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1. Text S1: Experimental reproducibility

See figure S1 for example of typical experimental reproducibility.

July 1, 2021, 2:20pm



: X - 3

2. Text S2: Details of fault strength models

Temperature rise and fault strength can be estimated for our experiments by considering

the coupled strength and temperature evolution for a deforming gouge layer,

∂T

∂t
=

∂

∂y

(
α
∂T

∂y

)
+

τV

ρcW
, (1)

where T is temperature (K), t is time (s), y is the distance perpendicular to the gouge

layer m, α the thermal diffusivity (m2s−1), τ the shear stress (Pa), V the sliding velocity

(m s−1), ρ density (kg m−3), c the heat capacity (J K−1) and W the width of the shearing

layer (m). Equation 1 is solved by inserting an appropriate constitutive law for τ into the

above expression.

We also consider the temperature dependence of thermal conductivity, which inversely

depends on temperature for a wide range of geological materials (Vosteen & Schellschmidt,

2003). For carbonate built rocks, the thermal conductivity (λ) is given by an empirically

derived function of temperature after Vosteen and Schellschmidt (2003),

λ(T ) =
A

B + T
+ C, (2)

where A = 1073, B = 350 and C = 0.13. Thermal diffusivity is considered variable in

all of our numerical models, with the assumption that density and heat capacity remain

constant with temperature. We note that other heat sinks may be considered in equation

1, such as de-carbonation, which is often observed during high velocity experiments at

similar conditions in carbonate rock (Han et al., 2007).
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2.1. Flash heating

Currently flash heating, based on the principal of localised heating at highly stressed

frictional contacts, is often used to model the frictional strength and behaviour of faults

in the high velocity regime (V > 0.01 m/s) (Beeler et al., 2008; Goldsby & Tullis, 2011).

Rice (2006) derived a simple expression for the velocity dependant strength of a sliding

surface

µ = (µ0 − µw)
V

Vw(T − Tw)
+ µw, (3)

where µ0 is the low velocity coefficient of friction (-), µw the weakened high velocity

coefficient of friction (-), V the sliding velocity (m · s−1) and Vw a weakening velocity

(m · s−1). The weakening velocity (Vw) is defined according to the physical properties

of frictional contact, and defines a velocity above which asperities spend a proportion of

their lifetime in a weakened state,

Vw(T − Tw) =
παNc

ra

(
ρc (Tw − T )

τc

)2

, (4)

where ra is the asperity length (m), Tw a weakening temperature (K), τc asperity shear

strength (Pa) and Nc the number of contacts across the PSZ. The weakening tempera-

ture corresponds to the temperature at which some major weakening process occurs, e.g.

decarbonation (Han et al., 2007) or mineral dehydration (Brantut et al., 2008).

2.2. Temperature dependant properties relevant to flash heating

In (Passelègue et al., 2014) the authours observed increases in the critical weakening

velocity at elevated ambient fault temperature. This was explained by an decrease of

in indentation strength with temperature (Evans & Goetze, 1979), reasoning that the
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reduced heat generation at asperities lead to an increased critical weakening velocity.

Evans and Goetze (1979) demonstrated in experiments that the indentation strength (σc)

of crystalline geological materials has an inverse temperature dependance, where strength

is given by

σc = σ0T
− 1

n , (5)

where σ0 is a prefactor (Pa kn) and n an asperity stress exponent. For olivine polycrystals

Evans and Goetze (1979) found n = 2. Here we consider changes in asperity strength

with temperature, and in the absence of temperature dependant indentation strength

measurements of calcite we define an equation of the form:

σc(T ) = σc,0

[
T

Tw − T0

]−1/n

, (6)

where σc,0 asperity strength at T=20◦C. The exponent, n can be considered analogous to

a stress exponent, reflecting the plastic nature of asperity contact.

Given that the real area of contact Ar is given by the ratio of normal stress to indentation

strength, we may also expect a change in asperity size with temperature. To define a

function for the temperature dependence of asperity size we consider that for a given

indentation strength and temperature, the number of asperities per unit surface area is

N = κ
σc
σn
r−2
a , (7)

where κ is a shape factor (= 4
π

for circular asperities, or = 1 for square asperities). If we

make the assumption that the number of asperities per unit fault area remains constant

with temperature, then the temperature dependence of asperity size is

ra(T ) =

√
σn

Nκσc(T )
, (8)
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where N is the number of asperities per unit area evaluated at T=20◦C.

2.3. Grain size sensitive creep

In carbonate built faults the common post-mortem observation of nanometric grains,

combined with the expectation high fault temperatures during rapid deformation has

led a number of authors to suggest that grain size sensitive creep accommodates fault

weakening at high velocity (De Paola et al., 2015; Pozzi et al., 2018; Violay et al., 2019).

For a model of plastic creep governing fault strength we adopt the following constitutive

relationship derived by Schmid et al. (1977)

τ =
[
γ̇d−mAe−

Ea
RT

]k
, (9)

where d is the grain size (m), m a grain size exponent (-), γ̇ = V (t)/W the shear strain

rate (s−1), A a pre-exponential factor (Bar−ks−1), Ea the activation enthalpy (kJ Mol−1),

R the gas constant (J K−1 mol−1) and k a stress exponent (-).

2.4. Model geometry

Equation 1 is solved in non dimensional form by applying the transform,

ỹ = y
W

t̃ = tα0

W 2 (10)

T̃ = T−T0
Tw−T0 ,

with Tw set according to the values in table S1 for both fault rheologies. We solved 1

using a method of lines, centred in space and forward in time, with thermal diffusivity

centrally averaged across nodes according the ambient temperature.
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2.4.1. Model geometry with cohesive annular samples

In the simple case of initially bare surface experiments, we used a half space model

comprising a slip zone of thickness Wsz, where y is normalised by the principle slip zone

width (figure S2). Thermal and physical properties are the same across the model domain.

Ten linearly spaced nodes were used to define the principle slip zone, outside of this,

logarithmic spacing was used within the ’wall rock’, with the total model set according to

the characteristic diffusion length L = tmax/(α0/W
2
sz). We used a symmetric model, and

at ỹ = L a constant temperature was imposed,

∂T̃

∂t̃

∣∣∣∣∣
L

= 0 (11)

2.4.2. Gouge models

For models involving a gouge layer and sample holders we seperated the model into 4

domains (figure S3): bottom sample holder, with appropriate metal thermal conductivities

as defined in the main text (stationary side in De Paola et al. (2015) and Pozzi et al.

(2018), rotary side in Smith et al. (2013)), 2) inactive gouge layer with the same thermal

and physical properties as the PSZ, 3) the PSZ accomodating all deformation evenly

across the layer, 4) top gouge holder (rotary side in De Paola et al. (2015) and Pozzi et

al. (2018), stationary side in Smith et al. (2013)). A constant temperature was imposed

at the model boundaries, [| − ỹ|,+ỹ] = L� W :-

∂T̃

∂t̃

∣∣∣∣∣
−L,+L

= 0 (12)

2.5. Numerical model benchmark
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In order to test the reliability of our numerical models we performed two benchmarks of

our code for an adiabatic case (no off-fault heat diffusion) and a slip on a plane solution

using the closed from asymptotic solutions given by Brantut and Viesca (2017). The

adiabatic solution was computed by setting off-fault thermal diffusivity equal to zero

(figure S4). To approximate a semi-infinite half space relevant to the case of slip on a

plane we used L ≈ 108Wpsz, and ran the solution to large timescales to check solution

convergance (see figure S5).
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3. Text S3: Elastodynamic models

In order to asses the compatibility of our experimental data with elastodynamic equi-

librium we solved for a slip pulse propagating at constant rupture velocity with constant

source duration. In this case elastodynamic equilibrium is satisfied when,

τ(x) = τb +
G∗

2πVr

∫ L

0

V (s)

s− x
ds, (13)

where τ(x) is the elastic stress, τb is the ambient fault traction, G∗ = S
√

1− Vr/Cs is the

modified shear modulus and L = Vrtr the rupture length. By non-dimensionalising and

transforming 2x/L − 1 → x, (τ − τb)/τ0 → τ and V/(τ0Vr/G
∗) → V then equation 13

becomes

τ(x) = τb +
1

π

∫ 1

−1

V (s)

s− x
ds. (14)

When using the imposed velocity history as a boundary condition, we calculated elastic

stress using a Gauss-Chebyshev quadrature (see Viesca and Garagash (2018) for a detailed

description of these techniques). Stress was computed using 501 nodes based on the input

velocity history.

When solving the slip pulse model using the experimentally measured traction evolution

we first applied a 1000 point moving average window to the data to smooth the model

input. We then solved equation 13 for velocity using again a Gauss-Chebyshev quadrature

approximation with 501 nodes. By imposing the additional conditions V (0) = 0 and

V (L) = 0, a solution for τb is also determined.
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4. User uploaded files

Large table S1 Inventory of experiments and associated parameters.

Movie S1. Video of experiment S1765f, Carrara Marble, ts = 0.075 s.

Movie S2. Video of experiment S1764c, Carrara Marble, ts = 0.4 s.

Movie S3. Video of experiment S1762d, Etna Basalt, ts = 0.3 s.

Movie S4. Video of experiment S1752h, Etna Basalt, ts = 0.6 s.
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Figure S3. Gouge model geometry, 1. and 4. = metal gouge holder, 2. inactive gouge

layer, 3. principal slip zone
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Figure S4. Benchmark of numerical code against closed form solution from Brantut

and Platt (2017) for an adiabatic flash heating case where off-fault thermal diffusion is

neglected.
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Figure S5. Benchmark of numerical code (dashed curve) against the closed form

solution (solid curve) from Brantut and Platt (2017) for a slip on a plane flash heating

case.
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Figure S6. Modelled temperature for presented experiments. Insets a)-c) are flash

heating models and d)-f) are GSS creep models, red curves are temperature and black

curves the modelled strength.
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