundaries separating the designated
zones were not sharply defined, as transitions in the microstructural features between them
occurred gradually. Both bulk and slip zones were dissected by interface-parallel Y-shears
and inclined R-shears, which extend continuously up to ~200 um in length. P-foliations in the
slip zones were inclined at relatively low angles of ~30° to the shear plane, compared to ~45°
in the bulk zones, indicating that larger shear strain was accommodated in the slip zones. For
the sample sheared at an intermediate temperature (450°C; Figure 4b), a highly localized PSZ
evolved close to the sample-piston interface, with a width that constituted ~10% of the whole
gouge layer (a width of ~83 um). The continuous intergranular fracture arrays remained
pervasive throughout the entire sample. Meanwhile, P-foliations in the slip zone and PSZ
became more abundant and exhibited lower angles to the shear plane compared to those
sheared at low temperatures in Figure 4a. As for the sample sheared at a high temperature
(650°C; Figure 4c), deformation became even more localized, forming an extremely thin PSZ
with a width that constituted ~5% of the whole gouge layer (a width of ~42 um). Continuous
intergranular fracture arrays in the slip zone and PSZ were replaced by closely spaced P-

foliations orientated subparallel at around 15° to the shear plane.
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In comparison with the first series of experiments, the second series exhibited a
similar change in microstructural features (Figure 4 right column). At fixed temperature and
decreasing velocity, this series of samples showed more localized deformation occurring in
PSZs, a reduction in the number of fracture arrays, and an increased intensity of P-foliations,
with the predominant orientation aligning at around 15° to the shear plane. In general, all
samples in the second series of experiments at high temperature (T = 650°C) displayed only
incipient fracture arrays, in contrast to the clear and distinct fracture arrays observed in the

first series at lower temperatures T < 450°C.

[ Changing temperature (V=1 um/s) | |Changing sliding velocity (T = 650°C)|
u1038, low temperature T = 20°C u1059, fast velocity V = 100 ym/s

Figure 4. Mosaics of backscatter images of the whole gouge layers, showing the effect of
temperature (a-c, left column) and sliding velocity (d-f, right column). All samples have the
same shear sense and scale bar, as shown in (a) and (d). Note that in the backscatter images,
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quartz or albite appear as dark grey phases, orthoclase is light grey, biotite or epidote are
white phases.

3.2.3. Grain-scale microstructural evolution

The observed ultrafine-grained and dense PSZs accommodated most of the total shear
strain. To gain an improved understanding of the deformation processes in these localized
zones, we conducted high-magnification FEG-SEM imaging on two extreme cases: the
strongest (u1051, ul059; Figure 5a-5b) and the weakest gouges (u1150, u910; Figure 5c¢-5f).

Samples tested in experiments ul051 (z,,= 75 MPa) and u1059 (z,,= 82 MPa)
exhibited the highest strengths. These samples underwent shearing at the highest velocity of
V =100 um/s and at T = 20°C and 650°C, respectively. As shown in Figure 5a-5b, a detailed
examination of the grain-scale microstructures revealed that the slip zones formed in these
strong gouges exhibited clast-dominant gouge textures, where a large volume of fine-grained
matrix surrounded fractured angular clasts. The mean grain size of these slip zones was d ~
3-6 um (Table S1).

Regarding the weak gouges recovered from experiments ul150 (z,,= 49 MPa) and
u910 (z4,= 37 MPa), these were subjected to the lowest velocity explored (V = 0.1 um/s) and
the highest temperature (T = 650°C). In comparison with the strong gouges, the slip zones
showed a marked increase in the proportion of clasts to matrix, with a larger fraction of
rounded clasts, plus well-developed P-foliations and truncated grain-to-grain contacts (Figure
5¢-5d). Upon closer inspection, it became clear that sigmoidal porphyroclasts of orthoclase,
which defined P-foliation at a larger scale, were actually aggregates of many cataclastically
fragmented, equidimensional grains that had been smeared into a sigmoidal shape (Figure
5c¢). Truncated contacts and fluid inclusions were often found within these aggregates (Figure
5¢). The PSZs contained sparsely distributed clasts embedded in a dense ultrafine-grained
matrix, consisting of well-mixed phases such as quartz and feldspar (Figure 5e-5f). Individual
grains were difficult to identify in backscatter electron imaging mode because of grain
aggregates being agglutinated together, resulting in low-relief grain boundaries. Semi-
quantitative analysis suggested the mean grain size of the PSZs was d ~ 0.6-1.1 um (Table
S1). In both slip zones and PSZs, we observed nanometer-sized pores, small biotite flakes
and quartz overgrowths on open pore walls (Figure 5g-5h). These nanopores were primarily
distributed along the grain contact surfaces (i.e. grain-to-grain boundaries), and sometimes

trapped inside grains as fluid inclusions. Their sizes ranged from a few nanometers in



446  diameter in the PSZs (Figure 5h), to larger diameters of up to 1 um in the slip zones (Figure
447  5g). Idiomorphic biotite flakes, which were remarkably small, measuring ~ 30 nm in length
448  and 10 nm in width often filled the nanopores. In these biotite flakes, we found no evidence
449  for grain deformation, such as folding or kinking on the basal slip plane.
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quartz overgrowths are displayed in (g-h). QTZ / AB quartz or albite; OR orthoclase; EP
epidote; BT biotite.

4 Discussion

4.1. Frictional and viscous regimes
To compare our mechanical data with previous studies conducted at different
effective normal stresses, we convert the steady-state shear stresses (z,) into apparent

friction coefficients (ugs) according to the formula below:

Uss = Tss/o-:ff (2)

The effect of cohesion on friction coefficients is ignored, assuming this is negligible in
powdered materials, in line with most previous works. The apparent friction coefficients
obtained are shown against temperature in Figure 6, together with previously reported data.
Table S2 summarizes the experimental conditions applied in the other studies and the range
of measured friction coefficients. As shown in Figure 6, we classified the mechanical
behavior of granitoid gouge in our study into two different regimes: the temperature-
insensitive (frictional) regime and the temperature-sensitive (viscous) regime. This
interpretation is consistent with the two regimes identified for westerly granite gouges
(Blanpied et al., 1995), for pure quartz gouges (Chester & Higgs, 1992) and for calcite fault
gouges (Verberne et al., 2015).

0.9 T-Insensitive Regime
(Frictional)
)
0871 ™ ¢
. “% — L ] & Ll
: ® S T-Sensitive Regime
7 N\ Viscous,
0 [+ ] %&\» (<> )

Friction coefficient (u)
o
i

0,51 Pore fluid Dry Wet
| Velocity (V), um/s_0.55-1 100 1 0.1-0.2
This study e e o
Lockner et al., 1986 <
0.4 |Mitchell et al., 2016 3
Blanpied et al., 1995 O o
Anetal., 2021 v
Leietal., 2022 o
03 . % U 1 J L) Y 1 4 ¥ ) 1
0 200 400 600

Temperature (T), °C
Figure 6. Comparison of steady-state friction coefficient for granitic gouges between our

study and previous publications. Colorful shading and dashed lines are drawn as guides.
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Velocity refers to a range of displacement rates at which the friction coefficients were
selected. See Table S1 for experimental conditions applied in the previous studies.

In the temperature-insensitive regime, the apparent friction coefficients p, were
generally high and relatively insensitive to temperature changes. In our study, this regime
includes samples deformed at V = 100 um/s and T = 20-650°C, and those deformed at V =
0.1-1 um/s and T < 450°C. Many studies on granitoid gouges have reported similar friction
coefficients (An et al., 2022; Blanpied et al., 1995; Kolawole et al., 2019; Lei et al., 2022a). It
IS important to note that these studies covered a broader range of effective normal stresses
and pore fluid pressures in comparison to the conditions in our research (Table S2). This
consistency in friction coefficients across varying effective normal stress and pore fluid
pressure levels implies that the deformation mechanisms in this regime remain largely
unaffected by such changes. Consequently, this suggests that the deformation processes are
primarily frictional, similar to those observed in a wide range of frictionally deformed
materials, ranging from metals to a variety of rock types (Rabinowicz & Mutis, 1965; Scholz,
2019).

In the temperature-sensitive regime, u,s showed a notable decrease as temperature
increases. This regime includes samples deformed at V = 0.1-1 um/s and T > 450 °C. This
temperature-sensitive weakening behavior is most pronounced at a low sliding velocity of V
= 0.1 um/s, where friction coefficients decreased from ug, = 0.74 at 450°C to ug, = 0.37 at
650°C, indicating also a rate-sensitivity in the viscous response. In addition, gouges sheared
under high pore fluid pressure showed a more pronounced weakening effect compared to
those with lower pore fluid pressure. For example, in our study, the apparent friction
coefficients of gouges sheared at V = 0.1 um/s and Pr = 100 MPa decreased by Au,g = 0.37
from 450 °C to 650°C. In contrast, experiments by Lei et al., 2022a showed that granitoid
gouges sheared at V = 0.2 um/s and Py = 30 MPa decreased by Aug, = 0.03 from 400°C to
600°C (Figure 6). This temperature-, rate- and pore pressure-sensitivity suggests that fluid-
assisted viscous processes predominantly govern deformation in this temperature-sensitive
regime.

In our study of granitoid gouges, the principal weakening effect is induced by
lowering the sliding velocity from V = 100 um/s to V = 0.1 or 1 um/s and by increasing the
temperature from T = 20°C to at least T =~ 400-450°C (Figure 2d). The study of Blanpied et

al., 1995 has shown that at low velocities of V =~ 1 um/s, the addition of pore fluids to dried
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gouges significantly reduced the friction coefficients through fluid-assisted processes, from
uss = 0.80 to ug, = 0.58 at 600°C. However, we observed that granitoid gouges subjected to
wet (Pr = 100 MPa) and fast shearing (V = 100 um/s) showed high friction coefficients pg; =
0.74-0.82, similar to u,; = 0.68-0.82 for gouges deformed at dry and low velocity conditions
by Lockner & Byerlee, 1986 and Mitchell et al., 2016 (where P; =0 MPa, V = 0.55-1 um/s).
Our experiments reveal that only the addition of pore fluids does not necessarily weaken the
gouge tested, but that fully water-saturated gouges with high pore fluid pressure can maintain
their ‘dry’ frictional strength when sheared at a high enough velocity. This may be attributed
to the dominance of frictional processes over time-dependent fluid-assisted processes at
sufficiently rapid shearing rates, where dissolution/precipitation kinetics are too slow to play

any role.

4.2. Deformation mechanisms

We use the schematic diagram in Figure 7 to comprehensively summarize the
microstructural evolution of our granitoid gouges from the frictional to the viscous regime as
a function of temperature and velocity. This diagram includes the microstructural changes at
the gouge scale, as well as those at the grain scale, and provides a basis for discussing the
operative deformation mechanisms. As shown in Figure 7b, the unsheared starting material is
characterized by coarse clasts and large porosity, without any indication of strain localization.
At low temperature or high velocity in the frictional regime, deformation is localized in a
thick slip zone (> 149 um, d = 5 um) close to the sample-piston interface (Figure 7c). The
slip zones show clast-dominant texture, medium porosity and numerous fracture arrays. As
temperature increases and velocity decreases during the transitional regime, gouges exhibit a
higher degree of strain localization, resulting in a thin principal slip zone (PSZ) with mean
grain size d < 1 um forming adjacent to the broader, less localized slip zone (Figure 7d). The
PSZs show an ultrafine-grained and matrix-dominant texture with tiny biotite flakes filling
grain-grain boundaries, while the broader slip zones retain their clast-dominant texture but
with fewer fracture arrays and more closely spaced P-foliations. At the highest temperature
and lowest velocity in the viscous regime, deformation localizes even further into a still thin
PSZ (Figure 7e), whereas the slip zone shows a much smaller amount of fine-grained matrix,
less fractures arrays, but extensive boundary-subparallel P-foliations and nanopores at grain
contact surfaces.
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Figure 7. Schematic diagram summarizes the microstructural evolution from the frictional

regime to the viscous regime as temperature increases, velocity decreases or grain size
decreases. d is the mean diameter of particles within the (principal) slip zone (see detailed
data in Table S1).

4.2.1. Deformation mechanism in the frictional regime

Microstructural evidence indicates that the temperature-insensitive deformation
mechanism governing granitoid gouge deformation in the frictional regime is cataclastic
frictional granular flow. In this regime, our deformed gouges underwent substantial particle
fragmentation, resulting in significant grain size reduction relative to the starting material
(Figure 7b-7c). Angular grain boundaries, as shown in Figure 5b, suggest a process of grain
crushing and fracturing, rather than the typical interlocking and discrete grain boundaries
found in viscous processes like DPC (Kilian et al., 2011; Marti et al., 2017). Pervasive
fracture arrays crosscut the entire gouge layers (Figure 4a), which is characteristic of
frictionally deformed fault rocks from many experiments (An et al., 2022; Blanpied et al.,
1995; Logan et al., 1992) and natural fault zones (Frederick M. Chester et al., 1993; Faulkner
et al., 2010; Wehrens et al., 2016). Furthermore, deformation typically localized into slip
zones near the sample-piston interface, adjacent to a bulk zone in the center (Figure 4a, 4d).
Both slip and bulk zone underwent frictional deformation, indicated by the similar clast-
dominant gouge texture found within these areas (see Figure 5a-5b). The slip zones
accommodate more deformation than the bulk zones, owing to their smaller clast size, larger

volume of fine-grained matrix, and foliations oriented more parallel to the shear planes
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(Figure 4a). These microstructural observations indicate that materials adjacent to the
interface must have experienced a faster rate of deformation and correspondingly more
intense frictional deformation, compared to the central region. The observed high strength is
primarily determined by the actively deformed slip zones, where frictional resistance is
caused by grain rotations, localized sliding along angular grain boundaries and on fracture
arrays, i.e. by cataclastic frictional granular flow.

4.2.2. Deformation mechanisms in the viscous regime

Regarding gouges from the viscous regime, microstructural evidence points to the
simultaneous operation of DPC and cataclastic frictional granular flow. Specifically, gouges
within this regime exhibited few fracture arrays, more regular P-foliations defined by well-
aligned biotite and sigmoidal aggregates of fragmented orthoclase (Figure 4f). In nature, such
features are typical for viscously deformed mylonites that form at elevated
temperature/pressure conditions at depth (Passchier & Trouw, 1996; Smith et al., 2007;
Viegas et al., 2014). By analogy to previous studies (Barker et al., 1991; Spiers et al., 1990),
we infer for our experiments that the truncated and tight grain contacts indicate that
dissolution has occurred at these sites because of stress concentration (Figure 5¢-5d).
Dissolved material is then transported and precipitated in dilatant, pore-rich domains under
reduced stress, as exemplified by the formation of overgrowths on existing grain surfaces
(quartz overgrowth in Figure 5g), or as precipitation along grain contacts (biotite flakes in
Figure 5e-5f). The newly grown biotite flakes are not only extremely small in size and
idiomorphic in shape, but also spatially clearly separated from the preexisting larger biotite
grains. These microstructural features suggest that the new grain formation involves a crucial
process of fluid-assisted mass transport exceeding the grain scale, which exclusively occurs
during DPC rather than dynamic recrystallization (Herwegh & Jenni, 2001; Lu & He, 2018;
Schwichtenberg et al., 2022).

Additionally, many nanopores were located mostly along the grain contact surfaces
(Figure 50), or within grains as fluid inclusions (Figure 5¢-5d). These nanopores may either
have been trapped within crystals during rapid overgrowths (Craw & Norris, 1993), or
formed during preferential dissolution of crystallographic faces resulting in etch pits (Billia et
al., 2013). Another process worth considering in the context of pore formation/preservation is
creep cavitation during viscous grain boundary sliding (Fusseis et al., 2009; Gilgannon et al.,
2017, 2020; Kassner & Hayes, 2003; Ree, 1994), which might contribute to the nucleation of
these nanopores in the ultrafine-grained and dense domain (Figure 5h). While it remains
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challenging to determine which of these mechanisms primarily governs the formation of
nanopores, the associated microstructures highlight the notably enhanced effect of viscous
processes relative to the frictional ones within this regime. The formation of potentially
interconnected dilatant openings provides the path for mass transportation, and creates space

for dissolved material to precipitate and develop.

The observed strength reduction in the viscous regime is closely associated with the
formation of the ultrafine-grained PSZ supporting a major role of a grain size sensitive creep
mechanism, namely DPC. DPC operates by facilitating small displacements between
intervening clasts through dissolving materials at the grain-to-grain contacts and then
transporting to regions with lower stress concentration (Bart Bos & Spiers, 2002; Niemeijer,
2018). Unlike the cataclastic frictional granular flow, the rate of DPC strongly increases with
decreasing grain size. This could be due to either a faster dissolution process, caused by a
higher reactive surface area (Anbeek, 1992), or quicker diffusive transport process due to
shorter transport distances at the grain scale (de Meer & Spiers, 1997; Xiangmin Zhang et al.,
2010). We infer that the extremely small grain size within the PSZs allows DPC to operate at
rates that are sufficiently rapid to accommodate the majority of sliding, and ultimately
resulting in a reduction in the gouge strength. Moreover, the development of biotite foliations
may also contributes to the reduction of gouge strength, e.g. through dislocation glide on the
basal plane (Lu & He, 2014; Okamoto et al., 2019; Shea & Kronenberg, 1992), or through
frictional slip on atomically flat basal planes (Aslin et al., 2019). Biotite, as a type of sheet
silicate, generally exhibits a higher frictional strength if deformation involves buckling,
bending or cleavage of grains (Niemeijer, 2018; Okamoto et al., 2019). Our microstructures
reveal that both primary and newly precipitated biotite flakes in PSZs are small enough to
inhibit buckling or further bending, thus reducing the apparent gouge strength (Figure 5e-5f,
supporting information Figure S4).

To understand the process of formation of the ultrafine-grained PSZ, we repeated the
experiment conducted at 650°C and 0.1 um/s but terminated it at displacements of ~2 mm
and ~5 mm. The sample sheared for ~2 mm displacement exhibited homogeneous
deformation similar to the starting material, with no indication of a PSZ. However, we
observed that some particles underwent substantial grain size reduction close to the boundary
(Figure 8a). Subsequent shearing for a larger displacement of ~5 mm resulted in the
development of a PSZ adjacent to the slip zone, characterized by microstructural features that

we have associated with viscous behavior involving DPC (Figure 8b-8c). This observation
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suggests that a sufficient amount of displacement is necessary for frictional processes to
reduce the grain size before activating grain-size-sensitive DPC within the PSZ. Once DPC is
initiated, under considerably high temperature and slow velocity, the grain size may continue
to decrease, through (subordinate) frictional processes or through dissolution and
precipitation, resulting in additional strain localization or condensation of PSZ until a steady
state condition is achieved.

particle
fragmentation

localization

) ID = 2 mm, 650°C] =5 mm, 650°C|

Figure 8. Mosalcs of backscatter images of the gouge layers sheared at T = 650°C, V = 0.1
um/s for (a) displacement of D = 0 mm, (b) D =2 mm and (c) D = 5 mm. The effective
normal stresses were 100 MPa, 80 MPa and 150 MPa, respectively. (d) The close-up view of

strain localized area in (c).

4.3. Rheology in the gradual transition from frictional to viscous regimes

In geologic materials and metallurgy, a standard power law is commonly used to
characterize viscous or creep deformation, describing the dependency of strain rate on
various factors such as differential stress, grain size and temperature. Such a constitutive flow
law is generally expressed in the following general form (Gleason & Tullis, 1995; Twiss &
Moores, 1992):

¢ =Ad"d " floexp(— ) (3)

Here, & represents axial or equivalent strain rate, A is the pre-exponantial factor, ¢™ is
differential or deviatoric stress with exponent n, d™™ is the grain size with exponent m, f7; ,
is water fugacity with exponent r, Q is the activation energy, R is the gas constant, and Ty is
temperature in Kelvin. Generally, rock flow strength shows a linear or non-linear relationship
with strain rate in a viscously deforming system, with stress exponents (stress sensitivity of

strain rate) ranging fromn =1ton =4 or 5 (Luan & Paterson, 1992; Rutter & Brodie, 20043,
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2004b). The specific n value serves as an indicator of the active creep mechanisms, such as
dislocation creep (n = 3 to 5; Weertman, 1978) and DPC (n = 1; Spiers et al., 1990). In
contrast, in a system undergoing purely frictional deformation, strain rate is extremely
sensitive to stress (n >> 5), or conversely strength is only very weakly dependent on strain
rate (e.g. Chen et al., 2017).

To investigate in our experiments how temperature affects the transition from
cataclastic frictional granular flow (high n) to DPC (low n), we calculate the stress exponent

n using the following formulas:
n= aLnE/ oLng (42)

_V/ _V
SR

0= \/gTss (4c)

In these formulas, y represents the shear strain rate, V is the applied sliding velocity, t is the
shear stress obtained in our study, W is the width of localized domains. The (equivalent)
differential stress (o) and (equivalent) strain rate (¢) are calculated following the method
described by Verberne et al., 2017. Due to varying degrees of strain localization, we consider
W to be the width of slip zones measured in the experiments conducted at 20-450°C and the
width of the PSZs developed at 650°C (see detailed data in Table S3). In a log-log plot, the
resulting (equivalent) strain rates are plotted against (equivalent) differential stresses for
different temperatures (T = 20, 200, 450, 650°C) (Figure 9). The slope (n) of the linear fits is
determined exclusively at temperatures of 20°C and 650°C, as these temperatures provide
enough data points to constrain the linear fits. Since quartz is generally considered to
represent the dominant weak phase in viscously deforming granitoid systems (Blrgmann &
Dresen, 2008; Kohlstedt et al., 1995), we also add the stress exponents obtained in quartz

deformation experiments as reported in literature.

As illustrated in Figure 9, though constrained by very few data, the n value for
granitoid gouges decreases as the temperature increases: from n > 17 at 20-450°C to n = 2 at
650°C. The high n values at low temperatures indicates that rock strength is almost
independent of strain rate, and cataclastic frictional granular flow governs the deformation.
At high temperature of 650°C, the low n value obtained for granitoid gouges closely aligns

with n = 1.7 for a mix of dislocation and diffusion creep in quartz (Fukuda et al., 2018), and
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is close to n = 1 expected if DPC or DPC-accommodated granular flow becomes dominant.
However, dislocation creep cannot account as a dominant mechanism in the case of our fine-
grained polymineralic gouge aggregates due to the pinning effect of secondary phases (Kilian
etal., 2011; Passchier & Trouw, 1996). Hence, the changes in n-values in Figure 9 suggest
that the contributions of the end-member mechanisms change with temperature, from
velocity-strengthening cataclastic frictional granular flow (Chen et al., 2017; Chen & Spiers,
2016) to DPC-accommodated viscous granular flow becoming dominant, as temperatures

exceed 450°C and as strain localizes into the ultra-fine grained PSZs.

Quartz gouge

0 n=1.7 Dislocation + Diffusion creep (Fukuda et al., 2018)

—— n=1 DPC (Spiers etal., 1990)

Ln strain rate

Granitoid gouge
(this study)
-8 T=20°C
T =200-450°C
- T=650°C
T T
4 > . 5
Ln differential stress

Figure 9. Ln strain rate vs. Ln differential stress showing the effect of temperature on the

-10

stress exponent (n). Stress exponents of quartz gouges represent different creep mechanisms:
n =~ 1.7 for a mixed dislocation and diffusion creep in quartz (Fukuda et al., 2018); n = 1

predicted by conventional models for DPC (Spiers et al., 1990).

4.4. Implications for natural fault zones

It is important to note that our experimental findings can only be extrapolated to
natural granitoid gouges under water saturated conditions and not for dry gouges. In Figure
10, we extend the experimental strength data obtained in our experimental study to conditions
representative of natural fault zones. This extension is established based on the following
assumptions: (1) the strength refers to the differential stress needed for the initiation of
sliding along a pre-existing fault plane under strike-slip kinematic conditions; (2) existence of
a geothermal gradient of 25°C/km (e.g. estimates from the Aar Massif by Berger & Herwegh,
2019; Musso Piantelli, 2023); (3) existence of a lithostatic pressure gradient of 27.5 MPa/km,
following Blanpied et al., (1995). We examined two cases: the first case assumes an

interconnected porosity and therefore the pore fluid pressure is hydrostatic (A = pore fluid
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pressure/lithostatic pressure = 0.4); in the second case, substantial amounts of water are
trapped and therefore isolated in pores meaning that the fluid pore pressure is close to the
lithostatic pressure (A = 0.9, close to a value of 1). Note that if we allow the state of stress to
vary along changes in the kinematic framework (e.g. normal or thrust faulting), the amplitude
of the strength envelope simply scales up/down, while the depth of the frictional-viscous

transition remains relatively unaffected. Here, we focus on the strength envelope constructed
based on aforementioned assumptions only.

For the hydrostatic and near-lithostatic fluid pressure conditions, the experimental
(apparent) friction coefficients are extrapolated in the following way: first, the presumed
geothermal gradient is used to extrapolate the experiment temperatures to the corresponding
crustal depths. Then, the effective normal stress involves subtracting the pore fluid pressure
from the normal stress expected at each depth (Figure 10a). The normal stress is obtained by
multiplying the lithostatic pressure gradient with the depth calculated at the corresponding
temperature, while the expected pore fluid pressure is determined as A times the normal
stress. Finally, the calculation of strengths involves multiplying the effective normal stress
with the apparent friction coefficients (u,,) of those experiments sheared at a strain rate of 10°
*s1t0 10 s (sliding velocity V = 0.1 pm/s), as reported in Table 1, and converting them to
differential stresses (strength) using formula (4c). The strength envelope is a curved best-fit

line to the data points extrapolated from our experiments up to a temperature of ~650°C,
which corresponds to a depth of 26 km.

E Effective normal stress (MPa) @ Strength (MPa) Strength (MPa)
0 500 0 100 200 300 400 500 0 100 200 300 400 500
0 1 1 1 1 1 1 1 1 1 1 1 1 0
P, _o=27.5 MPa/km £ =10%4g!
I Our study
{l 2 —o—\=04 | - 100
57 1% o= A=09 .
Il ; Blanpied et al., 1995 L 2
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104" i il 102 Onset of DPC in nature | 2°
11 i =0. )
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1 L L —~
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2 1 Byerlee's law 5
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Figure 10. Extrapolation of experimental data for wet granitoid gouge to natural fault zones.
The geothermal gradient is 25°C/km. In (a), the effective normal stress against depth assumed

in two types of extrapolations: the hydrostatic pressure condition (A = 0.4), and the near-
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lithostatic fluid pressure condition (A = 0.9). (b) Plot of strength against depth, with
references to extrapolation of westerly granite gouges (Blanpied et al., 1995, recalculated
according to the assumptions in this study), Byerlee’s law (J. Byerlee, 1978) and the quartz
flow law (Fukuda et al., 2018). & = (equivalent) strain rate. The curved strength envelope is
the best-fit line to the data points. (c) Conceptually extrapolated strength to slow strain rates
of 10 s typical in natural fault zones. Yellow rectangle indicates the onset temperature
of dissolution-precipitation creep in nature.

Our extrapolation in Figure 10b shows that the predicted strengths are generally much
lower in the case of near-lithostatic fluid pressures, with a peak value of ~60 MPa, compared
to a peak value of ~360 MPa in the hydrostatic pressure conditions. For both cases, the
calculated strengths of granitoid gouges increase nearly linearly with depth, down up to ~18
km, which aligns well with the previous extrapolation of sheared granitic gouges from
Blanpied et al., 1995 and Byerlee’s law. However, a significant deviation occurs at greater
depths, where calculated strengths from our study show a substantial decrease at a depth of
>20 km, particularly in the hydrostatic conditions. This difference in extrapolated strengths
may be attributed to variations in the total displacement applied in these two studies. In our
study, gouges that underwent displacement-weakening reached a (near) steady state low
strength after sliding for a minimum of ~3 mm displacement (Figure 2c). In contrast,
Blanpied et al.'s 1995 study sheared gouges at a similar slow strain rate but only for <1 mm
displacement, preventing steady state to be reached. Our results emphasis the importance of
not only relatively high temperature and slow strain rates, but also of sufficient displacement

for grain size reduction to activate DPC and to activate further weakening (see section 4.2.2).

These findings from our study have important consequences for the extrapolation of
our experimental results to natural conditions with commonly much slower strain rates
(except for seismic and slow slip cycles), and much lower permeability at middle-lower
crustal levels predicted by crustal-scale models (Ingebritsen & Manning, 1999). Under low
temperature and shallow crustal conditions, granitoid fault gouges are typically non-cohesive,
porous and do not display substantial fault healing by cementation processes (exceptions are
hydrothermally active fault zones, e.g. see Berger & Herwegh, 2019, 2022; Niwa et al.,
2016). In this case, pores are interconnected, therefore the pore fluid pressure is hydrostatic.
Under high temperature and deeper crustal conditions, elevated pore fluids successively form
because fluids become trapped along grain boundary pores or along transgranular cracks and
cementation (fault healing; Tenthorey et al., 2003). Consequently, interconnectivity of pore
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spaces decreases and so does the permeability. In our case, the near-lithostatic pressure
condition is valid for natural gouges at the same rates as in the experiments at T > 450°C.
This is consistent with abundant nanopore inclusions formed within dense PSZs due to DPC-
accommodated viscous granular flow (see section 3.2.3). With these considerations, as shown
in Figure 10c, the strength envelope of natural fault zones are a combination of two end
member cases studied: a hydrostatic case at T < 450°C and a near-lithostatic fluid pressure
case in the range of T = 450°C-650°C.

Furthermore, the laboratory observed DPC-induced weakening effect is expected to
occur at all P/T conditions where natural records of synkinematic dissolution-precipitation
processes are found in granitoid gouges. Newly precipitated mica (Berger et al., 2017),
stylolites (Groshong, Jr., 1988) and fluid inclusions (Harrison & Onasch, 2000) in granitoid
rocks were found in the temperature range of 180°C-320°C, which corresponds to
anchizonal, in combination with the variations in sliding velocities and grain sizes under
natural deformation conditions, are important parameters which can explain the wide depth
range (7-20 km) of the viscous-frictional transition inferred for the granitoid continental

crust.

5 Conclusions

We performed sliding experiments on granitoid gouges at a broad range of sliding
velocities (V =0.1, 1, 100 um/s) and temperatures (T = 20, 200, 450, 650°C), over a large
displacement of ~15 mm, and at an effective normal stress and pore fluid pressure of 100
MPa, respectively. Microstructures of compacted-only and sheared samples were

quantitatively analyzed. The following conclusions can be drawn:

1. The strength of granitoid gouge was reduced from ., = 75 MPa at T = 20°C and V
=100 um/s, to 74, = 37 MPa at T =650°C and V = 0.1 um/s.

2. As the gouge weakened, strain localized into an ultrafine-grained and dense
principal slip zone (PSZ), where nanopores were located along grain contact surfaces and
contained biotite-quartz-feldspar precipitates. This evolution in microstructures indicates a
transition in deformation mechanisms from cataclastic frictional granular flow to dissolution-

precipitation creep (DPC) accommodated viscous granular flow.

3. The frictional-viscous transition occurred at T > 450°C, V <1 um/s, and/or for a

median grain size < ~1 um under the hydrothermal conditions tested in our study.
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4. Prior to the formation of a PSZ and associated gouge weakening, gouges sheared at
a short displacement of ~2 um underwent substantial grain size reduction close to the sample
boundary, suggesting that a sufficient additional displacement is necessary (i.e. a
displacement and grain size threshold must be overcome) to activate DPC.

6. Though poorly constrained by only limited data, the average stress exponent (n) at
the deformation temperature of 20-450°C was >17, and at 650°C was ~2, suggesting an

increased contribution of DPC at high temperature.

7. Extrapolations of experimental data to construct crustal strength suggest that the
frictional-viscous transition may be triggered at temperatures of 180-320°C (or depth of 7-20
km depending on the geothermal gradient), at slow natural strain rates and in ultrafine-

grained fault gouges, due to activation of DPC.
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