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Abstract Earthquakes are frictional instabilities caused by the shear stress decrease, that is, dynamic
weakening, of faults with slip and slip rate. During dynamic weakening, shear stress depends on slip, slip rate,
and temperature, according to constitutive laws governing the earthquake rupture process. In the laboratory,
technical limitations in measuring temperature during frictional instabilities inhibit the investigation and
interpretation of shear stress evolution. Here we conduct high velocity friction experiments on calcite‐bearing
simulated faults, both on bare‐rock and on gouge samples, at 20–30 MPa normal stress, 1–6 m/s slip rate and 1–
20 m total slip. Seismic slip pulses are reproduced by imposing boxcar and regularized Yoffe slip rate functions.
We measured, together with shear stress, slip, and slip rate, the temperature evolution on the fault by employing
an innovative two‐color fiber optic pyrometer. The comparison between modeled and measured temperature
reveals that for calcite‐bearing faults the heat sink caused by decarbonation reaction controls the temperature
evolution. In bare‐rocks, energy is dissipated as frictional heat, and temperature increase is buffered by the heat
sink of the calcite decarbonation reaction. In gouges, energy is dissipated as frictional heat and for plastic
deformation processes, balanced by the heat sink caused by the decarbonation reaction enhanced by the
mechanochemical effect. Our results suggest that in calcite‐bearing rocks, a common fault zone material for
earthquake sources in the continental crust at shallow depth, the type of fault materials (bare‐rocks vs. gouges)
controls the energy dissipation during seismic slip.

Plain Language Summary During earthquakes, faults rocks lose strength, and therefore the ability
to sustain shear stress as a consequence of slip, slip rate, and temperature resulting in dynamic weakening. The
mathematical relationships between the decreasing strength and slip, slip rate, and temperature and the energy
balance describing the partition of energy are of fundamental importance to model the propagation of an
earthquake rupture. These relationships can be defined thanks to laboratory experiments that simulate seismic
slip. Here, we tested calcite‐bearing fault rocks simulated as bare‐rock and gouges. During the experiments,
temperature was monitored thanks to an innovative measuring system. Numerical models were done assuming
all mechanical energy was converted into heat. By comparing all results above, we discovered that the
mechanical energy in both bare‐rocks and gouges is converted to heat but limited by the occurrence of
endothermic decarbonation reaction. In gouges, also an energy contribution for plastic deformation processes is
required. Our work implies significant changes in the commonly accepted energy budget for earthquake
propagation and show the importance of slip rate and temperature in driving together the dynamic weakening
during seismic slip.

1. Introduction
Seismic slip occurs with average slip rates of 1–10 m/s (Heaton, 1990) and is characterized by the decrease of
shear stress from its peak to a residual value, defined as “dynamic weakening” or “dynamic breakdown” (see
Cocco et al., 2023 and references therein). Dynamic weakening is associated with the earthquake shear stress (τ)
drop and it is the stage in which slip rate (V) evolves reaching its peak (with a slip acceleration followed by
deceleration) while slip (δ) increases, determining the slip rate time history (Kanamori & Brodsky, 2004). The
shear stress evolution with coseismic slip is prescribed by constitutive laws usually adopted to simulate dynamic
rupture propagation and arrest during an earthquake (Cocco et al., 2023; Ida, 1972; Ohnaka, 2013; Palmer &
Rice, 1973 and references therein). Moreover, it is expected that during dynamic weakening temperature (T ) also
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increases by frictional sliding at the asperity (flash temperature) or bulk scale. Temperature is assumed to scale
with the power dissipated in the slip zone (i.e., the rate of dissipated energy) as T ∝ τ × V. The temperature
increase during seismic slip triggers a series of processes spanning from phase transitions to chemical reactions
that may decrease the effective normal stress at constant friction (thermal or thermochemical pressurization) or
may decrease the fault frictional strength (e.g., flash heating, melt lubrication) (Beeler et al., 2008; Cornelio
et al., 2022; Di Toro et al., 2011; Nielsen et al., 2021; Tullis, 2015). Laboratory experiments are playing a key role
to progress in understanding dynamic weakening as well as to infer the processes governing shear stress evolution
with time or slip, slip rate and temperature. In particular, high velocity friction experiments (HVFEs) show
evident dynamic weakening of shear stress which is due to the combined contribution of high slip rates and
temperature (Noda et al., 2011), sometimes yielding to a continuous weakening with increasing slip (Nielsen
et al., 2021). In calcite‐bearing rocks, calcite is expected to react and release CO2 in the decarbonation reaction,
that has an unknown effect on friction but might result in decreasing the effective normal stress via thermo-
chemical pressurization, therefore contributing to dynamic weakening (Sulem & Famin, 2009). If thermo-
chemical pressurization is inhibited by CO2 drainage from the fault, dynamic weakening is controlled by viscous
creep, active at extremely high temperature (>1,000°C) and shear strain rates (>10,000 1/s) (Aretusini, Núñez‐
Cascajero et al., 2021; Ashby & Verrall, 1973; J. Chen et al., 2021; De Paola et al., 2015; Pozzi et al., 2018, 2019,
2021).

Temperature rise is a clear evidence of energy dissipation as frictional heat both on‐ and off‐fault but the exact
contribution of frictional heat to the overall energy budget is still matter of debate (Kanamori & Heaton, 2000;
Lambert & Lapusta, 2023). Constraining the frictional heat component of the dissipated energy would be
beneficial to shed light on long‐standing issues such as the stress drop scale invariance and energy density scaling
(Cocco et al., 2023; Kanamori & Heaton, 2000). Moreover, constraining the part of the energy dissipated as
frictional heat would allow to clarify the relationship between heat flow measurements of post‐seismic tem-
perature and the low absolute stress levels during seismic slip (Lambert & Lapusta, 2023). The total mechanical
energy (named frictional work by Cocco et al. (2006)) dissipated in the fault zone during seismic faulting can be
computed from the integral of shear stress evolution with coseismic slip from zero to the final slip value. It
coincides with the total strain energy (elastic and gravitational) excluding the energy radiated by seismic waves
(Cocco et al., 2023). The mechanical work is dissipated by many different processes occurring on‐ and off‐fault,
including the formation of new fractures, grain size reduction (i.e., comminution), leading to permanent (i.e.,
plastic) deformation of fault zone materials and frictional heat. Both grain size reduction and the temperature
increase due to frictional heating contribute to the triggering of endothermic (or exothermic) reactions that may
occur depending on the mineral assemblage of the fault zone (Nielsen et al., 2021). For carbonate bearing fault
rocks, thermal decarbonation of calcite or dolomite is the dominant endothermic reaction (Sulem& Famin, 2009).
For phyllosilicate bearing fault rocks, removal of interlayer water and thermal decomposition by dehydroxylation
are the dominant reactions (Aretusini et al., 2019; Brantut et al., 2008; Ferri et al., 2011; Sulem et al., 2007;
Veveakis et al., 2007).

By measuring the temperature changes independently of shear stress and slip rate, the contributions to the me-
chanical energy dissipation in the fault zone coming from heat and other thermally activated energy sinks could be
constrained (Aubry et al., 2018). However, modeling the endothermal reactions requires knowledge of reaction
kinetic laws which are poorly constrained at the extreme deformation conditions typical of seismic slip. In fact,
the endothermal reactions are far from equilibrium and the reaction kinetic laws almost unknown, especially
because amorphization or mechanical damage of the reagents may result in mechanochemical effects which lower
the activation energy and change the mechanism of the reaction (Balaz, 2008; Hirono et al., 2013; Steinike &
Tkáčová, 2000). Measuring temperature inside an experimental fault during experiments at stress and defor-
mation conditions comparable to those occurring during earthquakes is technically challenging. Traditional
methods, such as thermocouples which need to be in contact with the sample, are intrinsically limited in time and
especially in space resolution and require that the temperature on the fault is inverted from a measurement
occurring at several millimeters distance (Aubry et al., 2018; Woo et al., 2023). Instruments based on measuring
the blackbody infrared radiation emitted from heated objects, such as infrared thermometers (Han et al., 2007) or
pyrometers (Noda et al., 2011), were used mainly from outside the experimental fault, resulting in an underes-
timation of the temperatures reached inside the fault. Thermo‐camera measurements, used to image the entire
fault surface (Barbery et al., 2021), might instead result in a spatial averaging of the temperature measurements
which could be lower than the actual ones (Núñez‐Cascajero et al., 2021; Safarloo et al., 2023). Other methods to
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quantify the heat would be measuring the evolution of the chemical structure of mineral reagents on the fault
surface, defining the reaction kinetics and therefore the magnitude of the heat sinks. These measurements are not
currently possible at the required time (<10–100 μs) and spatial resolution (asperity scale,<10–100 μm, Dieterich
& Kilgore, 1994) of the processes governing dynamic weakening (Rice, 2006).

Here, we use rotary shear experiments to simulate the extreme deformation conditions during dynamic weakening
occurring at seismic slip rates. We chose pure calcite‐bearing rock and gouge samples as analogs of carbonate‐
bearing fault rocks. This choice was motivated by the abundancy of carbonatic rocks on Earth's crust at shallow
depth in many seismically active areas worldwide. In fact, seismic sequences with Mw 6 mainshocks including
2009 l’Aquila (Chiarabba et al., 2009), 2008 Wenchuan (J. Chen et al., 2013), and 1995 Aigion (Bernard
et al., 2006) occurred in fault systems hosted by carbonatic rocks. We impose on the experimental faults both
boxcar and regularized Yoffe slip rate functions, which were proposed to be analog to slip rate functions during
seismic slip (Harbord et al., 2021; Tinti et al., 2005). We present unique high spatial and temporal resolution on‐
fault microscale measurements of temperature evolution with slip and, building on our previous work (Aretusini,
Núñez‐Cascajero et al., 2021), we compare them to temperatures computed by numerical models. We highlight
the importance of decarbonation heat sink to limit the temperature increase during dynamic sliding at seismic slip
rates in calcite‐bearing faults. Moreover, we show that in calcite‐bearing faults the mechanical energy (or fric-
tional work) is largely dissipated as (a) heat balanced by heat sinks (including decarbonation) in the case of bare‐
rocks and, (b) heat and energy for plastic deformation processes, balanced by heat sinks (including decarbonation)
in the case of gouges. Our results suggest that the type of fault materials, that is, bare‐rocks or gouges, influence
how mechanical energy is dissipated during seismic slip. Finally, we directly provide independent measurements
of temperature and velocity, laying the groundwork for understanding and quantifying the individual contribution
of the two variables in controlling dynamic weakening. This relationship is only theoretical and the interde-
pendency between temperature and velocity is not yet constrained.

2. Methods
2.1. SHIVA, Sample Preparation, and High Velocity Friction Experiments

We ran nine high velocity friction experiments (HVFEs) in the Slow to High Velocity Apparatus SHIVA (Di Toro
et al., 2010). Here, we performed HVFEs on rock cylinders with bare surfaces in contact (i.e., bare‐rocks) or
gouge layers, which were positioned in SHIVA sample chamber (Figure 1a) thanks to specific sample holders
(Figures 1b and 1c).

We prepared samples from Carrara marble rocks composed of ∼99 wt.% calcite, <1 wt.% quartz, with dolomite
and white mica impurities (Violay et al., 2013). In each of the bare‐rock HVFEs (Figure 1b), two samples
consisting of hollow cylinders (30–50 mm inner‐outer diameter, 50 mm height) were cored, glued with epoxy
resin (Epofix Struers) to aluminum sleeves, and rectified with a lathe to obtain surface contact parallelism when
installed in SHIVA (Nielsen et al., 2012). Then, we imposed on the rock surfaces #220 and #2000 roughness by
wet sanding. On the sample that was positioned on the axial side during the experiment, we drilled a hole with
diameter of 1–1.2 mm at ∼20.2 mm from the center of the sample to position a singlemode (SMF) and a
multimode (MMF) optical fiber. The fibers tip had the core/cladding exposed so that it was positioned just at the
same height of the sliding/contact surface. The fibers were glued to the hole with a heat resistant silicate glue
(Everbuild®), stable up to 1,200°C. Before each experiment, both fibers were connected to a 650 nm light source
to test for integrity and capability to transmit light. Moreover, a photo was acquired under a reflection microscope
(DeltaPIX Modus6ZS‐3D or Leica MZ9.5), to verify the capability to transmit light of both fibers. In particular,
using a microscope was necessary to observe the lit up SMF fiber due to the very small core diameter of 10 μm.
The photos allowed us to check both the radial and the vertical position: when the fiber tip was in focus together
with the sample surface, it was considered at a distance of 0 ± 0.1 mm from the surface, due to uncertainty in the
positioning of the fiber tip.

Carrara marble rock was ground and sieved below 250 μm grain size to obtain a granular fault gouge analog. In
the gouge HVFEs (Figure 1c), the sample holder consisted in two hollow cylinders (13.9–30 mm inner‐outer
diameter), with a basal surface meshed with a 0.7 × 0.7 × 0.2 mm pattern. This pattern was on the surface on
which the gouge layer was placed. The sample holder installed on the axial column had an access hole to the
surface, in which the two SMF and MMF fibers were installed before each experiment and checked for focusing‐
positioning and transmission with a similar method as above, but referred to the part of the axial sample holder
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that will be in contact with the gouge layer. Teflon rings were fixed with screws to the rotary half of the sample
assembly to impose strain localization at the boundary between the gouge layer and the sample holder attached to
the stationary side (Cornelio et al., 2024; Rempe et al., 2017). Teflon rings were tightened with a hose clamp to
have lateral confinement of the gouge layer during the experiment. The gouge layer, composed of 3 g of Carrara
marble powder, had an initial thickness of ∼3 mm and was sandwiched between the two halves of the sample
assembly (Figure 1c).

SHIVA acquisition system recorded at 4–12,500 Hz the measurements of normal force and torque from two load
cells, axial displacement from a high‐resolution LVDT, incremental rotation from two digital encoders
(Figure 1a) and a synchronization signal obtained with a function generator connected to both SHIVA and the
two‐color pyrometer. Normal and shear stress (τ) were calculated from the normal force and torque (Tsutsumi &
Shimamoto, 1997). Slip (δ) and slip rate (V) were calculated from the incremental rotation as the tangential slip
and slip rate values referred to an equivalent radius which coincided with the radial positioning of the two fibers.
Shortening, defined as the displacement normal to the shearing surface or gouge layer was calculated from the
axial displacement, zeroed at the onset of slip. Each bare‐rock HVFE (Table S1 in Supporting Information S1)
consisted in gradual increase of the normal stress up to 20 MPa, followed by shear deformation imposing a boxcar
slip rate function with equal acceleration and deceleration of 6.4 m/s2, a target slip rate of 6 m/s and a total

Figure 1. Experimental setup. (a) SHIVA apparatus. Cross section of the sample chamber: (b) sample holder setup for bare‐rock high velocity friction experiments
(HVFEs): two hollow cylinder rock samples are indicated in gray, (c) sample holder setup for gouge HVFEs. (d) The two‐color pyrometer measurement setup connected
to the fibers collecting infrared radiation from the bare‐rock sample surface or gouge layer boundary.
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displacement of 20 m. We performed the gouge HVFEs (Table S2 in Supporting Information S1) at a normal
stress of 20 MPa (except s1863 and s1865, at 30 MPa), with either a boxcar slip rate function with acceleration
and deceleration ramps of 6.4 m/s2, target slip rate of 1 m/s, and slip of 1 m or a regularized Yoffe slip rate
function (Tinti et al., 2005) with rise time of 2 s, smoothing time of 0.1 s and total slip of 1.65 m, following the
procedure in Harbord et al. (2021).

2.2. Two‐Color Pyrometer

The pyrometer setup we used was the updated version of one used in previous studies (Aretusini, Núñez‐Cas-
cajero et al., 2021; A. Núñez‐Cascajero et al., 2020; Tapetado et al., 2016). Here, we used a singlemode fiber
(SMF) together with a multimode fiber (MMF) (Figure 1b). The SMF fiber, with core and cladding diameter of 9
and 125 μm and numerical aperture of 0.14, was connected to an optical filter (low insertion loss wavelength
selective filter) splitting the radiation into two bands centered at 1.31 and 1.55 μm, respectively, and to low noise
photoreceivers (InGaAs photodetectors and transimpedance amplifiers), to convert the radiant flux into a voltage
signal (Tapetado et al., 2016). TheMMF fiber, with core and cladding diameter of 62.5 and 125 μm and numerical
aperture of 0.275, was connected to an optical coupler in some cases (i.e., in bare‐rock HVFEs and not in gouge
HVFEs), to an optical filter and then to a low‐noise photodetector. Before each acquisition, the gain of the
amplifiers was set to low gain for the MMF and high gain for the SMF and the range of the voltage signals in the
DAQ input were set to 0–10 V. This was done to avoid that the amplified signal exceeded the dynamic range so
that the output signal resulted truncated and therefore unusable. In each experiment we acquired at 1,000 Hz the
infrared radiation (radiant flux) in the two bands (1.3 and 1.5 μm) for each fiber (SMF and MMF), for a total of
four channels, and, in a fifth channel, a synchronization signal from the same function generator acquired during
the HVFE by SHIVA acquisition system.

The pyrometer calibration was done with a Pegasus 1,200°C dry‐block calibrator equipped with a blackbody
source. Both optical fibers have been used to calibrate the system for the configuration described above. The
optical fibers were positioned 3 mm away from the blackbody surface, they were positioned with a pyramid of
needles and pasted with the high temperature glue (Everbuild). Then the temperature was risen from 150 to
1,100°C in steps of 25°C. In this way, the relation between the output voltage proportional to the radiant flux ID
(V) and temperature T (°C) was defined. The radiant fluxes measured during the HVFEs, ID,1.3 and ID,1.5, cor-
responding to the two spectral bands centered at 1.31 and 1.55 μm, after the data acquisition card (DAQ) were
converted to single channel temperatures T1.3 and T1.5 using the relation obtained in the calibration tests and
assuming that the surface emissivity was the same both in the calibrator and during the experiment (i.e., εc /ε= 1).

2.3. Data Reduction

The synchronization waveform produced with a function generator was acquired up to 12,500 Hz from SHIVA
acquisition system and at 1,000 Hz with the pyrometer acquisition system. During post processing of the data, we
synchronized the SHIVA and pyrometer time series by matching the clock signals, introducing a time correction
to the pyrometer data. Then, to plot the temperature measurements against the measured quantities of SHIVA data
acquisition system, the pyrometer data was linearly interpolated by means of the synchronized pyrometer time
recording to SHIVA time recording.

2.4. Numerical Models

The evolution of temperature T with time t in the direction z normal to the fault plane (1D model) was defined by
the general partial differential equation of heat conduction (Cornelio et al., 2022; Nielsen et al., 2021, and ref-
erences therein):

ρc
∂T
∂t
= k

∂2T
∂z2

+ S(t) (1)

with density ρ, heat capacity c, and S(t) = Sso(t) + Ssi(t) the sum of all the volumetric heat sources Sso(t) and sinks
Ssi(t) (W/m

3). The heat source Sso included the frictional heating term, that was calculated as Nielsen et al. (2021):

Sso(t) = β ⋅ τ(t) ⋅V(t) ⋅ δreg(z) (2)
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with β the Taylor‐Quinney coefficient (Taylor & Quinney, 1934) which represents the fraction of mechanical
work rate converted into heat. In our case, β was set to 1, shear stress τ(t) and slip rate V(t) were both measured
directly during the experiments. δreg(z) is a regularized Dirac delta that represents the evolution of strain rate in
space (Schiano Di Cola et al., 2021):

δreg(z) =
1
4γ
⋅ cos(

πz
2γ
+ 1) (3)

With z the direction orthogonal to the contact/sliding surface, γ the regularization parameter, set to 0.5 ⋅ dz (with
model step dz ranging here from 1 to 5 μm). Strain rate is the product of δreg(z) and V(t).

In the definition of Sso, it was typically assumed that: (a) the product between shear stress and slip rate, namely the
frictional work per unit area per unit time (frictional power density) was fully converted into frictional heat being
the heat source (Carslaw & Jaeger, 1959), that is, β= 1 all mechanical work rate was dissipated as heat (Taylor &
Quinney, 1934); (b) the shear stress τ(t) is an average shear stress across the shearing surface, that is, that the real
area of contact/nominal area = 1, and (c) the shear stress τ(t) and slip rate V(t) were referred to the equivalent
radius (i.e., of 20.4 and 11.5 mm in bare‐rock and gouge HVFEs, respectively) to simplify the axisymmetric setup
of the experiments in which slip rate depended on the sample radius.

The volumetric heat sink Ssi was calculated as the energy consumed during calcite decomposition via decar-
bonation reaction (Sulem & Famin, 2009):

Ssi(t) = XCaCO3 ⋅ (1 − φ) ⋅ ρ ⋅
ΔH

MMCaCO3
⋅
∂ξ
∂t

(4)

with XCaCO3 the fraction of calcite contained in the material set equal to 1, φ the porosity (5% and 15% in bare‐rock
and gouge HVFEs, respectively), ΔH the reaction enthalpy (− 177.8 kJ/mol),MMCaCO3 the molar mass of calcite
(0.1 kg/mol), and ∂ξ/∂t the reaction rate (1/s) (Sulem & Famin, 2009). The ratio ΔH/MMCaCO3 was the latent heat
of decarbonation reaction (kJ/kg) and the negative sign of reaction enthalpy represented the endothermic
decarbonation reaction acting as a heat sink. For calculating the reaction rate we assumed that decarbonation
follows a first order reaction kinetics (Rodriguez‐Navarro et al., 2012):

∂ξ
∂t
= Arh(T) ⋅ exp(− t ⋅ Arh(T)) (5)

with Arh(T) the Arrhenius function described as:

Arh(T) = A ⋅ exp(−
EA
R ⋅T

) (6)

with A the pre‐exponential factor (3.82 × 107 1/s), EA the activation energy (179.9 kJ/mol) (Rodriguez‐Navarro
et al., 2009), R the Boltzmann's constant (8.314 × 10− 3 kJ/(mol ⋅ K)), and T the temperature (K).

For bare‐rock HVFEs, the model was set as 1D, with z direction orthogonal to the contact/sliding surface, which
was in z = 0 (Figure 2a). The space domain was in the range z = ±0.10005 m and was discretized into 50,053
nodes (dz = 4 × 10− 6 m) whereas the time domain (5 s) was divided into 1,001 nodes (dt = 0.005 s). The space
domain had thermal properties of Carrara marble rocks (Table S3 in Supporting Information S1). For gouge
HVFEs, the model was also set as 1D, with z direction orthogonal to the fault gouge layer (Figure 2b). The space
domain was organized in three subdomains: (a) downstream forcing block, (b) gouge layer, and (c) upstream
forcing block. The thickness of (a) and (c) was set to 0.1 m and had the thermal properties of the metal alloy
composing the sample holder, whereas (b) had the thermal properties of Carrara marble gouge (Table S3 in
Supporting Information S1). The thickness of subdomain (b) depended on the gouge thickness w during the
experiments (generally below 3 mm due to gouge compaction). The center of the heat source was positioned in
z= 0 (“Mid” in Figure 2b), the position of the boundary between subdomain 2 and 3 (“Us” in Figure 2b) was set a
distance w0 = 2 × 10

− 4 m from the heat source. The position of the boundary between subdomain 1 and 2 was set
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at a distance w − w0. The strong asymmetry in the position of the heat source within the gouge layer was
motivated by microstructural observations that place the principal slipping zone at about 2 × 10− 4 m from the
gouge and stationary sample holder boundary (Demurtas et al., 2021; Pozzi et al., 2018; Rempe et al., 2017; Smith
et al., 2015). This distance was the one where the measuring tips of the fibers are placed, considering the
roughness of the sample holder. The space domain was discretized into a variable number of nodes so that
dz ∼ 10− 5 m and the time domain (i.e., 2.5 s for the boxcar or 3.5 s for the Yoffe slip rate functions, respectively)
was divided into 1,001 nodes (dt = 2.5–3.5 × 10− 3 s). At the first and last node, a constant temperature was set to
298 K (25°C) (i.e., Dirichelet boundary condition). The initial temperature in all model nodes was 298 K. The heat
sources and sinks were set in all model nodes for bare‐rock HVFEs and only in subdomain (2) for gouge HVFEs.
The model solved Equation 1 using the finite difference implicit backward time, centered space method (Are-
tusini, Meneghini, et al., 2021; Gerya, 2019). After each simulation, temperature Tm,Mid was referred to the node
coincident with the maximum of the strain rate function δreg(z), always in z = 0 m, and temperature Tm,Us was
referred to the node in z= 10− 4 m in bare‐rock HVFE (Figure 2) and to the boundary node between subdomains 2
and 3 at z = 2 × 10− 4 m in gouge HVFE. These positions coincide with the position of the optical fiber tip during
the experiments, which will be compared with the measured temperatures.

3. Results
3.1. Thermo‐Mechanical Behavior and Thermal Modeling

In all HVFEs (Figures 3 and 4) the temperatures were measurable from the two fibers pyrometer system when
higher than ∼400°C, as shown in our previous work (Aretusini, Núñez‐Cascajero et al., 2021). We compared the
modeled temperatures Tm,Mid and Tm,Us with the measured temperature T1.5 of the SMF (Figure 3b for bare‐rock,
Figures 4b and 4d for gouge). Hereafter we discuss the comparison between the modeled temperature and T1.5
since both SMF and MMF fibers were similar (Figures 3b, 4b, and 4d). Temperature T1.5 was spatially equivalent
to Tm,Us in both gouge and bare‐rock HVFEs, assuming a reasonable spatial positioning uncertainty of ca 1–
2 × 10− 4 m, whereas Tm,Mid was the maximum expected temperature. To facilitate the interpretation of results we
identify different stages in the evolution of friction, that is, the ratio between shear stress and normal stresses, and
temperature with slip.

3.1.1. Bare‐Rock HVFEs

In bare‐rock HVFEs we recognized four stages (i–iv) characterizing the evolution of friction as a function of slip
(Figure 3). Friction is here defined as the ratio between the shear stress and the normal stress. These stages are
therefore used to interpret temperature evolution with slip. The “Initial” stage (i) is the one in which friction

Figure 2. Numerical modeling setup. The δreg(z) strain rate function across the fault normal position. (a) bare‐rock and
(b) gouge high velocity friction experiments (HVFEs). The maximum degree of localization occurred always in z = 0 m,
where temperature TMid was calculated. TUs was calculated 0.1 mm away from TMid in bare‐rock HVFEs, depending on the
uncertainty of the fiber tip positioning or 0.2 mm away in gouge HVFEs due to the relative distance between the localized
zone and the fiber tip positioning. TUs was then compared with the measured temperature (Figures 3 and 4).
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reached the peak value of 0.65, achieved after 0.007 m of slip (0.06 s), when
slip rate increased from 0 to 0.4 m/s, with no measurable temperature. This
was followed by (ii) the “dynamic weakening” stage characterized by a fast
decrease of friction from 0.7 to 0.08, completed at 1.8 m of slip (0.75 s) with
slip rate accelerating from 0.4 to of 5 m/s. Temperature increased from 400 to
900–1,000°C. Therefore, we observed a (iii) so‐called “Dynamic sliding”
stage with nearly constant friction (slowly decreasing from 0.08 to 0.05)
maintained up to 17.15 m of slip, with constant temperature of 950°C and
constant slip rate of 6 m/s. This stage was interpreted as the sliding at the
dynamic friction level (nearly constant). The (iv) “Final” stage with friction
increasing to its final value was associated with slip deceleration imposed by
the experiment. Before final arrest, when the slip rate decreased in the
deceleration ramp, friction increased to a maximum of 0.25 at 19.8 m of slip
for a slip rate of ∽2 m/s and measured temperature slightly decreased from
950 to 925°C.

During the experiment, shortening was almost negligible and occurs mostly in
stage (i), when the friction reaches its peak value. Due to sample misalign-
ment during installation of samples in SHIVA sample chamber, the peak
friction values in stage (i) were quite scattered across the experiments pre-
sented here. Such variability impeded us to distinguish the effect of the
imposed initial roughness on the temperature increase (Figure S1a in Sup-
porting Information S1).

In bare‐rock HVFEs, modeled Tm,Us was referred to z ∼ 10
− 4 m (Figure 3b).

In stage (ii), modeled Tm,Us increased at a lower rate than measured T1.5 and it
was lower than T1.5 at the transition to stage (iii). Then, in stage (iii), Tm,Us
reached and slightly exceeded T1.5 after∽2.5 m of slip, which corresponded to
the end of the acceleration ramp of the boxcar slip rate function (i.e., when
slip rate became constant at 6 m/s). Noteworthy, between 1.8 and 2.5 m of
slip, though the imposed slip rate increased from 3 to 6 m/s, the dynamic
friction and the measured temperature T1.5 were constant (∽0.05 and 925–
950°C, respectively). Instead, in the same slip range, the modeled temperature
Tm,Us increased and eventually matched the measured T1.5 only after 2.5 m of
slip when the imposed slip rate was constant. In stage (iv), Tm,Us decreased
faster than T1.5, also after the sample stopped and was cooling down (Figure
S2 in Supporting Information S1).

3.1.2. Gouge HVFEs

In gouge HVFEs performed by imposing the boxcar slip rate function
(Figures 4a and 4b), we also recognized four stages analog to those in bare‐

rock HVFEs. (i) The “initial” stage with friction coefficient increasing up to 0.7, achieved at ∽0.002 m (0.03 s),
with slip rate increasing from 0 to 0.14 m/s and no measurable temperature. This stage was followed by a slip
hardening substage with friction increasing from 0.7 to 0.8, achieved at 0.044 m of slip (0.11 s), with slip rate
increasing from 0.14 to 0.72 m/s and no measurable temperature. The “dynamic weakening” stage (ii) was
characterized by a sudden decrease of friction from 0.8 to 0.4, achieved at 0.07 m (0.14 s), with slip rate of 1 m/s
and no measurable temperature. Therefore, (iii) in the “dynamic sliding” stage friction decreased gradually from
0.4 to 0.25, which is achieved at 0.88 m (1 s), when slip rate was constant (1 m/s) and temperature is in the 550–
600°C range. The “final” stage (iv) was characterized by increasing friction coefficient up to a peak value of 0.4
achieved at 0.93 m (1.14 s), when slip rate decreases from 1 to ca 0.08 m/s, and temperature remains in the 550–
600°C range.

In gouge HVFEs performed by imposing the regularized Yoffe slip rate function (Figures 4c and 4d), we used the
same four stages to interpret our results. In the “initial” stage (i) friction increased up to 0.7 at ca 0.001 m (0.01 s),
with slip rate increasing from 0 to 0.2 m/s and no measurable temperature. This stage was followed by a substage

Figure 3. Results for bare‐rock high velocity friction experiment s1857
performed at normal stress of 20 MPa. (a) Measured friction (computed as
the shear to normal stress ratio) and sample shortening (thickness changes)
compared with imposed slip rate as a function of slip. (b) Comparison
between measured (T1.5 and T1.3) and modeled temperature at the center
(TMid) and at the measuring boundary (TUs) versus slip. Four stages are
identified (see main text). The vertical orange line indicates the value of slip
at which slip rate achieves the plateau at 6 m/s.
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with nearly constant friction with slip (friction remains equal to 0.7) up to 0.03 m (0.06 s), with slip rate increasing
from 0.2 to 1.4 m/s, and temperature becoming measurable toward the end of the stage with values of 500–550°C.
The “dynamic weakening” stage (ii) was characterized by an initially fast and then slower decrease of friction
from 0.7 to 0.2 at ∼0.18 m (0.11 s), with slip rate accelerating to its peak value of 3.5 m/s, and temperature
increasing to 550–600°C. During the (iii) “dynamic sliding” stage imposed slip rate was slowly decreasing from
3.5 to 2.0 m/s, the friction coefficient was nearly constant ranging between ∼0.2 and 0.18 at 0.4 m of slip and
temperature being constant in the 550–600°C range. The “final” stage (iv) was characterized by an increasing
friction coefficient from ∼0.2 at 0.4 m to 0.53 at 1.54 m (2.15 s) of slip, with slip rate decreasing from 2 m/s to
0 m/s and temperature being constant in the 550–600°C range. In all gouge HVFEs, about 2/3 of total shortening
occurred in the initial stages (a) and (b) until the achievement of dynamic weakening was completed. Then, the
remaining 1/3 of shortening occurred gradually until the end of slip in stages (iii) and (iv).

In gouge HVFEs temperature models, Tm,Us was referred at z ∼ 0.2 × 10
− 4 m and the maximum Tm,Us (1,100–

1,000°C) was about twice the measured one T1.5 (500–550°C) (Figures 4b and 4d). Moreover, the gouge HVFEs
confirmed that the measured temperature T1.5 remained constant during the stage following initial dynamic
weakening, and independently of the imposed slip rate function (boxcar or regularized Yoffe). As was the case for

Figure 4. Measured friction (=Shear stress/normal stress) and temperature, modeled temperature at center (TMid) and at measuring boundary (TUs) vs. slip. Two gouge
high velocity friction experiments were both run at 20 MPa normal stress, with: (a) and (b) boxcar slip rate function (s1864), (c) and (d) regularized Yoffe slip rate
function (s1869). The recognized four stages (i) to (iv) are indicated.
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the bare‐rock HVFEs (Figures 3a and 3b), also for gouges, the maximummodeled temperatures Tm,Us were higher
than the measured ones T1.5 (see also Figure S3 in Supporting Information S1).

4. Discussion
The temperature measurements presented in this study are unique because collected very close to the bare‐rock
sliding/contact surface (see also Aretusini, Núñez‐Cascajero et al., 2021) or to the gouge layer “Us” boundary,
situated between the gouge layer and the sample holder attached to the axial side of SHIVA apparatus (Figure 2).
In fact, previous studies used pyrometers, thermocouples or infrared cameras to measure temperature far or
outside the slip zone during simulated seismic slip, likely resulting in underestimation of temperature due to
sample cooling during the experiment (Han et al., 2007; Noda et al., 2011). Moreover, our measurements were
performed at high acquisition rate (1,000 Hz) and did not require to wait for the characteristic time interval (0.1–
1 s) that thermocouples would require, allowing for the tracking of temperature during dynamic weakening.
Although further work is needed to improve the temperature measurements and extend them to different fault
materials and loading conditions, in the following we discuss our experimental results to emphasize several key
features regarding the role of temperature in dynamic weakening and the contribution of dissipative processes in
the earthquake energy budget in calcite‐bearing faults.

4.1. Temperature Evolution During Experiments

The first feature emerging from our experiments was the constant measured temperature Tplateau at high slip values
(>1 m in bare‐rock, and>0.2 m in gouge HVFEs) observed during dynamic sliding stage (iii) (Figures 3 and 4). In
fact, despite increasing slip should correspond to frictional heating and temperature increase in the slip zone, the
temperature remained constant (Tplateau) in both bare‐rock and gouge HVFEs at ∼950°C and ∼500–600°C,
respectively (Figures 3 and 4). Temperature remains constant also during the deceleration stage (iv), which is a
relevant part of the friction evolution for the imposed Yoffe function (Figures 4c and 4d). Moreover, temperature
was nearly constant also in most of the dynamic weakening (stage ii); this is more evident for bare‐rock surfaces
(Figure 3). In the case of gouge HVFEs, temperature was constant independently of the imposed slip rate function
(boxcar or Yoffe) (Figure 4). These observations confirm the presence of an energy sink, identified as the latent
heat caused by calcite decarbonation, affecting the energy budget. It appeared that the value of the constant
temperature depends on the imposed slip rate, rather than on the evolution of the slip rate with slip. Indeed, a
constant temperature of∼950°C is reached for a slip rate of 6 m/s (Figure 3b), while a temperature of∼600°C was
measured for a constant slip rate of 1 m/s (Figure 4b). For the imposed Yoffe function (Figure 4d), the constant
temperature was slightly less than the one resulting from the application of the boxcar slip rate function, despite
the peak slip rate was larger (3.5 m/s) but rapidly decreasing. This might suggest that the achievement of a
constant temperature value did not depend on the maximum slip rate but on its average value over the entire
duration of the experiment.

The second striking feature, resulting from the comparison with the modeled temperatures Tm,Us or the measured
ones from previous studies (Han et al., 2007), was the extremely rapid increase of the measured temperature T1.5
during the dynamic weakening stage (ii) in our bare‐rock (Figure 3b) and gouge with Yoffe slip rate function
(Figure 4d) HVFEs. In general, at the beginning of stage (ii) the dynamic weakening was possibly associated with
flash temperatures developing at asperity (bare‐rocks) or grain contacts (gouge), resulting in the “flash heating”
process (Beeler et al., 2008; Cornelio et al., 2022; Goldsby & Tullis, 2011; Rice, 2006). Flash heating was
proposed to be active in both bare‐rocks (Goldsby & Tullis, 2011) and gouges HVFEs (Yao et al., 2018). In all our
HVFEs, flash temperatures of individual asperities were probably not measurable with our current experimental
configuration because of spatial averaging issues. In fact, flash temperatures of individual asperities were possibly
averaged down to a measured temperature below 400°C in the area whose emitted infrared radiation were
sampled by the optical fibers (Aretusini, Núñez‐Cascajero et al., 2021), corresponding to our minimum
measurable temperature. Moreover, the time duration of the flash temperatures is probably too short to be detected
with our current acquisition system. The latter operates at 1,000 Hz: if the slip rate is 1 m/s and the asperity size 1–
10 μm (Dieterich & Kilgore, 1994), the duration of the sliding contacts and of the associated flash temperature
will last 1–10 μs, so well below the current acquisition rate of 1,000 Hz.
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To further investigate this point, we have compared for bare‐rock HVFEs our
measured temperatures with the modeled bulk and flash temperatures, for slip
<1 m, during stage (ii) (Figure 5). Flash temperatures were calculated as
Cornelio et al. (2022), Rice (2006):

Tflash = (ρc

̅̅̅̅̅̅̅̅̅

π
k
ρc

√

)

− 1

τp
A
Ar
V(t)

̅̅̅̅̅̅̅̅̅
D
V(t)

√

(7)

With ρ, c, and k the density, heat capacity and thermal conductivity of carrara
marble (Section 2.4), τp the peak shear stress (ca. 13 MPa), A the sample
contact area (0.0013 m2), Ar the real area of contact, V(t) the slip rate evo-
lution during the HVFE and D the size of one asperity (68 μm), numerically
optimized (Cornelio et al., 2022). Tflash was calculated for Ar/A ratios from
1% to 9%. Modeled bulk temperatures were lower than measured ones, and
were comparable to flash temperatures when the Ar/A ratio was high (8%–
9%) and only for slip higher than δ0, the slip‐switch distance at which the bulk
rather than the asperity‐scale frictional processes start to control the shear
stress evolution (Cornelio et al., 2022). Measured temperatures were higher
than modeled ones and they were comparable to flash temperatures only for
low values of the Ar/A ratio (4%–5%) and for slip values lower than δ0. This
suggests that the measured temperature increase was likely caused by flash
temperatures of a group of asperities around the measurement location
(Figure 3b), which were realistically smaller than the flash temperature of a
single asperity (Dieterich & Kilgore, 1994) (approximated by flash temper-
atures for Ar/A ∼ 1%) but larger than the bulk temperature (Cornelio
et al., 2022). With increasing slip, the measured temperature became nearly
constant, approaching Tplateau, likely because of the combination of Ar/A ratio

increase and heat sink activity at the scale of a group of asperities (Figure 5). Future work will be aimed at
quantifying the increase in contact area by surface roughness analysis to assess the importance of contact area
saturation in buffering temperature. Finally, at larger slip values (>2.5 m), the measured temperature and the
modeled bulk temperature for bare‐rock surfaces become similar (Figure 3). The occurrence of extreme heating at
the asperity scale due to stress concentration and seismic slip rates (Cornelio et al., 2022; Nielsen et al., 2021) can
induce a variety of deformation processes in carbonate rocks such as dislocation avalanches, calcite thermal
decomposition and deposition of amorphous carbon (Spagnuolo et al., 2015).

For comparison, in our gouge with boxcar slip rate function HVFEs, neither flash temperatures nor group of grain
contacts temperatures were detectable during stage (ii), likely because strain was not yet localized in a principal
slip zone (PSZ) close to the boundary where the fiber was installed (Figure 4b), as indicated by the occurrence of
slip strengthening behavior during stage (a) (Pozzi et al., 2018; Rempe et al., 2017; Smith et al., 2015). In our
gouge with boxcar and Yoffe HVFEs, we performed additional temperature models in which the effect of
evolving porosity due to compaction and strain localization was tested (Figure S5 in Supporting Information S1).
Thermal properties and heat sinks were modeled with constant porosities of 5%, 10%, 15%, 20%, 25%, 30%, 35%,
and 40% in individual numerical models. We observed the lowest difference between modeled and measured
temperatures during stages (i) and (ii) when considering the highest porosity value (40%) which promoted the
highest temperatures. However, the difference between modeled and measured temperatures increased during
stages (iii) and (iv) even when considering the lowest porosity value (5%) which promoted the lowest
temperatures.

A third notable feature was the mismatch between modeled and measured temperatures during the stages (iii) and
(iv) characterized by relatively constant friction coefficient followed by slip deceleration and arrest. In the case of
sheared gouges, the modeled temperature was about twice the measured one (1,100°C vs. 550°C, Figures 4b and
4d). In the case of sheared bare bare‐rock surfaces was 15% higher (1,100°C vs. 950°C, Figure 3b) and the
modeled and measured temperatures overlapped only when the measuring point was located at∼0.1 mm from the
sliding surface (TUs in Figure 3b). The modeled temperatures included the energy sink due to decarbonation (see

Figure 5. Comparison between measured temperatures (red and purple
lines), modeled bulk temperatures (light and dark gray lines) and asperity‐
scale flash temperatures (violet dashed lines) for bare‐rock high velocity
friction experiment (HVFE) s1857 during the first meter of slip. Asperity‐
scale flash temperatures were computed using different ratios of real contact
area to total area (Ar/A) ranging between 1% and 9%. The temperature
plateau (Tplateau) indicates the constant temperature measured for bare‐rock
HVFEs. δ0 indicates the slip switch value denoting the transition between
asperity‐scale and bulk scale processes (Cornelio et al., 2022).
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below). The evolution of modeled temperature during the initial dynamic weakening and the following stages was
controlled by the imposed slip rate function. This is expected because the heat source depends on slip rate
(∝τ × V). Furthermore, it is quite evident the difference between the two modeled temperatures (TUs and TMid),
which is larger for the gouge HVFEs. This is due to the different position of measurement points used for
computing temperatures and the extreme temperature gradient occurring during the experiments in the direction
orthogonal to the experimental fault. The mismatch between modeled and measured temperatures observed for
gouge HVFEs questioned the adopted theoretical formulation and will be discussed below.

A fourth feature are the measured low cooling rates, compared to those predicted by the models, once the sample
stopped at the end of the slip (Figures S2 and S3 in Supporting Information S1). Since the samples with their slip
zones are collected after the experiments to perform microstructural investigations aimed at identifying the
deformation mechanisms operating during simulated seismic slip (Demurtas, Smith, Prior, Brenker, & Di
Toro, 2019; Pozzi et al., 2019), low cooling rates may impact on the post‐slip microstructural evolution. For
instance, sintering processes are controlled by diffusive processes promoted by the value (500–700°C) and
duration of the temperature imposed to calcite aggregates (Covey‐Crump, 1997). As a consequence, the original
microstructures associated with coseismic slip might be overprinted during cooling and the deformation mech-
anism associated with coseismic slip not directly recognizable.

4.2. Microstructures and Deformation Processes

We discuss here the deformation processes that promoted dynamic weakening during our experiments at seismic
slip rates by interpreting scanning electron microscope back scattered electron (SEM‐BSE) and secondary
electron (SEM‐SE) images (Figure 6) (Aretusini, Núñez‐Cascajero et al., 2021; Cornelio et al., 2024). After the
HVFEs, the samples were recovered, impregnated in epoxy resin and cut tangential to their circumference at the
equivalent radius distance (i.e., r ∼ 20 mm in bare‐rock and r ∼ 11 mm in gouge samples) to obtain ultra‐polished
cross‐sections for high‐resolution microstructural analysis. Alternatively, bare‐rock samples were recovered and
the fault surface observed with SEM‐SE. Post‐mortem bare‐rock HVFEs samples had locally the fault surfaces
welded (i.e., adhesive welding). Post‐mortem gouge HVFEs samples appeared as a compacted powder that was
cohesive next to the fault slip surface, located at the contact between the gouge layer and the stationary sample
holder (Cornelio et al., 2024).

In bare‐rock HVFEs, we discuss microstructures obtained during the acceleration toward the target velocity of
6 m/s, but stopped after 1 m of slip displacement, from a cross‐section (Figures 6a–6c) and those obtained after the
entire experiment (27.7 m of slip) from the sheared rock contact (Figures 6d–6f). In the cross‐section, we
observed highly porous domains (Figures 6a and 6b), suggesting the occurrence of decarbonation reaction, and
low porosity domains (Figure 6c), indicative of high temperature sintering and crystal plastic processes.
Decarbonated and sintered microstructures constituted a ca. 50 μm thick band around the contact surface and
transitioned to the intact, undeformed rock. In particular, at slip initiation (slip= 1 m), microstructural evidence of
decarbonation was coherent with the measured temperature plateau of ∼950°C after 1 m slip where imposed slip
velocity was 3 m/s (Figure 5). At the end of the experiment (i.e., slip= 27.7 m), the sheared rock contact included
an ultra‐polished fault surface made by grains with size of ∼0.1–5 μm (Figure 6f) with a ca. 50 μm PSZ beneath
(Figures 6d and 6e). The interpretation of our microstructural observations is in agreement with those from
previous works in which carbonatic gouge or bare‐rocks were sheared at seismic slip rates in absence of pore fluid
under unconfined conditions at low (<40 MPa) stresses (Han et al., 2007). There, microstructural observations
documented initial decomposition of calcite into amorphous carbon on the sheared rock contact (Spagnuolo
et al., 2015) and, with increasing slip, the development of a<50 μm thick slip zone made of<2 μm in size coatings
indicative of grain size dependent viscous creep (Demurtas, Smith, Prior, Brenker, & Di Toro, 2019; Pozzi
et al., 2019). Stick‐slip experiments in carbonatic bare‐rocks, in which seismic slip rate conditions were achieved
under confined conditions at higher stresses than ours (50–180 MPa) resulted in microstructural evidence of
crystallization from calcite melts (Aubry et al., 2020; Passelègue et al., 2019). A possible explanation for the
absence of melt is that unconfined conditions in our bare‐rock HVFEs limit the permanence of CO2 in the slipping
zone. The escape of CO, favors the progress of the calcite decarbonation reaction which acts as a thermal buffer,
limiting the temperature rise up to the melting point of calcite (Lee et al., 2000).

In gouge HVFEs, we discuss microstructures obtained at the end of the experiment with imposed boxcar slip
velocity function. Here, the original grain size of the fault gouge was reduced over a ca. 1,700 μm thick
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microstructural domain (Figures 6g and 6h). Inside this domain, a PSZ filled with grains with size <0.1 μm (i.e.,
nanoparticles), could be recognized, bordered by two sharp discontinuities surrounded by low porosity domains
containing a matrix of calcite grains with low porosity and few dolomite clasts with a highly porous texture

Figure 6. Scanning electron microscope back scattered electron images (SE and BSE) of the sheared rock surface, and of the slip‐parallel cross‐section, including the slip
zone, in bare‐rock and gouge high velocity friction experiments (HVFEs). Stationary side of the machine on top. (a–c) Bare‐rock HVFE s2007 performed at a normal
stress of 20MPa, slip velocity of 1 m/s, and slip displacement of 1 m (Cornelio et al., 2024). (a) Cross‐section of the slip zone (white arrows). The slip zone locally welds
the rotary (bottom) and stationary (top) samples; (b) zoom on the highly porous decarbonated layer that developed at expenses of the rotary sample (ca. 10 μm
thickness); (c) a ca. 20 μm thick sintered layer formed on the stationary sample. (d–f) Bare‐rock HVFE s0086 performed at normal stress of 20 MPa, slip velocity of
6.5 m/s and slip displacement of 27.77 m (Aretusini, Núñez‐Cascajero et al., 2021). (d) The slip surface with striations parallel to slip direction (dotted white line). The
deforming zone below the slip surfaces can be observed next to a crack edge (white symbols). (e) The smoother areas on the slip surface were coated with (f) polygonal
grains (0.1–5 μm grain size). Gouge HVFEs s1960 and s1956 performed at total normal stress of 20 MPa, slip velocity of 1 m/s, total displacement of 1 m (Cornelio
et al., 2024). (g) Gouge layer from experiment s1960 (stationary side to the right), cross‐section across the deformed gouge layer, with the sequential structure of
undeformed gouge (h: host gouge) surrounding microstructural domains (c: comminuted, c + s: comminuted and sintered, principal slip zone (PSZ)) which define a ca.
1,700 μm thick plastic deformation zone (Cornelio et al., 2024). On the right edge, the grooves of the stationary sample holder can be observed, near the position of the
optical fibers tip. (h, i) Gouge layer from experiment s1956 (stationary side on top): (h) ca 300–350 μm thick comminuted and sintered domains including few dolomite
grains (darker gray clasts). (i) Zoom on a dolomite clast that underwent thermal decomposition, positioned at ca >100 μm from the inferred PSZ. The clast is surrounded
by sintered and possibly recrystallized calcite grains (2–5 μm size).
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(Figure 6i). The highly porous grains of dolomite are indicative of decarbonation reactions, similarly as observed
in previous experiments performed seismic slip rates (Cornelio et al., 2024; Mitchell et al., 2015). Microstructural
observations suggest that dramatic grain size reduction across the gouge layer due to comminution at the onset of
slip is progressively overprinted with a PSZ in which strain and heat are effectively localized (Cornelio
et al., 2024; De Paola et al., 2015; Demurtas et al., 2021; Pozzi et al., 2018, 2019). In the PSZ, grain size dependent
viscous creep, possibly with the contribution of CO2 pressurization by the calcite decarbonation, was proposed to
control the decrease of fault strength (J. Chen et al., 2021; De Paola et al., 2015). In the PSZ surroundings, heat
diffusion from the slipping zone was suggested to activate grain sintering and possibly decarbonation reactions.
Moreover, in the PSZ surroundings, evidences of distributed plastic strain by comminution in a ca. 500 μm thick
domain were related to grain size reduction along calcite crystallographic preferred directions (Demurtas, Smith,
Prior, Spagnuolo, &Di Toro, 2019). In the meantime, twinning of calcite was related to distributed plastic strain at
similar normal stress (17.5 MPa) but lower velocities (0.01 m/s) than the ones investigated here. At 1 m/s,
twinning was negligible therefore plastic strain in the microstructural domains around the PSZ was mainly
accommodated by grain size reduction (Demurtas, 2018; Demurtas, Smith, Prior, Spagnuolo, & Di Toro, 2019).

The microstructural observations obtained from our experimentally deformed calcite‐bearing rocks under
controlled conditions can be reasonably extrapolated to the deformation processes controlling dynamic weak-
ening during seismic slip in natural calcite‐rich carbonate rocks such as limestones. In the latter, we expect the
decarbonation reaction to occur at higher temperatures as the CO2 partial pressure increases (Valverde
et al., 2015), until decarbonation is preceded by calcite melting (Lee et al., 2000). At the same time, calcite
nanoparticles, either produced by the decarbonation reaction, or by extreme comminution, may control dynamic
weakening by grain size dependent viscous creep processes (Ashby &Verrall, 1973). Alternatively, nanoparticles
could result from recrystallization of carbonatite‐like melts (Aubry et al., 2020) and therefore be indirect evidence
of fault dynamic weakening by melt lubrication, as occurs in silicate bearing rocks (Nielsen et al., 2008). In any
case, the nanoparticle grain size is affected by the post seismic stage, which includes sintering processes, fluid‐
rock interaction, etc., that lead to grain growth, dissolution, precipitation and eventually to obliteration of the
microstructures formed during seismic slip. Therefore, in natural faults in carbonate rocks it is difficult to
distinguish microstructures associated with seismic faulting, although highly localized, and nanoparticle‐rich
PSZs with nanopores likely due to thermal decomposition have been described (Collettini et al., 2013; Demur-
tas et al., 2016; Fondriest et al., 2015; Niemeijer et al., 2012; Ohl et al., 2020; Rowe et al., 2012; Siman‐Tov
et al., 2013). Moreover, the experiments discussed here do not include the effect of seismic rupture propaga-
tion and dynamic fracturing of wall rocks, often recognized in carbonate‐hosted faults (Cortinovis et al., 2024;
Demurtas et al., 2016; Fondriest et al., 2015). Dynamic fracturing can lead to a transient increase in permeability
in the wall rocks, resulting in the escape of CO2 from the slipping zone which further promotes the decarbonation
reaction. At the same time, experiments showed that dynamic weakening processes are extremely effective,
especially in bare‐rocks, leading to very low friction coefficient values (μ ∼ 0.05) in the initial stages of slip
(Spagnuolo et al., 2015), implying that the fault roughness, curvature and structure at the metric scale or higher
can largely influence the bulk seismic mechanical behavior of faults (Fondriest et al., 2020; Sagy et al., 2007).

4.3. Energy Sink Due To Decarbonation

The total mechanical work F f per unit fault area is given by the area below the shear stress evolution as a function
of slip (see Cocco et al., 2023 and references therein):

F f =∫

ttot

0
τ(t)V(t) dt =∫

δtot

0
τ(δ) dδ = WG +Won +Woff (8)

where τ is the on‐fault shear stress, V the slip rate, δ the slip. The total mechanical work F f is also named frictional
work by Cocco et al. (2006, 2023). It is usually partitioned among different dissipation mechanisms: WG the
energy density dissipated to sustain the rupture front propagation (i.e., the fracture energy),Won the energy density
dissipated by on‐fault processes, andWoff the energy density dissipated by off‐fault processes (Cocco et al., 2006,
2023 and references therein). In our experiments we do not account for off‐fault dissipation, meaning that at first
order the contribution ofWoff can be neglected, also because its significance may arise after dynamic weakening
because of thermal cracking (Passelègue et al., 2016). Moreover, we can assume thatWG is small compared to the
total mechanical dissipation F f and it will likely contribute to earliest stages of the experiment at relatively low
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slip (X. Chen et al., 2021). Therefore, it is likely to assume that we can consider the contribution of Won and in
particular how on‐fault dissipation contains both the mechanical work dissipated as frictional heat, named S in
Equation 1, and the energy dissipated for plastic deformation processes of the on‐fault materials, named Sso in
Equation 2. A common assumption is to consider frictional heat as the only contribution to on‐fault energy
dissipation (Won) or that the largest portion of F f is converted into heat without other energy sinks (Won = S= Sso
in Equation 2). However, in the case of calcite‐bearing rocks, it is necessary to include the endothermic decar-
bonation reaction (i.e., CaCO3 (s) → CaO (s) + CO2 (g)) as an energy sink because of: (a) the measured CO2
emission during the experiments and microstructural evidence of calcite decarbonation (Han et al., 2007, 2010;
Spagnuolo et al., 2015; Violay et al., 2015), and (b) the results from numerical models which showed the role of
this reaction in limiting the temperature increase in the slip zone and in releasing CO2 which could lead to further
weakening by thermochemical pressurization (Goren et al., 2010; Nielsen et al., 2021; Sulem & Famin, 2009). In
our temperature models, for endothermic reactions such as decarbonation, heat of reaction Ssi is negative
(Equation 4, Figure 7) and it reduces the mechanical work converted into heat Won = Sso + Ssi. This can be
investigated by comparing modeled temperatures with and without heat sink. Indeed, the measured temperature is
closer to the modeled temperature including heat sinks by decarbonation reactions (Figures 3b, 4b, and 4d and
Figure S4 in Supporting Information S1) rather than the one without them. To determine if there is a contribution
of the heat sinks to the energy budget, we introduce (Figure 7):

R =
Ssi(t, z) + Sso(t, z)

Sso(t, z)
⋅ 100 (9)

In bare‐rock HVFEs, the heat sink dissipated up to 2% of the on‐fault energy densityWon (i.e., z= 0 m, Figure 7a)
and the effects of this heat sink extended in the wall rocks up to ∼0.3 mm from the sliding surfaces (Figure 7b).
The energy sink is effective during stages (ii) and (iii), when measured temperature was constant.

In gouge HVFEs, the dissipation of mechanical energy in plastic deformation processes resulted to be relevant:
main contribution could be qualified in comminution because microstructural evidence showed a progressive
increase in thickness of the comminuted gouge zone outside the localized PSZ (Figure 6) and shortening
continued also during the dynamic weakening stage (Cornelio et al., 2024; Rempe et al., 2017). In modeling the
temperature evolution with slip in the gouge experiments (Figure 4), we did not consider the energy sink
introduced by comminution and partial or complete amorphization by wear of the gouge particles rims (Hirono
et al., 2013; Yund et al., 1990). By neglecting this energy sink, the modeled temperatures resulted systematically

Figure 7. Role of the heat sink, example of a bare‐rock high velocity friction experiment (s1684). (a) Evolution of R in z= 0m, shows that up to 2% of heat is absorbed by
calcite decarbonation. (b) Evolution of S= Sso+ Ssi, over the entire model domain (i.e., fault‐normal position), at t= 0.75 s (dynamic weakening or stage (ii)). S is lower
than zero (S = 0 is marked by a red dotted line) around the heat source (±0.25 × 10− 3 m) because of the endothermic decarbonation reaction.
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higher than the measured ones. Moreover, comminution and amorphization result in the reduction of the acti-
vation energy for chemical reactions (i.e., decarbonation in the case of calcite) due to a lower structural order in
the solid reagents (Balaz, 2008; Steinike & Tkáčová, 2000). For this reason, it was necessary to change the as-
sumptions of the temperature models presented here (Figures 3 and 4). The new temperature models for bare‐rock
(Figure 8) and gouge (Figure 9) HVFEs discussed below include updated energy sinks: (a) energy for plastic
deformation processes (e.g., for grain comminution and/or amorphization) by decreasing the Taylor‐Quinney
coefficient β (Equation 2) and (b) variations in the activation energy of the decarbonation reaction.

Panel a in Figure 8 illustrates the shear stress evolution as a function of slip for bare‐rock experiments and the
resulting total mechanical work (or frictional work) density F f . Panels (b) and (c) in Figure 8 show the com-
parison between modeled and measured temperatures for two cases in which on‐fault energy dissipation was
solely frictional heat (no energy for plastic deformation processes) without (see also Figure S4 in Supporting
Information S1) and with decarbonation energy sinks (100% activation energy), respectively. This comparison
further corroborates that the inclusion of decarbonation energy sink yields a constant modeled temperature for
bare‐rock HVFEs during stage (iii). The corresponding results for gouge experiments are shown in Figure 9. The
shear stress evolution as a function of slip and the mechanical work density are depicted in Panel a, while Panels b
and c show the comparison between modeled and measured temperatures for frictional heat without (see also
Figure S4 in Supporting Information S1) and with decarbonation energy sinks (100% activation energy),
respectively. In case of gouge HVFEs, the inclusion of decarbonation energy sink reduces the difference between
modeled and measured temperatures. Including the mechanochemical effect by reducing the activation energy for
decarbonation to 75% (i.e., 134.9 instead of 179.9 kJ/mol) decreases the modeled temperature during stages (iii)
and (iv) to values smaller than the measured temperature in bare‐rock HVFEs (Figure 8d), while it reduces the
misfit for gouge HVFEs (Figure 9d). Including energy dissipation for plastic deformation processes by using a

Figure 8. Measured (solid line) and modeled (dashed line) temperature evolution for a bare‐rock experiment with a boxcar slip rate function (s1857). (a) The evolution of
shear stress with slip during the experiment, with evidenced the area that is the total mechanical energy density F f (Equation 8). Modeled (dotted line) and measured
(continuous line) temperatures with: (b) no heat sinks (see also Figure S4b in Supporting Information S1), (c) heat sinks as in Figure 3b, (d) heat sinks as in Figure 3b but
with the 75% of the activation energy (i.e., 134.9 instead of 179.9 kJ/mol), (e) heat sinks as in Figure 3b but with Taylor‐Quinney coefficient β (Equation 2) set to 0.61
instead of 1.
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lower value of the Taylor‐Quinney coefficient β chosen as 0.61 instead of 1 (Equation 2) for the purpose of
attempting a better fit on our data (Taylor & Quinney, 1934) and without considering the mechanochemical effect
(i.e., 100% activation energy for decarbonation), yields values of modeled temperature similar to the measured
ones, but only at large slip (>5 and >0.7 m for bare‐rock and gouge HVFEs, respectively, Figures 8e and 9e).
However, the fit is rather poor at small slip values in both bare‐rock and gouge HVFEs (Figures 8e and 9e).

Both the reduction of the activation energy for decarbonation reaction and the decrease of the Taylor‐Quinney
coefficient are presented here as endmember cases, and the choice of the two parameters are done to match as
close as possible the measured temperatures. Unfortunately, no estimates of either the decrease in activation
energy due to the mechanochemical effects or the increase of energy dissipated for plastic deformation processes
are available in the literature at the extreme deformation conditions tested in our laboratory experiments.
Moreover, the activation energy of the decarbonation reaction and the Taylor‐Quinney coefficient are likely to
vary together, since mechanochemical effects require very low grain sizes and therefore energy being dissipated
for plastic deformation processes (such as comminution, fracturing, or amorphization), giving rise to any number
of possible combinations to constrain the same temperature model against measured temperature. This implies
that it is impossible to distinguish the contribution of frictional heat with lower activation energies for the
mechanochemical effect from those of energy dissipation for plastic deformation processes. Future work should
aim at measuring the real time evolution of temperature and mineral's chemical structure during dynamic
weakening experiments, so that it will be possible to verify the occurrence of chemical reactions under extreme
disequilibrium conditions.

Despite the experimental and conceptual unknowns, our results highlight a different dissipation of mechanical
energy density Ff depending on the structure of the calcite‐bearing fault. On one hand, the faults consisting of

Figure 9. Measured (solid line) and modeled (dashed line) temperature evolution for a fault gouge experiment with regularized Yoffe slip rate function (s1869). (a) The
evolution of shear stress with slip during the experiment, with evidenced the area that is the total mechanical energy density F f (Equation 8). Modeled (dotted line) and
measured (continuous line) temperatures with: (b) no heat sinks (see also Figure S4f in Supporting Information S1), (c) heat sinks as in Figure 4d, (d) heat sinks as in
Figure 4d but with the 75% of the activation energy (i.e., 134.9 instead of 179.9 kJ/mol), (e) heat sinks as in Figure 4d but with Taylor‐Quinney coefficient β (Equation 2) set
to 0.61 instead of 1.
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bare‐rock contacts dissipate the mechanical energy density Ff mainly as frictional heat, balanced by the heat sink
of the decarbonation reaction. On the other hand, the faults consisting of gouges dissipate the mechanical energy
density Ff as a combination of frictional heat and energy for plastic deformation processes, balanced by the heat
sink caused by the decarbonation reaction affected by the mechanochemical effect.

4.4. Implications for Constitutive Behavior During Earthquake Slip

Constitutive laws for seismic slip are proposed to constrain the evolution of shear stress acting on the fault during
dynamic breakdown (Bizzarri, 2011 and references therein). Constitutive laws differ in the expression of the
analytical dependence of shear stress on different sets of predictive variables, such as slip, slip rate, temperature,
or state variables among others. Laboratory experiments might in principle shed light on the analytical depen-
dence of constitutive laws. Unfortunately, the perspective of experimentally calibrating and numerically
modeling these laws is limited because only a subset of predictive variables can be measured independently in the
laboratory. At the same time, laboratory experiments confirm that multiple predictive variables (e.g., velocity,
temperature, and strain) concur to the dynamic weakening of fault materials. In our experiments, the sample
contact area was small enough to be considered as an analog to a single point on the slipping natural fault during
seismic slip (Nielsen et al., 2016). In fact, the contact areas were hollow circles with 30–50 mm and of 13.9–
30 mm inner‐outer diameters in bare‐rock and gouge HVFEs, respectively. Our results show that the evolution of
shear stress during dynamic weakening in stage (ii) is directly controlled by slip rate combined with temperature
(Figures 3 and 4). This shows directly what was previously suggested indirectly by combining the microstructural
evidences of deformation processes and the modeled temperature from measured shear stress and slip rate (Di
Toro et al., 2011; Goldsby & Tullis, 2011; Nielsen et al., 2021; Tisato et al., 2012). Temperature and slip rate are
equally important during the initial stages of dynamic breakdown and weakening. However, we also show that
temperatures at a lower scale dimension (i.e., the asperity scale) were partly sampled, implying that inhomo-
geneous temperature distribution on asperities at the onset of slip could not be compared directly with the bulk
measurement of shear stress during our experiments to extract the constitutive laws. Future work is necessary to
quantitatively investigate the interrelated dependence of shear stress with temperature and slip rate and to
generalize the experimental results to general constitutive laws to be applied to physics‐based numerical modeling
of natural earthquakes.

5. Conclusions
In this work, we perform HVFEs to investigate seismic slip in the case of simulated faults made of calcite‐bearing
bare‐rocks or gouges. Together with normal and shear stress, slip, and slip rate we monitor the temperature
evolution of the shearing rock surface or near the localized shear zone in the gouge using an innovative two‐color
pyrometer. We also perform numerical models of the temperature evolution during simulated seismic slip which
include heat sinks from decarbonation reaction across the experimental faults.

Based on the experimental and modeling results reported in this study, we conclude that in the case of bare‐rock
HVFEs, modeled temperatures agree with measured temperatures at high slip values (>2.5 m, Figure 3), but only
by considering the heat sink associated with calcite decarbonation (i.e., compare Figures 3 and 8). At low slip
values (<0.3 m), measured temperatures agree with flash temperatures of group of asperities that include from 4%
to 6% of the total area of contact. In the case of gouge HVFEs, modeled temperatures (partly) agree with measured
temperatures and only by considering the heat sink due to decarbonation and either a decrease of the activation
energy for decarbonation or a second energy sink associated with plastic deformation processes (lower Taylor‐
Quinney coefficient: compare Figure 4 with Figure 9). However, the fit of measured versus modeled tempera-
tures for gouge experiments is achieved only for large slip displacements. Consequently, during dynamic
weakening at seismic slip rates (stage ii) the modeled temperatures do not match the measured ones (see Figures 3
and 4). The energy sink due to decarbonation reactions occurs during the dynamic sliding stage (iii) and causes the
observed constant temperature. In the case of bare‐rocks experiments, on‐fault energy density is dissipated as
frictional heat and the energy sink due to latent heat of calcite decarbonation. In the case of gouges, on‐fault
energy dissipation is also due to frictional heat caused by mechanochemical effects and latent heat caused by
calcite decarbonation, but these dissipative processes do not allow the fit of the measured temperature values and
evolution with slip. The inclusion of energy for plastic deformation processes such as comminution or the
reduction of activation energy for calcite decarbonation allow the fit of temperature values at large slip, without
reproducing the overall temperature evolution.
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Our results confirm that thermally activated processes contribute to on‐fault energy dissipation and, therefore, to
the total mechanical work dissipated during dynamic sliding at seismic slip values. The observed increase in
temperature measured during dynamic weakening confirms the activity of thermally activated weakening pro-
cesses regardless of the type of fault structure (i.e., bare‐rock or gouge). Our results emphasize the need to further
investigate temperature changes during HVFEs to better constrain how slip rate and temperature govern dynamic
weakening to unravel the constitutive behavior of fault zone materials during seismic slip.

Data Availability Statement
All experimental data and numerical models are available at (Aretusini & Spagnuolo, 2024).
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