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Mechanics EPFL, Lausanne, Switzerland, *Dipartimento di Geoscienze, Universita degli Studi di Padova, Padua, Italy

Abstract While sliding at seismic slip-rates of ~1 m/s, natural faults undergo an abrupt decrease of shear
stress called dynamic weakening. Asperity-scale (<<mm) processes related to flash heating and weakening
and, meso-scale (mm-cm) processes involving shear across the bulk slip-zone, related to frictional melting

or viscous flow of minerals, have been invoked to explain pronounced velocity-dependent weakening. Here
we present a compilation of ~100 experiments performed with two rotary shear apparatuses. Cohesive rock
cylinders of basalt, gabbro, granitoid rocks and calcitic marble were sheared at various values of effective
normal stress (6, = 5-40 MPa), target slip-rate (V, = 0.1-6.5 m/s) and fluid pressure (P;=0-15 MPa). To
account for the uncertainties of constitutive parameters, we introduce a norm-based optimization procedure
on a set of model parameters by comparing the shear stress evolution inferred from the proposed weakening
models with the shear stress measured during the experiments. We analyze the fit to experimental data of
each weakening model and we discuss a composite model in which two weakening mechanisms (namely flash
heating and bulk melting, flash heating and dislocation/diffusion creep) are used to test the hypothesis that
they match the shear stress evolution in different slip ranges. We found that for slip smaller than a slip-switch
distance ¢, the weakening is better described by mechanisms occurring at the asperity scale whereas for larger
slip values the bulk model performs better. The inferred 6, values decrease with normal stress suggesting that
during earthquakes bulk mechanisms can govern shear stress evolution after a few centimeters of slip.

Plain Language Summary During earthquakes faults undergo to rapid slip caused by shear stress
evolution from an initial value to the peak stress followed by a sharp decrease to residual stress level. This
evolution is determined by fault frictional properties. The drop in shear stress defines the so-called dynamic
weakening. We analyze the shear stress evolution inferred from many laboratory experiments performed on
four lithologies and a range of experimental conditions. We match the stress evolution with slip using different
constitutive models to interpret dynamic weakening processes. We constrain both uncertainties and range

of variability of constitutive parameters using a statistical optimization procedure. The proposed weakening
models represent both micro-scale (~mm) and meso-scale (~cm) processes involving heating and weakening
at the asperity contacts and across the bulk slip-zone, respectively. The analysis of the fit to experimental data
inferred from different weakening models allowed us to discuss a composite model in which asperity-scale
processes precede bulk-scale processes matching shear stress evolution in different slip ranges. The transition
from asperity-scale to bulk-scale mechanism defines the slip-switch distance, which depends on the stress
applied on the experimental fault. Our results shows that bulk-scale mechanisms can govern the fault frictional
response after relatively small values of slip.

1. Introduction

Earthquakes are certainly one of the most important manifestations of faulting and the understanding of dynamic
fault weakening during the initiation and the propagation of a seismic rupture is a major task for geoscientists.
In particular, understanding how shear stress varies with slip is still a key challenge to tackle in order to inter-
pret the mechanisms governing dynamic fault weakening during earthquakes (Rice, 2006). Earthquake ruptures
propagate at speeds of ~km/s reaching slip-rates of ~1 m/s within the fault zone at depth in the Earth's crust
(Heaton, 1990; Rice & Cocco, 2007). Under these quite extreme deformation conditions, fault rocks experience
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an abrupt temperature increase due to frictional heating and fault shear stress decreases with increasing slip
velocity and slip (Di Toro et al., 2011; Rice, 2006). Several physical and chemical processes have been proposed
to be associated with this reduction in fault strength (Tullis, 2015). In fact, during seismic slip, depending on
the composition of the rock and the presence of fluids, fault wear and frictional heating result in (a) flash heat-
ing at the asperity (micro-)scale contacts of the rubbing surfaces (Goldsby & Tullis, 2011; Rice, 2006), (b)
grain-size reduction producing nm-sized particles (Sammis & Ben-Zion, 2008; Siman-Tov et al., 2013; Tisato
et al., 2012), (c) mineral breakdown and amorphization, and/or formation of new minerals via processes such
as: decarbonation in calcite- and dolomite-built rocks, dehydroxylation and amorphization in clays (Aretusini
et al., 2017, 2019; Brantut et al., 2008; Han et al., 2007; Martinelli & Plescia, 2004) or graphitization of amor-
phous carbon (Kuo et al., 2014), (d) phase changes such as the transition, especially in silicate-built rocks, from
solid to melt (Sibson, 1975; Spray, 1995) or, in the case of fluids, from liquid to vapor or supercritical states
(Acosta et al., 2018; J. Chen et al., 2017). These peculiar and transient fault products or, in the presence of pore
fluids, their interaction with the solid matrix, may activate many dynamic weakening mechanisms. For instance,
in the case of silicate-built rocks, frictional melts may lubricate the fault (Di Toro, Hirose, Nielsen, Pennacchioni,
& Shimamato, 2006; Hirose & Shimamoto, 2005; Tsutsumi & Shimamoto, 1997). Alternatively, the formation
and presence of nanoparticles may trigger grain-size- and temperature-dependent deformation weakening mech-
anisms, like grain boundary sliding aided by diffusion creep (De Paola et al., 2015; Green et al., 2015; Pozzi
et al., 2021; Rowe et al., 2019; Spagnuolo et al., 2015). The release of volatiles due to dehydroxylation of clays
or the thermal expansion of preexisting pore fluids may result in the pressurization and weakening of the fault
(Ferri et al., 2010; Sibson, 1973). Moreover, the abrupt coseismic compaction of fluid-saturated gouges may
result in mechanical pressurization of the trapped fluids and fault weakening (Aretusini, Meneghini, et al., 2021;
Faulkner et al., 2018). However, though it is recognized that dynamic fault weakening is due to both thermally
and mechanically activated processes (flash heating, bulk melting, thermal pressurization, viscous flow, etc.) the
efficiency of any of these weakening mechanisms is debated and it might be assumed that mechanisms occurring
at different temporal and spatial scales control different stages of the weakening phase (Nielsen et al., 2021).

Our knowledge on microscale processes has been improved with the description of the internal structure of the
fault zone (Caine et al., 1996; Faulkner et al., 2011). Indeed, the definition of the fault zone structure is essen-
tial to interpret and distinguish the chemical and physical processes controlling dynamic weakening. In fact,
coseismic slip often occurs on a sub-centimeter thick principal slipping zone (PSZ) (Austrheim & Boundy, 1994;
Boullier et al., 2001; Chester & Chester, 1998; Di Toro et al., 2005; Sibson, 2003), embedded in a shearing zone
(fault core) surrounded by a broad damage zone. There is a general agreement that dynamic weakening mecha-
nisms can be grouped by those occurring at the scale of the asperities in the early slip stages, when shear stress
is around its peak value and are activated at the scale of the asperities and those occurring within the bulk of the
PSZ (Pozzi et al., 2019; Rice, 2006; Violay et al., 2015) (Figure 1).

In this study, we analyzed results from laboratory experiments for a simplified fault zone analog, consisting of
solid pre-cut cylinders put in frictional contact and sheared at high slip-rates (up to 6.5 m/s), to simulate seismic
slip on a thin PSZ.

The aim of this study is to propose a statistical approach to investigate both the efficiency of one or more weak-
ening mechanisms and the variability of the parameters in their respective ranges. Here we use an optimization
procedure which, based on a few a priori assumptions, explores the parameter space and realizes the best fit of the
experimental data. Therefore, for the goal of this study, it is useful to briefly introduce and discuss the analytical
formulation of some of the most relevant dynamic weakening mechanisms proposed in the literature. Moreover, it
is useful to describe and identify the parameters that we will vary in a range previously defined in literature. The
analytical formulation and the parameters definition were, in most cases, first proposed in theoretical models and
then tested in dedicated laboratory experiments.

Flash heating and weakening is based on the observation that fault asperity contacts constitute the real area of
contact between two sliding surfaces (Archard, 1958) (Figure 1a). Asperities sustain a high contact stress and
during seismic slip, they have an intense, highly localized, heating (Rice, 2006). The produced heat is propor-
tional to the contact lifetime, slip-rate and contact stress. The contact frictional strength decreases by thermal
degradation of the asperities. The degradation of numerous asperities determines the reduction of the bulk fault
strength. The first model of flash heating applied to earthquake mechanics was proposed by Rice (1999, 2006). In
this model, the asperity contacts are assumed to last over a uniform slip distance D, (i.e., with uniform lifetime
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Asperity

Figure 1. Schematic representation of the experimental fault and interpretation of the transition between asperity-scale and
bulk-principal slipping zone (PSZ)-scale dynamic weakening mechanisms characterizing the composite model investigated in
this study. Panel (a): During the first stage of the experiments, dynamic weakening is controlled by asperity-scale processes
(flash heating) and temperature rises at the asperity contacts. For silicate-built rocks, the asperities start to melt (panels (al
and b)), while for calcite-built rocks, nm-sized grains (i.e., nanograins or nanoparticles) characterize the PSZ (panels (a2 and
c)). Due to frictional heating, temperature continue to increase in the extremely thin PSZ: bulk weakening mechanisms are
activated by frictional melting for the (b) silicate-built rocks and diffusion creep for (c) calcite-built rocks. D, is the asperity
size and D, is the grain size; 2w is the thickness of the slipping zone.

D.,/V, where V is the slip-rate), and to have a constant shear strength 7z, at low temperature. Once an asperity
contact achieves a weakening temperature 7, , its shear strength vanishes. The weakening temperature is specific
of the rock mineralogical composition. It can be shown that T, is achieved at a critical slip-rate V,, and that as
slip-rate increases above V, the lifetime of each asperity gradually decreases. Consequently, when V < V, , no
weakening will occur, but at V > V,, the fault undergoes dynamic weakening, where shear stress is inversely
proportional to V. The model can be represented by the system of equations (Equation 1):

Ty = MSO':, ifV <V,
(H

TFH = Vo )
Ty = [(/43 — Mdyn) 7 + /tdy,,] ol, ifV >V,

with  static friction coefficient, y,,, dynamic friction coefficient and o', effective normal stress. The effective
normal stress is the difference between the normal stress o, and fluid pressure P,. The critical velocity weakening
V,, is defined as (Rice, 2006):
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Vi =

2
Zn [,,c,, (Tf —Tf>] ®

Dry

with a,, thermal diffusivity (Table S5 in Supporting Information S1), pC, rock specific heat per unit volume,
T average (or bulk) temperature and D, the asperity diameter (i.e., the slip asperity interaction distance). The
parameters T, a,,, p and C, are lithology-dependent. In this model, the 7, is the normal stress borne by contacts
and it is approximately equal to the indentation hardness (H,) of the minerals constituting the rocks multiplied
by the coefficient of friction obtained at low slip-rate () 7, = py*H,, (Goldsby & Tullis, 2011). However, the
hardness can be considered proportional to the asperity size D, (Evans & Goetze, 1979).

This theoretical model has been enhanced by further studies, which consider a fractal distribution of the asper-
ities, or the possible activation of flash heating and weakening in the presence of fluids (Acosta et al., 2018;
Beeler et al., 2008; Brantut & Platt, 2017; Platt et al., 2015; Violay et al., 2014). In Goldsby and Tullis (2011),
they measured V,, in dedicated experiments for many rock types to be in the range between 0.1 and 0.5 m/s.
Additional laboratory experiments imposing high slip-rate on rock surfaces corroborated the role of flash heating
in controlling the decrease of friction coefficient at V > V, (Hirose & Shimamoto, 2005; Passelégue et al., 2014;
Proctor et al., 2014). Very few experimentally-based studies focused so far on the role of ambient conditions such
as ambient temperature (Noda, 2008; Passelegue et al., 2014) or presence of water (Acosta et al., 2018; Violay
etal., 2014), and on the microphysical processes associated with flash heating and weakening such as intra-lattice
dislocation avalanches and lattice breakdown (Spagnuolo et al., 2015).

Bulk melting lubrication is probably the only weakening mechanism supported by sound field, experimental
and theoretical evidence (Fialko & Khazan, 2005; Nielsen et al., 2008; Sibson et al., 1975; Spray, 1995). The
activation of this mechanism involves the frictional melting of silicate minerals in the PSZ and wall rock to form,
once solidified, a rock called pseudotachylyte (Sibson, 1975; Spray, 1995) (Figure 1b) To date, tectonic pseudo-
tachylytes are considered the only reliable markers of ancient seismic slip in exhumed faults (Cowan, 1999; Rowe
& Griffith, 2015). The transition from initial flash heating and weakening to bulk melting lubrication for experi-
ments on cohesive silicate-built rocks, is quite complex (Hirose & Shimamoto, 2005). The transition is a function
of the mineral composition, normal stress, ambient condition, slip acceleration and target slip-rate (Del Gaudio
et al., 2009; Hirose & Shimamoto, 2005; Hung et al., 2019; Niemeijer et al., 2011). During simulated seismic
slip, after the initial shear stress decrease caused by flash heating, dynamic shear stress increases again due to the
formation of isolated, clast-laden, low temperature, and highly viscous melt patches (Hirose & Shimamoto, 2005;
Hung et al., 2019). Once the isolated melt patches are linked to form a continuous melt layer, full lubrication
occurs and fault strength is controlled by the temperature, clast content, composition, melt/boundary geometry
etc. of the melt layer (Nielsen, Di Toro, & Griffith, 2010; Nielsen et al., 2008); see also video with high speed
infrared camera in (Niemeijer et al., 2011)) and the shear stress is

nv
T=—
2w

3)

with # the viscosity, V the slip-rate, and 2w the thickness of the melt layer (Figure 1b). Importantly, the complex
initial evolution is observed usually in experiments performed at normal stresses <5 MPa and “disappears” at
larger normal stress and for high slip acceleration or high power density (PD, the product of 7 and V) (Violay
et al., 2014). In the presence of fluids, flash heating and bulk melting are still observed in gabbro (Violay
etal., 2014), basalt (Violay et al., 2015), and granitoid rocks (Acosta et al., 2018; Cornelio et al., 2019; Passelegue,
Spagnuolo, et al., 2016). However, the presence of liquid water has a cooling effect on the asperities and on the
entire slip surface and results in a delay in the formation of a continuous melt layer (Violay et al., 2014).

Viscous flow mechanisms, such as high-temperature diffusion creep and dislocation creep, may result in low
shear stress at high strain rate (Demurtas et al., 2019; De Paola et al., 2015; Green et al., 2015; Pozzi et al., 2021;
Verberne et al., 2014), especially with increasing temperature and decreasing grain size. The decrease in grain size
results by a combination of wear and mineral breakdown due, for instance, to decarbonation. In carbonate-built
(calcitic and dolomitic marble) rocks sheared at seismic slip-rates, shear stress was shown to be independent
of normal stress but strongly dependent on strain rate, suggesting that crystal-plastic processes might be active
(Figure 1c¢). In Pozzi et al. (2019), they suggested that diffusion creep can also occur without mineral breakdown
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(i.e., decarbonation), being solely enhanced by the grain-size reduction during sliding. Dislocation creep and
diffusion creep are modeled with the constitutive flow law (Poirier, 1995):

1

= —L— @)
AD}Pe" T

with y being the shear strain rate, defined as V/¢, where ¢ is two times the PSZ thickness, A is the pre-exponential
factor, H the apparent activation energy for creep, R the gas constant, T the absolute temperature, 7 the shear
stress, n the stress exponent, D,, the grain size and b the grain size exponent.

Although it cannot be considered a dynamic weakening mechanism in itself, decarbonation or the thermal (and
possibly mechanical (Italiano et al., 2008; Martinelli & Plescia, 2004)) breakdown of carbonate minerals (calcite,
dolomite, etc.), is often concomitant to the large dynamic weakening of sliding rock surfaces (Brantut et al., 2008;
Han et al., 2007). During seismic slip, frictional heating causes the decomposition of calcite (CaCO,) into lime
(Ca0) and CO, (Han et al., 2007). This decarbonation reaction should occur at bulk temperatures ranging between
700 and 900°C (Rodriguez-Navarro et al., 2009). Similarly, dolomite decomposes in a breakdown reaction into
lime (CaO), periclase (MgO) and CO, (temperature between 650 and 900°C) (Rodriguez-Navarro et al., 2012).
All these reactions are endothermic: they buffer the temperature increase in the PSZ (Brantut et al., 2010; Sulem
& Famin, 2009), and result in the transformation of original calcite or dolomite crystals in porous aggregates of
CaO or CaO + MgO nanoparticles. While nanoparticles do not directly lubricate the experimental fault, they
allow the activation of temperature- and grain size-dependent (e.g., grain boundary sliding aided by diffusion
creep) deformation mechanisms (Green et al., 2015). For instance, in the case of cohesive calcitic marbles, the
very early stages of simulated seismic slip and dynamic weakening are associated to the release of gases (H,, CO,
and CH, where the occurrence of hydrogen H is related to the breakdown of H,0O adsorbed on the rock surfaces)
and to “flash” amorphization (Spagnuolo et al., 2015). The bulk temperature in these experiments was estimated
in a range of 25-30°C. However, higher temperatures can be achieved for stress localization at the small size of
the contact asperities or because of thermal effects due to dislocation motion (possibly moving at sonic speeds)
inside the calcite crystals (Spagnuolo et al., 2015). The eventual pressurization of the gases released during decar-
bonation and the consequent decrease in effective stress and weakening within the fault asperity contacts or bulk
PSZ has also been debated in literature (Sulem & Famin, 2009).

In the literature, many other mechanisms were invoked to explain the decrease of fault shear strength with
co-seismic slip. Among them: thermal pressurization (Rice, 2006; Sibson, 1973) (Text S1 in Supporting Informa-
tion S1), elastohydrodynamic lubrication (Brodsky & Kanamori, 2001; Cornelio et al., 2019, 2020) and powder
lubrication (Han et al., 2010; Reches & Lockner, 2010; Tisato et al., 2012). There is a general agreement that
multiple weakening mechanisms can coexist, contributing or competing in controlling dynamic fault weakening.
This makes the study of the coseismic slip more complex, since multiple processes might involve many spatial
and temporal scales (Cocco & Tinti, 2008; Cocco et al., 2016) and it is challenging to distinguish the dominant
weakening mechanism during the experiments (De Paola et al., 2015; Tsutsumi & Shimamoto, 1997).

All the mechanisms previously described are characterized by numerous parameters, depending on the fault rock
composition (silicate-built, carbonate-built, etc.), the loading (i.e., normal stress, slip acceleration, etc.) and ambi-
ent conditions (presence and composition of fluids, fluid pressure). These conditions have a pivotal role in the
activation of a specific type of weakening mechanism, at the asperity scale and at the bulk PSZ scale. Moreover,
finding a set of parameters, which satisfy the constitutive laws presented above (Table 1), while constraining their
significance and their range of variability, requires a systematic comparison of experimental data and modeling
results for each parameters set, an operation which rarely appears in previous studies. Finally, assuming that
several weakening mechanisms can coexist during the weakening stage implies the modeling of a transition from
a weakening mechanism to another one, as slip progresses. For instance, if flash heating of asperity contacts
is preceding other types of bulk deformation processes, such as those described above (Table 1), the transition
between these two mechanisms might be identified in the evolution of shear stress with slip and possibly modeled.

In this work, we use the optimization algorithm to explore the parameter space, constrain the range of varia-
bility of constitutive parameters, and infer their uncertainties under seismic experimental conditions. We use
the optimized parameters to fit the experimental data using a composed approach which allows, if needed, to
comprise two weakening mechanisms (i.e., flash heating, bulk melting and viscous flow mechanisms) that best
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Table 1

Weakening Mechanisms Investigated in This Study and Main Parameters of the Modeling Approach

Weakening Optimized Not optimized
mechanism parameters parameters Lithology ExperimentalConditions Equations
Flash heatin, Dy, p, pg T, All RH, Pf
g > My M Ty = UsOn ifV <V,
TFH = v 1
Tw = [(ﬂ: - ﬂdyn) Vu + ﬂdyﬂ] o, ifV >V,
Bulk melting K factor T,=T, Basalt, gabbro, granitoid RH, Pf =173
2w
Diffusion creep Dy, t, b A H,n Calcitic marble RH, Pf 1
Tp = % 4
ADbe” RT
Dislocation creep Dy, t,n A H, b Calcitic marble RH, Pf 1

n
Tp = ;H 4
AD;be” RT

Note. For each weakening mechanism, the table reports the optimized and not optimized parameters, the analyzed lithology and the experimental conditions (RH for
room humidity, Pf for fluid pressurized experiments) and the constitutive law for computing the shear stress. 7, Temperature dependent; R, F, rock or fluid properties.

fit the data in a given slip range. We analyze data resulting from a large set of laboratory experiments performed
on silicate-built and calcite-built rocks. Flash heating and bulk melting are investigated for silicate-built rocks,
while flash heating and dislocation creep or flash heating and diffusion creep are investigated for calcite-built
rocks. Furthermore, we present a novel way to model and interpret the measured temperature at high acquisi-
tion rates with optical fibers inside the slipping zone (Aretusini, Nafiez-Cascajero, et al., 2021). This approach
helps to validate the assumptions made when modeling temperature from the mechanical data and interpret the
possible contribution to the temperature rise of the investigated weakening mechanism. Among the weakening
mechanisms discussed in the literature, thermal pressurization (Rice, 2006; Sibson, 1973) has been largely used
to explain the fault dynamic weakening stage in theoretical models (Andrews, 2002; Noda & Lapusta, 2013).
However, the discussion of thermal pressurization is outside the scope of the present paper for the large number
of unknowns, which make the system of equations undetermined and our optimization method applicable with
limitations. Indeed, the values of the considered parameters are rarely available in literature and it is not easy
to constrain them from high velocity frictional experiments performed so far. Despite these limitations, some
relevant aspects from attempted inversions are reported in Text S1 in Supporting Information S1. The overar-
ching ambition of our work is to shed light on dynamic weakening mechanisms and to constrain constitutive
parameters to be included in physically- and geologically-based dynamic earthquake rupture simulations (Gabriel
et al., 2012; Murphy et al., 2018; Tinti et al., 2021).

2. Experimental Data

We have built a comprehensive data set of experimental data acquired in the last decade in laboratory experiments
performed with the rotary shear machine SHIVA installed at the Istituto Nazionale di Geofisica e Vulcanologia in
Rome (Table S1-S4 in Supporting Information S1) (Di Toro et al., 2010; Niemeijer et al., 2011). The experiments
aim at reproducing the shear stress evolution with slip and time as well as dynamic weakening during earthquake
slip propagation. We re-analyzed about one hundred experiments performed on solid pre-cut cylinders (50/30 mm
or 50/0 mm external/internal diameter) of basalt (Violay et al., 2014), gabbro (Violay et al., 2014, 2015), granitoid
rocks (Westerly granite (Cornelio et al., 2019; Passelegue, Schubnel, et al., 2016), tonalite (Castagna, 2012) and
calcitic marble (Violay et al., 2014, 2015). Moreover, we also use the data from a few experiments performed
on tonalite (same composition of the one deformed by (Castagna, 2012)) with the HVRFA machine installed in
Kyoto University, Japan (Shimamoto & Tsutsumi, 1994). The description of the experimental configuration (i.e.,
the samples were solid cylinders with diameter of 22.5 mm and length of 22 mm) can be found in (Di Toro,
Hirose, Nielsen, Pennacchioni, & Shimamato, 2006) and (Di Toro, Hirose, Nielsen, & Shimamoto, 2006). The
chosen lithologies are (a) representative of typical seismogenic continental crust and (b) the endmembers for
investigating the weakening mechanisms described in the introduction section.
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Figure 2. Result of a typical high velocity frictional experiment. Shear stress (blue curve) and imposed slip-rate V (red
curve) are plotted as a function of slip for experiments s557 performed on gabbro under room humidity condition, normal
stress of 30 MPa and V, = 3 m/s. When the slip-rate function V is applied, the shear stress 7 increases until the peak value (u,
o), the static friction coefficient is overcome and slip suddenly increases. Immediately after the peak stress, the shear stress
starts decreasing with slip up to a minimum (approximately steady state) value (ﬂdvna,',). Finally, during the deceleration stage,
the shear stress increased again up to a re-strengthening value (uro,). )

The experiments reproducing seismic deformation conditions were performed by imposing a trapezoidal slip-rate
function (Figure 2). The target slip-rate V, ranges between 0.1 m/s and 6.5 m/s. The acceleration and deceleration
ramps were usually equal for each experiment, ranging between 5.2 and 30.1 m/s2. The effective normal stress
was kept constant during each experiment, ranging between 5 and 40 MPa. In the experiments performed under
drained pressurized water condition, the fluid pressure was kept constant during the experiments by a membrane
pump and it ranged between 2.7 and 15 MPa. Mechanical data (axial load, torque, axial displacement and angular
rotation) were acquired at a sampling rate between 250 Hz and 25 kHz, depending on the target slip-rate. Slip,
slip-rate and shear stress were determined using the methods outlined in Niemeijer et al. (2011) and Tsutsumi
and Shimamoto (1997). The original mechanical data were acquired with a constant time step (between 0.04 and
4 ms). We resampled our data to obtain a constant slip step of Ax =0.001 m for all the experiments so that, during
the fitting and optimization procedure, the data points during the acceleration stage are not overrepresented with
respect to those during the plateau at constant velocity. This comprehensive data set offers a unique opportunity
to integrate and discuss dynamic fault weakening mechanisms at high slip-rates for each lithology and loading
conditions.

3. Methods

Depending on the lithology of rock samples, we model the shear stress evolution with slip inferred from labora-
tory experiments assuming that two mechanisms may intervene during the weakening stage. The two mechanisms
are flash heating and dislocation/diffusion creep in carbonate rich rocks or flash heating and bulk melting in
silicate rich rocks. Using the norm-based optimization approach on the performed experiments, we were able
to constrain a set of optimized model parameters, for each weakening mechanisms considered in this study
(Table 1), which best fit the experimental data for each lithology and loading condition.

The parameters space is constrained by considering the range of values proposed in the literature (i.e., Dy, f,
static friction coefficient, u,, dynamic friction coefficient, n stress exponent, D, grain size and b the grain size
exponent) (Table 1). The goodness of the fit to experimental data is quantified through the squared norm value of
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the residuals (SNR). We use the retrieved SNR values to discuss the weakening mechanisms (e.g., flash heating
and diffusion or dislocation creep for calcitic marble) and the fit to experimental data yielding the lowest SNR
per lithology and loading condition. Moreover, we also allow a composition of the two models by identifying the
slip ranges in which each weakening mechanism best matches the experimental data.

The shear stress is estimated with the constitutive equations proposed for each weakening mechanism (Equa-
tions 1-4) using the values for ¢’,, V and P, of each experiment. The shear stress constitutive equation is fully
coupled with the temperature increase, which is estimated using the heat diffusion equation. The fully coupled
partial differential equations are solved using a 1D finite difference explicit method implemented in ®Matlab.
This is an approximation of the cylindrical geometry, but the results do not differ substantially as discussed in
(Nielsen, Mosca, et al., 2010). The model domain z is orthogonal to the fault plane, and it was discretized in 50
nodes equally spaced Az = 0.001 m outside the melt layer w or slipping zone 7 (see Section 3.1 and 3.2). The melt
layer and the slip zone ¢ where discretized using Az = 1 pm. Due to the symmetry of the experimental setup, we
modeled only one-half of the sample assembly. In our model the fault is represented by a single point at z = 0. At
each time iteration, the time step At was equal to Ax/V(z).

With the only exception of the melt lubrication model (Section 3.1, Equation 12), the evolution of temperature
T in the model domain and within the slipping zone was estimated using the heat diffusion equation (Carslaw &
Jaeger, 1959):

— =an—— +0 (5)
z
with a,, thermal diffusion, Q heat source:
0= 1 M inz=0;

z G ©)
O =0 elsewhere

with p rock density, C, heat capacity, V slip-rate function and 7 the modeled shear stress. The equation relating
temperature and shear stress are mechanism-dependent and reported in the following sections.

Following Nielsen et al. (2021), the rock thermal diffusivity (a,,) and thermal conductivity (K' = :‘?”) were

considered temperature dependent, and the thermal dependence measured experimentally (Hartlieb et af., 2016;
Merriman et al., 2018; Miao et al., 2014) was reproduced by adjusting the parameters of an empirical fit function:

K = Cc1 €Xp <l> + ¢ @)
Ce2

Qp = Ca1 €XP <1) +ca )
Ca2

The coefficients for thermal conductivity (c,,, ¢,,, ¢,;) and thermal diffusivity (c,,, c,,, ¢,;) are reported in Table
S5 in Supporting Information S1. For experiments performed in presence of water, we considered an effective
specific heat (/)C)gff =({=¢)-p,-C)+(¢-p, - C,) where r and w are related to the rock and to the water
properties, respectively (Table S7 in Supporting Information S1).

We imposed an initial temperature 7 = 298 K in the entire domain. In the case of calcitic marble, optical fibers
were used to measure the temperature at high spatial (ca. 20 pm) and temporal (1 kHz) resolution in the slipping
zone (Aretusini, Nuflez-Cascajero, et al., 2021). This new data set allowed us to discuss temperature estimates
and the thermal control of the transition from flash heating to bulk-scale weakening processes (diffusion creep
in that case).

In our formulation, for each set of experiments belonging to the different lithologies, the selected weakening
mechanisms run in parallel to fit the curve representing the shear stress evolution with slip. For each model, the
chosen parameters are optimized using an iterative procedure. The optimal model in the least-squares sense is
obtained by minimizing the squared norm value of the residuals (SNR) defined as:
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min || £ (0|3 = min (/i(x)* + £(x) + ... + fux)) )

where f(x) is the difference between the shear stress of the experimental data and the one obtained by the weaken-
ing model at the i-th slip step. The x vector contains the constitutive parameters to be optimized for each weaken-
ing mechanism. For each parameter, we impose the lower- and upper-limits and an initial guess value. To obtain
the minimum of the function in Equation 9, we use the “trust-region-reflective Algorithm” (Sorensen, 1982).
The iterative optimization is stopped when one of the stopping criteria is achieved (see Table S6 in Supporting
Information S1). Each optimization attempt provides a set of optimized model parameters and the SNR. For a
stable optimization procedure, the squared norm value has to decrease at each optimization iteration (Figure S1
in Supporting Information S1). To obtain a stable solution of the optimization procedure, the number of opti-
mized parameters is kept small (maximum 3 for each investigated weakening model) and the number of possible
mechanisms in the composite model were limited to two. Considering a third constitutive equation, for example,
flash heating and diffusion creep associated with decarbonation, would require the optimization of at least two
additional parameters with the consequence of increasing computational time without benefits for the goodness
of the fit (Text S2 in Supporting Information S1).

The composite model is constructed by identifying the weakening mechanism that leads to the lowest residual
(i.e., the difference between the observed shear stress 7,,,, and the modeled shear stress 7, ) for a range of slip
values and that consequently better reproduces the experimental data in this range among all the considered
mechanisms. Once the composite model is assembled, by putting together the two weakening mechanisms yield-
ing the lowest residuals for two adjacent intervals of slip values, we use it to run a further parameter search and
infer the final optimized parameters. We define the “slip-switch distance” as the slip value at which we infer the
transition between the two best-fitting weakening mechanisms considered in each composite model. This tran-
sition can be interpreted as the slip distance at which the processes involving the bulk within the slipping zone
overcome processes occurring at asperity contacts (Hirose & Shimamoto, 2005; Spagnuolo et al., 2015; Violay
et al., 2014). This slip-switch is inferred for each lithology, loading and normal stress conditions. The composite
model is here proposed to discuss and interpret the capacity of a single weakening mechanism to reproduce the
shear stress evolution over the entire range of inferred slip values. The significance of the proposed approach
relies on the capability of this composite model of identifying a range of slip values where one of the two selected
processes is governing the frictional response and the shear stress evolution, as well as to study the parameters
which best represent the dynamic weakening stage during specific slip ranges. Proposing the composite model as
the best fitting solution to model shear stress evolution with slip is beyond the goals of this study.

3.1. Flash Heating and Bulk Melting Model

For the silicate-built rocks analyzed in this work (gabbro, basalt, granite and tonalite), the investigated weakening
mechanisms are flash heating and bulk melting. Bulk melting can be only active when the temperature is higher
than the rock melting temperature (7 > T, ), whereas flash heating can be active at lower temperature 7 < T, . It is
therefore reasonable to assume that dynamic weakening is governed by flash heating for 7 < T, and by bulk melt-
ing for T> T,,. In other words, the two weakening mechanisms are sequential, because flash heating is necessary
to activate bulk melting. Here, in the composed model, T > T, is a condition necessary but not sufficient for the
activation of the bulk melting.

The flash heating is described by Equations 1 and 2. The parameters 7., a,,, p and C, are lithology dependent. p
and C, are kept constant, and the corresponding values are reported in Table S7 in Supporting Information S1.
In this work, we will consider 7, as a lithology dependent constant parameter and independent of D, (Table S7
in Supporting Information S1) to reduce the number of unknowns. Parameters y, y,,,,, and Dy, depend on the
experimental setup and are optimized in our model. We adopt the following limiting values:

1077 < Dpy [m] < 107*
0<ps <1 (10)

0< payn <1
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and we start the optimization procedure with the initial guess values: D,,,, = 10=%m, u = 0.7 and 4 = 0.3. Once
the temperature on the sliding surface reaches the value for rock melting (7' = T,), a continuous layer of melt is
formed separating the fault surfaces, and 7 becomes a function of the melt viscosity # (Equation 3) (Nielsen, Di
Toro, & Griffith, 2010; Nielsen et al., 2008). The melt viscosity # decreases with the average temperature on the
slip surface 7. Following (Giordano et al., 2008), we assume a Vogel-Fulcher-Tamman equation for the temper-
ature dependent melt viscosity:

log(n) = A+ (1

T-C

parameters A, B, and C are dependent on melt composition and experimental conditions (room humidity or pres-
surized fluids). The parameters A, B, C are estimated using the relationship proposed by Giordano et al. (2008)
and the glass chemical composition for gabbro, Etna basalts and granitoid rocks (tonalite) reported in Violay
et al. (2014, 2015) and Di Toro and Pennacchioni (2004), respectively. The parameters A, B, C used in the model
are reported in Table S8 in Supporting Information S1.

The melt layer thickness 2w is a parameter affecting the dynamic response of the experimental fault during the
weakening or breakdown stage (Equation 3). Its real value is probably higher than the one measured at the end of
slip because of final and post-slip melt extrusion from the slip zone (Nielsen et al., 2008). Here we assume that
melt thickness is also a function of the average temperature 7 and it can be computed by solving the Stefan prob-
lem of the advancement rate v of the melting layer in the solid bulk rock (i.e., solving the heat diffusion inside the
solid in presence of a moving boundary). To solve the problem, we use the same approach as in Nielsen, Di Toro,
and Griffith (2010). For z < w (into the melt layer thickness), the heat diffusion equation is:
oT 9’T oT

o = arha—§2 + V()_§ (12)

where £ = z — w is the half thickness of the melt layer. The thickness of the melt layer w is defined as:

LU=LU()+/VdI (13)

“'3511
K n R?
etry and th;t can range from 0.02 for hollow cylinder samples with 30/50 mm internal/external diameter and

with v = where R is the sample radius, K is a geometrical factor taking into account the sample geom-
3/16 = 0.1875 for solid cylinders (Nielsen et al., 2008). In our model we optimize K, to consider the possible
change in sample area during shearing and melt formation. For z > w (outside the melt layer thickness), the
increase of temperature can be estimated as

dT 1 (Tm - T)

L v
9z 2" amp(L+C,(Tn—T)) a5

with 7, the melting temperature and L the latent heat of melting. The contribution of L is neglected in this work.

m

3.2. Flash Heating and Dislocation Creep/Diffusion Model

For experiments performed on calcitic marble samples, the investigated weakening mechanism is a combination
of flash heating and dislocation or diffusion creep (Equation 4, Table 1). For flash heating, the model is described
in Section 3.1. The optimized parameters are u,, y,,., and D, with the limiting values reported in Equation 10
and the same initial guess values (D, = 107 m, /4; =0.7 and p,,, = 0.3).

The pre-exponential factor is A = 0.046 s~'bar " for dislocation creep and A = 9.55%10* s~'bar " for diffusion creep
(Schmid et al., 1987). The n value is obtained by inverting the experimental data (usually obtained in low velocity
uniaxial experiments at high temperature) for a given activation energy value. Here we choose H = 301.4 kJ/mol
and H = 213.5 kJ/mol for dislocation creep and diffusion creep, respectively (Schmid et al., 1977). With this
activation energy n = 5, b = 0 for dislocation creep and n = 1.7, b = 2-3 for diffusion creep, respectively. In the
presence of water, we impose a reduction of H of about 20% with H = 238.6 kJ/mol for dislocation creep and
H = 175.8 kJ/mol for diffusion creep (see Rutter, 1972; Violay et al., 2019). Here, we decided to optimize also
for n and b value respectively for the two mechanism in order to take into account the uncertainties that these
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parameters can assume at the extreme deformation condition of our experiments. For the dislocation creep model,
the optimization procedure involves the parameter 7 (i.e., twice the layer thickness) with the limit values reported
in Demurtas et al. (2019), De Paola et al. (2015), Pozzi et al. (2021):

3<n<7
15)
10 < ¢ [10™°m] < 200

The initial guess values are n = 5 and t = 200 107 m.

For the diffusion creep model, the optimized parameters are the grain size D, the grain size exponent b, and the
layer thickness ¢ with the limit values as (Demurtas et al., 2019; De Paola et al., 2015; Pozzi et al., 2021):

10 < Dy [107 m] < 500
2<b<3 16)
10 < 7 [107° m| < 200

The initial guess values are D, =200 10~ m, b = 2.5 and 7 = 200 10~ m.

We can define the bulk shear stress 7 as a function of the slip-switch distance () such that:

T=1rpgifd < & (17)
t=1p ifé > &

4. Results

The weakening mechanisms described in the Introduction and analyzed in this study are listed in Table 1, together
with the optimized parameters and the experimental conditions. The sets of optimized parameters for each exper-
imental data are reported in Tables S1-S4 in Supporting Information S1. In the following, we will present the
results of the optimization procedure in terms of mean and standard deviation values for the optimized parameters
for each model (Table 2) and discuss the fit to the shear stress evolution as a function of slip resulting from the
experiments. We emphasize that each model investigated in this study is discussed by analyzing a relatively large
number of experimental data for various lithologies, which is not common in the literature.

4.1. Flash Heating and Bulk Melting Model

Flash heating and bulk melting weakening mechanisms are applied to experiments performed on silicate-built bare
rocks including 13 experiments with basalt, 25 experiments with gabbro and 9 experiments with granitoid rocks.
Values of the optimized parameters for each experiment are reported in Table S1 in Supporting Information S1.

Figure 3 shows the fit to shear stress evolution with slip for two experiments with basalt (§921) and gabbro (S609)
using the optimized parameters. FH matches the initial part of the dynamic weakening curve up to a slip value
of nearly 0.493 m for gabbro (Figure 3a) and 0.1 m for basalt (Figure 3b). At this low slip values bulk melting is
not active because temperature has not yet reached the T

m*

Flash heating alone does not explain both the subse-
quent stress breakdown and the stress level at the dynamic friction, yielding higher values of dynamic friction for
both lithologies. The slip-switch distance (3,) is reached at mean slip values of 0.15 m for basalt and 0.5 m for
gabbro, when the bulk melting weakening mechanism is activated. The latter matches both the stress level at the
dynamic friction and the final restrengthening due to the imposed deceleration ramp. According to the composite
model investigated in this study, there is the transition from flash heating to bulk melting when the latter yields
the lowest values of the residuals, that is the lowest mismatch with experimental data. As expected, the imposed
transition is too sharp, yielding a drop in shear stress evolution toward the dynamic friction level, not observed
in experimental data (Figure 3). This suggests that there might likely be a range of slip values and temperatures
for which both mechanisms work together, without a sudden transition. Nevertheless, the composite model yields
average static and dynamic friction values that well match the shear stress evolution with slip.

For the flash heating and bulk melting model, the inferred average static friction coefficient is 0.99 + 0.02,
0.88 + 0.15, and 0.80 + 0.10 for basalt, gabbro and granitoid rocks, respectively (Figure S4a in Supporting
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Table 2
Summary of the Mean Values and Standard Deviation Values of the Optimized Parameters for Each Model as a Function of
the Lithology

Flash heating and bulk melting

My Hayn Dy [pm] Kiotiow Kfu]]y
Mean Sdv Mean Sdv Mean Sdv Mean Sdv Mean Sdv
Basalt 0.99 0.02 0.21 0.17 15 7 0.0212 0.002 0.181 0.005
Gabbro 0.88 0.15 0.2 0.2 20 10 0.0212 0.002 0.181 0.005
Granitoid 0.8 0.1 0.3 0.13 70 20 0.0212 0.002 0.181 0.005

Flash heating and dislocation creep

Hy Hagn Dpy [pm] n ¢ [um]

Mean Sdv Mean Sdv Mean Sdv Mean Sdv Mean Sdv

Calcitic marble  0.68 0.04 0.1 0.02 101 5 5 - 200 -

Flash heating and diffusion creep

Hy Hyn Dy [pm] Dy, [nm] b t [pm]

Mean Sdv = Mean Sdv Mean Sdv. Mean Sdv Mean Sdv Mean  Sdv
Calcitic marble  0.67 0.05 0.1 0.05 100 50 90 20 2.97 0.03 1994 03

Note. p = static friction coefficient from the flash heating model optimization, 4, = dynamic friction coefficient from
the flash heating model optimization, Dy, = Asperity diameter from the flash heating model optimization, K, .., and

K,y = geometrical factor, n = exponential factor, ¢ = layer thickness, D;, = nanoparticles diameter, b = exponential factor

Information S1). The average dynamic friction coefficient is 0.21 + 0.17, 0.20 + 0.20, and 0.30 + 0.13 for
basalt, gabbro and granitoid rocks, respectively (Figure S4b in Supporting Information S1). The average Dy, is
15 + 7,20 + 10, and 70 = 20 pm for basalt, gabbro and granitoid rocks, respectively (Figure S4c in Supporting
Information S1). D, is independent of the applied normal stress (Figure S4c in Supporting Information S1).
The independency of D, from normal stress is an indication that a constant 7, is a reliable assumption for the
range of conditions investigated (5 < 6, < 40 MPa). The geometrical factor K value is 0.0212 + 0.002 for hollow

a2 ' b.20.sr
a.l  $609 gabbro o b.1 $921 basalt
T T T T = L8[ T T T T T
1.2F S 1aF =
609 5 <921 2 0.6
FH+BM z 0.6f FH+BM S ﬁ
FH - FH Ba
1 - b
Ak T 0.4
EORNA_A = 4
= g TS - EE AN
208 & 02r 20.8F ool "My
S S =
= 0F j=
~ 0.6 S T ~ 0 o
8 0 02 04 8 0 005 0.1
5 L = :
f= o
£0.4 V\ B 204 il
W, K
oot % ] 02 ¥ J
of 1 o 1
0 1 2 3 4 5 6 7 0 0.5 1 15 2 2.5 3 35 4
Slip [m] Slip [m]

Figure 3. Flash heating and bulk melting composite model optimization. Examples of optimization of flash heating and bulk melting model for (a) experiment s609
performed on gabbro at 10 MPa normal stress under room humidity condition and target slip-rate V, = 2 m/s and (b) experiment s921 performed on basalt at 25 MPa
total normal stress, 5.7 fluid pressure and target slip-rate V, = 3 m/s. The flash heating mechanism (yellow curve) was well representative of our experimental data until
slip reached 6, = 0.493 and 0.101 m, respectively. After this slip distances, bulk melting lubrication mechanism was activated with the modeled temperature higher than
the melting one (T > T,,). The resulting curve of optimization (orange curve) was obtained with . = 0.98, u, = 0.20 and D, = 5 pm for experiment s609 and u, = 1,
Mgy, = 0.1 and Dy = 19 pm for experiment s921. )

CORNELIO ET AL. 12 of 23

95U SUOLIWIOD SAIIa.D) 9|qed![dde auy Aq pausenob ae ssp e YO ‘8sn Jo Sajni o} Azeiq1aUluO 4311 UO (SUDNIPUOI-PUR-SWB 0D A8 1w Ale1q 1 jpul|UO//:SdNY) SUONIPUOD PuUe SWIS 1 8y) 89S " [2202/TT/y2] uo Aeiqiauliuo A1 ‘9aueld aUeIyd0D Aq 9SErZ08rzZ02/620T OT/10p/wod Ae|im AreiqipuljuosgndnBe;/sdiy Wwoy pspeojumod ‘2 ‘2202 ‘9SE669TZ



~I1
A\-"Ul Journal of Geophysical Research: Solid Earth 10.1029/20227B024356
AND SPACE SCIENCE
Flash Heating + Bulk Melting cylinder samples and 0.181 + 0.005 for fully cylinder samples and very close
— ¢ to the theoretical expected one (0.02 and 0.1875 for hollow cylinder and
1000 == f fully cylinder, respectively, (Nielsen et al., 2008)) (Figure S5 in Supporting
Information S1).
500 The inferred SNR values obtained with the composite model and associ-
ated with the optimized parameters for silicate-built bare rocks are shown
2 600 in Figure 4. The distribution of the median SNR values for the different lith-
n ologies is quite narrow, with mean values ranging between 27.6 and 147.8,
400 for basalt and granitoid rocks, respectively. In the boxplots, the distribution
of SNR values is narrow except for the granitoid rocks, in particular those
200 ¢ sheared in presence of pressurized fluids. The distributions of SNR values
, . ,i for basalt and gabbro are slightly asymmetric with more values toward the
o __%EE $% — v minimum, while SNR values for the granitoid sheared in presence of pressur-
ized fluids are spread over a large interval asymmetric toward the maximum.
basalt Li%ligi;; y granitoid The boxplots analysis allows the identification of a few outliers (diamonds
in Figure 4). The worst performance of the granitoid rocks is determined
Figure 4. Boxplots for the squared norm value of the residuals (SNR) of the by the shear stress evolution at the dynamic friction which, unlike the other
flash heating and bulk melting model as a function of the sample lithology lithologies, shows an increase before achieving the dynamic friction value
(basalt, gabbro, granitoid rocks) and the experimental condition (room (Hung et al., 2019).

humidity or fluid pressurized. The SNR is a measure of the goodness of the

fit of the experimental curve by the proposed model, the lower the SNR,

the better the fit of the experimental curve was. The median lower SNR was 4.2. Flash Heating and Dislocation Creep Model
for basalt rocks experiments, while the higher SNR was for granitoid rocks

experiments.

The flash heating and dislocation creep weakening mechanisms are applied

to 50 experiments performed with calcitic marble. Values of the optimized

parameters for each experiment are reported in Table S2 in Supporting Infor-
mation S1, while Table 2 shows mean and standard deviation values. The optimized parameters for diffusion
creep are n and ¢ (Equation 4).

For the flash heating, the average value is 0.68 + 0.04, 0.10 + 0.02 and 101 + 5 pm for static friction, dynamic
friction and asperity size, respectively. According to this model, in all the experiments, dislocation creep is not
activated and the values of n and 7 remain equal to the initial guess values (n = 5 and t = 200 pm) (Figure 5a)
and the match with experimental data is poor as corroborated by the retrieved high SNR values (Figure 6a).
On average, the SNR value is 98.69 for experiments performed under room humidity conditions and 261.68 for
experiments performed with pressurized fluids.

4.3. Flash Heating and Diffusion Creep Model

The flash heating and diffusion creep model is applied to 50 experiments performed with calcitic marble. Values
of the optimized parameters for each experiment are reported in Table S3 in Supporting Information S1, while
Table 2 shows mean and standard deviation values. For the first phase of flash heating, the average value is
0.67 +£0.05,0.10 + 0.05 and 100 + 50 pm for static friction, dynamic friction and asperity size, respectively (Figure
S4 in Supporting Information S1). The optimized parameters for diffusion creep are D,,, b and ¢ (Equation 4). The
average values obtained through the optimization procedure are 90 + 20 nm for the grain size D,,, 2.97 & 0.03 for
the grain size exponent b, and 199.4 + 0.3 pm for the layer thickness ¢ (Figure S4 in Supporting Information S1).
The average values modeled for diffusion creep agree with values used by several authors (De Paola et al., 2015;
Harbord et al., 2021; Schmid et al., 1977) for high velocity experiments, while the optimized layer thickness is
slightly higher compared to Harbord et al. (2021) (100 pm) and De Paola et al. (2015) (150 pm).

Figure 5d shows the fit to shear stress evolution with slip for an experiment with calcitic marble (S1684) sheared
at room conditions using the optimized parameters. As in the case of bulk melting, FH matches the initial part
of the dynamic weakening curve quite well, but it does not match the shear stress at the dynamic friction level.
Instead, diffusion creep is activated at a slip distance of 0.28 m, and it matches very well the stress at the dynamic
friction. For this model the slip-switch distance &, between flash heating and diffusion creep is normal stress
dependent (Figure 8b), decreasing from ~0.39 m at ¢, < 10 MPa to 0.07 m at 6, > 20 MPa. In average, the SNR
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Figure 5. Flash heating and dislocation creep composite model and Flash heating and diffusion creep composite model. (a and b) Example of flash heating and
dislocation creep model optimized for experiment s330, performed on calcitic marble sample under room humidity condition (RH), 10 MPa normal stress and target
slip-rate V, = 3 m/s. The dislocation creep mechanism (purple curve) was not able to represent the decrease of shear stress with slip. Consequently, the final shear stress
model (b), red curve) was only given by the flash heating mechanisms (a) orange curve). (¢ and d) Example of flash heating and diffusion creep model optimized for
experiment s1684 (blue curve), performed on calcitic marble sample sheared under RHs, 20 MPa normal stress and V, = 6 m/s. According to our modeling results,

the flash heating mechanism (orange curve) was active during the first stage of slip until a slip distance 6, = 0.280 m. After this slip distance, the diffusion creep
mechanism (purple curve) approximates better our experimental results (blue curve). The red curve represented the composed modeled shear stress evolution.

value is 0.008 for experiments performed under room humidity conditions and 0.005 for experiments performed
in the presence of pressurized fluids (Figure 6b).

For all lithologies, the flash heating models show that the average asperities dimensions D, (Table 2), inferred

in this study through the composite models, are similar to those previously proposed for basalt and gabbro
(Passelegue et al., 2014; Rempel & Weaver, 2008), but twice the value of the asperity dimensions measured
before the experiment for calcitic marble and granitoid rocks (Cornelio et al., 2019, 2020) (Figure S4c in Support-

ing Information S1).

a. Flash heating + Dislocation creep
20000

17500
15000
12500

o<
=Z 10000
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(]
——————
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b. Flash heating + Diffusion creep

SNR
w
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Figure 6. Boxplots of the squared norm value of the residuals (SNR) for (a) flash heating and dislocation creep model and for (b) flash heating and diffusion creep
model for experiments performed on calcitic marble rocks. The SNR is a measure of the goodness of the fit of the experimental curve by the proposed model, the lower
the SNR, the better the fit of the experimental curve was. Comparing the values of the SNR we can observe that it was lower for the flash heating and diffusion creep
model (median values of 0.0078 and 0.0047, for room humidity and fluid pressurized experiments, respectively) than the one for flash heating and dislocation creep
model (median values of 256.0 and 98.7, for room humidity and fluid pressurized experiments, respectively).
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5. Discussion

Our modeling results corroborate previous findings (Beeler et al., 2008; Goldsby & Tullis, 2011) that flash
heating provides a good fit to the shear stress evolution with slip around the peak stress, when apparent friction
is at its static value, and at the incipient stage of weakening for all the lithologies and composite models investi-
gated in this study. The adopted optimization procedure indicates that the values of modeled static friction coef-
ficient for all lithologies are in agreement with Byerlee's friction law (Byerlee, 1978) at these applied effective
normal stresses (¢', = 5-40 MPa) and range from 0.67 for calcitic marble to 0.99 for basalt (Table 2), without an
evident dependency on normal stress (Figure S4a in Supporting Information S1). Moreover, our modeling results
show that flash heating alone does not explain the subsequent weakening to the dynamic friction level, yielding
higher predicted values of dynamic friction for all lithologies. This observation supports the hypothesis that
other dynamic weakening mechanisms are necessary to reproduce the inferred stress evolution at the dynamic
friction level for experiments performed at these high sliding velocities (Nielsen et al., 2021). Depending on the
lithology, melting for silicate-built rocks and diffusion creep for calcitic marble seem to be the most efficient
mechanisms, among those here investigated, to explain the measured values of dynamic friction. The optimized
dynamic friction coefficient (Figure S4b in Supporting Information S1) inferred with the composite models
ranges between 0.1 for calcitic marble and 0.3 for granitoid rocks, in agreement with values from literature
(Goldsby & Tullis, 2011; Passelegue et al., 2014; Rice, 2006).

Shear stress evolution with slip inferred from experiments performed on silicate-built bare rocks, such as basalt
and gabbro, is relatively well reproduced by the composite model made of flash heating and bulk melting, except
of granitoid rocks for which the model yields the highest SNR values at low effective normal stress (<10 MPa)
(Figure S7 in Supporting Information S1). A possible explanation is that our viscosity model does not include the
complexity of selective melting typical of frictional melting in granitoid rocks (Di Toro & Pennacchioni, 2004;
Hung et al., 2019; Papa et al., 2021). Indeed, dedicated high-velocity experiments using granitoid rocks showed
that at low normal stresses (<10 MPa) the compositional and structural evolution of the melt layer is extremely
complex (Hung et al., 2019). Granitoid rocks are made of minerals with low and high melting points (e.g.,
biotite 650°C, feldspar 1100-1200°C, quartz 1700°C (Spray, 2010)). Because of this, the first discontinuous melt
patches are ultramafic in composition (biotite melts first) but have a low temperature and are rich in quartz and
feldspar clasts (Hung et al., 2019). Moreover, the friction melt-wall rock boundary is very rough at these low
frictional dissipation rates (Nielsen, Di Toro, & Griffith, 2010). These compositional and geometrical properties
affect the viscosity and the bulk rheology of the sheared friction melt layer and are not included in our model.
On the contrary, the SNR value is lower (Figure 4) for rock types where frictional melting involves minerals
with relatively similar melting points as in the case of basalt and gabbro (feldspar 1100-1200°C, amphiboles
1100-1200°C, pyroxene 1400°C, (Spray, 2010)). These considerations confirm that, not only different dynamic
weakening mechanisms coexist and are necessary to model shear stress evolution with slip at high slip-rates, but
the lithology and the evolution of thermal properties (and viscosity in case of melts) with slip does also matter in
determining the frictional response of the experimental fault when shared at high slip-rates.

Our modeling attempts of experiments performed with calcitic marble suggest that the flash heating and diffusion
creep composite model matches better the shear stress evolution with slip than the flash heating and dislocation
creep model as shown by the inferred SNR values (Figure 6). The obtained values of the optimized parameter D,
and b for diffusion creep are in agreement with the experimental results from literature (Schmid et al., 1977). Also
for this lithology, the flash heating model alone is not suitable to represent the shear stress decrease and evolution
at the dynamic friction level in agreement with previous works (Demurtas et al., 2019; Pozzi et al., 2019). The
high SNR values inferred for dislocation creep suggest that at these high slip values the processes responsible
for this mechanism are not active or that they are not representative of the stress evolution with progressive slip
at the dynamic friction. Under the investigated experimental conditions, the grain size dependency of grain
boundary sliding aided by diffusion creep make this process more efficient than dislocation creep within the
PSZ. To test the validity of the proposed optimization procedure with the composite model, we tested the FH
and diffusion creep composed model on experiments performed on gabbro (Figures S2a and S2b in Supporting
Information S1) and basalt (Figures S2c and S2d in Supporting Information S1). We consider this test as a reduc-
tio ad absurdum because several microstructural and theoretical evidence (Hirose & Shimamoto, 2005; Nielsen
et al., 2008) suggest that bulk melting, rather than diffusion creep, is controlling the frictional strength of gabbro
at the steady-state dynamic friction. Our results confirm that FH and diffusion creep are not efficient to match the
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Figure 7. Temperature evolution for experiment s1684: measured temperature with optical fibers (black line, Aretusini, Nufiez-Cascajero, et al., 2021) compared

with the estimated temperature for flash heating and diffusion creep model (green line). For the flash temperature, various percentages of the real contact area were
taken into consideration. (a) Measured temperature (black line) with 5% error on the measurements (gray area) (Aretusini, Nufiez-Cascajero, et al., 2021) for the entire
experiments compared with the diffusion bulk temperature used for the diffusion creep model only (green line). (b) Zoom on the first 0.4 m of slip. Considering a
constant diameter of the asperity D, = 63 pm (independent of slip distance, see main text), the measured temperature suggest an increase of the real contact area from
1.5% of the nominal area to 3.15% for slip distance equal to , (gray dashed vertical line).

shear stress evolution with slip of gabbro and basalt, where FH and bulk melting are effective. This confirms that
the increase of temperature in the slip zone caused by flash heating activates different weakening mechanisms at
high slip-rates depending on the lithology and normal stress conditions.

It is well known that temperature has a pivotal role in controlling the coseismic shear stress by activating dynamic
weakening processes as pointed out in the literature (Di Toro et al., 2011; Nielsen et al., 2021) and further corrob-
orated by our results. However, most of the studies use numerically computed values of expected temperature of
the slip zone (see Methods). Temperatures measurements at high slip-rates are technically challenging because
of the thermal inertia of thermocouples and their poor spatial and temporal resolution. In this work we avail of
recent in-situ temperature measurements performed with a novel technology which uses optical fibers (Aretusini,
Nuiiez-Cascajero, et al., 2021; Nunez Cascajero et al., 2021). For the first time, we use the high spatial resolution
(investigated diameter ~40 pm) and high sampling rates (sampling time 0.001 s) of temperature measurements to
calibrate the numerical model of temperature increase in the slip zone. Experiment s1684 (see Figure 7) has been
performed at a slip-rate of 6 m/s and 20 MPa normal stress under room humidity conditions in calcitic marble
samples (30/50 mm internal/external diameter). We applied the optimization procedure using the composed
model of the flash heating and diffusion creep which yields = 0.64, u,, = 0.16 and D, = 70 pm for the flash
heating mechanism, and D,, = 10 nm, ¢ = 200 pm and b = 3 for the diffusion creep mechanism (Figure 5). For
this experiment, we have compared the measured temperature in the slip zone with the value estimated from the
diffusion creep model (Figure 7). The comparison (Figure 7a) shows that the two estimates agree within a 5%
of error for slip values larger than 3 m. For the first centimeters of slip (Figure 7b), until the slip-switch distance
6, = 0.280 m, we can estimate the flash temperature Tflash (Archard, 1958; Rice, 2006) as follows:

wV/ (te) (18)

1
Tflash = ———
pcp\/(arh”)

with a,, = 1.4 m?/s thermal diffusivity of the calcitic marble, pC, specific heat (Table S3 in Supporting Informa-
tion S1), 7, critical contact shear stress (7, = :—’i where A is the real contact area) for a single crystalline asperity
and ¢, the sliding lifetime of an asperity. The real contact area A, is the unknown in Equation 18 and it is a small
percentage (usually around 5%, (Dieterich & Kilgore, 1994; Persson, 2006) of the nominal area A = ﬂ(rez - rl.z),
where r, = 0.025 m and r, = 0.015 m are the external and internal radius, respectively, of the hollow rock cylinder
used in the experiment. The lifetime of the asperity is 7. = D% assuming an average asperity dimension equal to
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Figure 8. Evolution of slip-switch distance vs. (a) depth z and (b) instantaneous power (PD). (a) Considering a linear relation between the normal stress applied
in our experiment and the depth z, we observe the decrease of the slip-switch distance with depth. (b) With increasing instantaneous PD, the slip-switch distance

decrease for all rock types. For visualization purposes, the points in this slip-switch distance versus PD diagram were interpolated by four dashed lines defined by a
1
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mechanisms (i.e., flash heating) govern dynamic fault weakening; above each dashed line, bulk weakening mechanisms (bulk melting or diffusion creep) govern the

dynamic fault weakening.

sigmoidal functiony=a (1 — Below each dashed line (colors represent different rock types and combinations of weakening mechanisms), asperity-scale

the optimized value D,,,, and the slip-rate V variable in time and equal to the imposed one. Considering A, as the
unknown, in Figure 7b we report the modeled T}, for increasing percentages of A,. The temperature measured
in the slip zone with the optical fiber is well approximated by a modeled T}, for an initial real contact area of
ca. 1.5% which increases to 3.15% of the nominal area A at the slip-switch distance &, of 0.280 m (Figure 7b).

At the slip-switch value, when the diffusion creep model becomes the most representative controlling the shear
stress evolution, the measured temperature is larger than the estimated temperature. This difference (ca. 500 K)
might suggest changes in thermal properties, not included in the FH model used in this study. In other words, for
slip values up to the slip-switch distance, when flash heating is assumed to control the shear stress evolution, the
measured temperature and the heat source are much larger than the modeled values. Nevertheless, FH is able to
match quite well the evolution of shear stresses with slip. The difference between modeled and measured temper-
atures is largest for slip values between the slip-switch and the slip required to reach the dynamic friction value.
In this slip interval the composed model is also underperforming to reproduce the measured shear stress. This
slip interval correspond to the range in which diffusion creep does not match well the shear stress evolution curve
due to the sharp transition to the dynamic friction. This implies that the temperature used in the composite model
underestimates the real temperature measured in the sample. At slip distances larger than 3 m, the composed
model reproduces the shear stress evolution and the dynamic friction level, and the estimated and measured
temperatures agree (i.e., within the errors with a model of diffusion creep). For slip smaller than the slip-switch
distance, the composed model fit the shear stress and the estimated temperature is in good agreement with the
measured one, under the hypothesis that the real area of contact is a small percentage of the nominal one. These
results suggest that the temperature necessary to activate diffusion creep can be reached even earlier and at lower
slip distances than those predicted by the composite model, because either thermal (C,, p) or mechanical (D)
parameters are varying during the dynamic weakening or breakdown stage or because other mechanisms (e.g.,
decarbonation) might be activated. Moreover, because we deal with bare surfaces samples, we considered, in our
model, a constant PSZ thickness. However, previous studies revealed that compaction, pressure solution and slip
localization play a pivotal role in controlling the evolution of shear stress, especially if the sample is made of a
gouge layer (X. Chen et al., 2021; Pozzi et al., 2018; Smith et al., 2015).
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Finally, to quantify the goodness of the modeled temperature compared with the measured one, we used the

Toeasi~Toodi ) ]
Z(Z’”‘”’—m_”d)’,) =0.7 with T average value of the measurements of temperature.
Z Tmoa,i=T
By definition, as R? approaches 1, the measurements of temperature are more consistent with those obtained

regression coefficient as R? =

in the model and with the estimate of the slip-switch distance between the two considered dynamic weakening
mechanisms. Our values of R? = 0.7 show a general good agreement between modeled and measured values.

Within the uncertainties of temperature measurements and model simplifications, it is possible to speculate that
multiple dynamic weakening models coexist during the weakening stage and that the transition from flash heating
to other thermally activated processes is not sharp, rather it occurs over a slip range in which temperature further
increases and friction continues to decrease to its dynamic level. The shear stress evolution with slip during
the transition stage from the FH to other dynamic weakening mechanisms depends on the composed effects of
different competing processes. Temperature is confirmed to be the controlling parameter causing the activation
and the mutual interaction among processes occurring during the weakening stage at high slip-rates. However,
determining the effective bulk temperature during sliding at high slip-rates is challenging but necessary to inter-
pret shear stress evolution.

In this study, we have inferred the slip-switch value to identify the range of slip values in which flash heating is
governing the shear stress evolution with slip as well as the slip values in which the bulk weakening mechanisms
are expected to be activated to control shear stress. We remember that the slip-switch distance is a function of
the adopted physical parameters (Table S7 in Supporting Information S1), since only after reaching 7, , the bulk
weakening mechanism can be activated and rock properties as thermal conductivity, rock density and specific
heat capacity, influence the shear stress reduction.

Based on the analysis of the experimental data set presented in this study for a limited set of lithologies (cohesive
silicate-built and carbonate-built rocks) and using only bare surface samples, the slip distance for the switch
between flash heating and bulk melting or diffusion creep mechanisms decreases with the increasing effective
normal stress (i.e., depth) on the experimental fault (Figure S7 in Supporting Information S1 and Figure 8). In
particular, the basalt at ¢, > 30 MPa has the lowest slip-switch distance (6, ~ 0.1 m), while the granitoid rocks
at ¢’, < 10 MPa have the highest slip-switch distance (5, ~ 1.2 m). Moreover, considering a linear relationship
between effective normal stress and depth z (6°, = p g z, with g = 9.81 m/s? gravitational acceleration), the
slip-switch distance decrease to few centimeters at 2 km depth (Figure 8a). For FH model, the slip-switch distance
0, identifying the transition between flash heating and a bulk process is lithology and normal stress dependent
(Figure 8a), and spans from ~0.03 m for basalt sheared at ¢, > 20 MPa to ~1.2 m for granitoid sheared at
0, < 10 MPa.

The instantaneous PD at slip-switch distance was computed as:

PD =1 (6) V (o) 19

with 7(6,)) the measured shear stress and V (J,) the measured slip-rate at slip-switch §, in the analyzed experi-
ments. Previous studies showed how the PD can be correlated to the dissipation of frictional heat during seismic
slip and be used to describe the activation of seismic slip dynamic weakening mechanisms (Di Toro et al., 2011).
The PD also affects the frictional work comprising frictional heat (Tinti et al., 2005). Moreover, the PD and the
frictional work associated with experimental deformation at seismic slip-rates is comparable to the one dissipated
during natural earthquakes (Di Toro et al., 2011; Nielsen et al., 2016). Our compilation of PD shows an inverse
dependence with slip-switch distance (Figure 8b) which resembles the inverse dependence of PD with slip weak-
ening distance in Di Toro et al. (2011). This dependence implies a direct dependence of slip-switch distance with
slip-rate function V and an inverse dependence of slip-switch distance with normal stress (Figure S7 in Support-
ing Information S1). In other words, with increasing PD, the higher frictional power dissipation (either because
of higher slip-rates at constant normal stress or by higher normal stress with constant slip-rates) activates the
bulk weakening processes at lower slip-switch distances. By means of our relation between slip-switch distance
and PD (Figure 8b), it can be estimated that at seismogenic depths (9-12 km depth, possibly corresponding to
150-200 MPa normal stress on the fault) and seismic slip-rates of ca. 1 m/s, the slip-switch distance shrinks to
few centimeters or millimeters.
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Moreover, considering that the earthquake magnitude increases with fault average slip, it raises the question of
the role of flash heating in small earthquakes when the slip switch distance is less than the average slip of the
seismic event (Figure S8 in Supporting Information S1). We speculate that in these conditions flash heating and
weakening might be significant for small magnitude earthquakes. This suggests that, according to the laboratory
results, dynamic fault weakening during small magnitude earthquakes might be modeled only with flash heating
without considering other competing processes, if natural fault zones can be represented by the bare surfaces
approximation adopted at the laboratory scale. Our observations seem also to suggest that for large magnitude
earthquakes a composed model is necessary to explain dynamic fault weakening at large slip values and account
for the transition to bulk slip zones processes. However, we emphasize that natural faults present a more complex
geometry and composition compared to our experimental set-up and direct extrapolation to natural cases is not
travial. Indeed, slip zones in natural faults can be often structured as more or less continuous and cohesive
surfaces sandwiching mm-cm thick, fluid-rich, gouge layers (e.g., Demurtas et al., 2016; Masoch et al., 2019).
The presence of gouges may lead to more distributed deformation, alternating episodes of localization and delo-
calization, which may buffer the weakening effects of flash heating under similar seismic condition. In our
composite model, a more gradual transition between weakening models can be achieved by considering the total
strain rate as the sum of the strain rates accommodated by each mechanism. In this case, the most effective mech-
anism is expected to yield the highest strain rate, therefore governing the stress-strain relation during the dynamic
weakening stage. However, formulating a constitutive relation in terms of strain and strain rate opens the question
of the scale dependence of constitutive processes, which is beyond the goal of the present study. Moreover, only
slip-rate can be measured directly while the shear strain rate suffers from uncertainties in the estimation the finite
width of the slip zone. The dependence of constitutive laws on strain and strain rates has been already proposed
in the literature (Beeler et al., 1996, among several others), but its application to interpret experimental data
collected in laboratory experiments is still a challenge to tackle in future investigations.

6. Conclusions

Rock friction experiments conducted in the last 25 years to reproduce seismic slip deformation conditions for bare
surfaces highlighted that dynamic fault weakening is associated with the activation of multiple asperity- (tens
of micrometers) and PSZ-scale (mm to cm) deformation mechanisms. Here we discuss the dynamic weakening
mechanisms that best describe the experimental evidence and the transition from one mechanism (asperity scale,
i.e., flash heating and weakening) to another (PSZ-scale, i.e., bulk melting, dislocation creep and diffusion creep)
with increasing coseismic slip. To achieve this goal, we analyze almost 100 high velocity friction experiments
performed on bare rock samples of basalt, gabbro, granitoids (Westerly granite and tonalite) and calcitic marbles,
at 5-40 MPa effective normal stress, under room humidity to fluid pressurized conditions. We used an optimiza-
tion procedure to determine values of parameters that describe the weakening mechanisms. We fit the measured
shear stress evolution with slip using a composed weakening model, which, depending on lithology, include:
(a) flash heating and bulk melting (granitoid, gabbro and basalt), (b) flash heating and diffusion creep (calcitic
marble), (c) flash heating and dislocation creep (calcitic marble). We provide a set of optimized parameters,
which are specific for each mechanism. These optimized parameters were obtained by minimizing the misfit
between experimental data and model, namely, by solving a nonlinear least-squares curve fitting problem using
the trust-region-reflective algorithm. This analysis allowed us to evaluate the suitability of the composed dynamic
weakening models (Figures 3-5, S2, and S3 in Supporting Information S1). In particular, our results show that:

1. For silicate-built rocks, in gabbro and basalt, dynamic weakening is well described by the transition from
flash heating to bulk melt lubrication. However, the SNR value increases (i.e., the model does not fit well the
mechanical data) with increasing melt “complexity” (i.e., in granitoid rocks).

2. For calcitic marble, dynamic weakening is well described by the transition from flash heating to diffusion
creep. In fact, the SNR value is lower (i.e., the model fits well the experimental data) than for the case of the
transition from flash heating to dislocation creep model.

Moreover, the proposed modeling procedure allow us to retrieve the slip-switch distance &), that is, the slip neces-
sary for the complete transition from the asperity-scale to PSZ scale dynamic weakening mechanism (Figure 8).
Our analysis shows that the 5, decreases with increasing effective normal stress acting on the fault (Figure S7 in
Supporting Information S1), and it is a function of rock composition and slip-rate. This study provides constitu-
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