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Despite the hazard posed by earthquakes, we still lack fundamental understanding of the processes
that control fault lubrication behind a propagating rupture front and enhance ground acceleration.
Laboratory experiments show that fault materials dramatically weaken when sheared at seismic
velocities (> 0.1 m s). Several mechanisms, triggered by shear heating, have been proposed to explain
the coseismic weakening of faults, but none of these mechanisms can account for experimental and
seismological evidence of weakening. Here we show that, in laboratory experiments, weakening
correlates to local temperatures attained during seismic slip in simulated faults for diverse rock-
forming minerals. The fault strength evolves according to a simple, material-dependent Arrhenius-
type law. Microstructures support this observation by showing the development of a principal slip
zone with textures typical of sub-solidus viscous flow. We show evidence that viscous deformation
(either at sub- or super-solidus temperatures) is an important, widespread and quantifiable coseismic
lubrication process. The operation of these highly effective fault lubrication processes means that

more energy is then available for rupture propagation and the radiation of hazardous seismic waves.

Earthquakes are amongst the deadliest natural disasters, with statistics showing a global death toll of
> 50,000 per year, in the period 2000-2016%. Despite their impact on society, there is still a lack of
fundamental understanding about earthquake constitutive behaviour. During seismic events, part of the
mechanical energy stored in the stressed rocks is dissipated by frictional heating along the fault, causing
the local temperatures to rise?3. This promotes the onset of thermally-activated weakening mechanisms
that help to reduce the shear strength®® in the fast sliding portion of the fault, behind the rupture
front?3. Efficient lubrication means that more elastic energy can be transferred to the rupture tip,
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promoting earthquake propagation and enhancing the dissipation of energy into hazardous seismic
waves’®, Therefore, the characterisation and quantification of weakening mechanisms associated with

the faulting process are crucial issues in seismology and fault mechanics’.

In the last decades, several weakening mechanisms have been proposed on the basis of theoretical
models and results of laboratory friction experiments that simulate high-velocity seismic slip in rocks.
Among these, the flash heating model>? is important thanks to its general formulation. However, flash
weakening mechanism relates to the concept of load-bearing asperities and does not consider their
evolution during slip. With increasing slip, pressures and temperatures, flash heating is likely to evolve
to other thermally-controlled processes*® such as frictional melting'®*? (common in silicate rocks) or
thermal pressurisation!®!* (due to fluids initially present in the fault or released by thermal
decomposition processes). Other weakening mechanisms proposed include powder lubrication!>1®,
silica gel lubrication'” and thermal decomposition®. More recently, an alternative weakening
mechanism has been described in experiments using carbonate gouges, where coseismic deformation
is accommodated by ductile creep mechanisms'®22. Despite this wide range of weakening mechanisms
described in literature, the processes involved in fault lubrication are still not fully understood. In
particular, there is no quantitative model for fault lubrication during earthquake slip* in fine-grained
granular material (i.e., fault gouges) that can account for both experimental and seismological
observations, and also be fully supported by microstructural studies (melt lubrication aside!®%23),

Here we investigate coseismic weakening mechanisms in several rock-forming minerals by integrating
mechanical data from shear experiments on powders at high velocity (v > 0.1 ms™) with microstructural
analyses. The results, summarised below, show that the strengths of the analysed materials follow a
common temperature-dependent law and develop microstructures consistent with viscous deformation

mechanismes.

Shear experiments at seismic velocity

We shear powders (grain size 63-90 um) of a range of silicate and non-silicate, anhydrous rock-
forming minerals (experimental procedure as in Pozzi et al., 2019%?, and references therein?%?!),
Specifically, we tested carbonate (calcite?® and dolomite?*2°), sulphate (anhydrite?®), halide (halite?’)
and silicate (olivine?®?°) powders, which are commonly used as analogues for a range of natural fault

gouges3C. These minerals do not produce frictional melts (apart from halite) and do not contain
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structural water, hydroxyl or hydrogen. The testing materials and conditions were chosen to diminish
the efficiency of flash heating processes>3! (by using fine-grained powders) and to exclude the
contribution of fluid-driven mechanisms to fault weakening0:16:2021,25,

A normal stress of g, = 25 MPa (20 MPa for olivine) was applied to the gouges, and held constant
throughout the tests. The samples were then sheared at room temperature and humidity at different
seismic velocities (0.28 to 1.4 m s!) for ~ 1 m of total slip. This amount of slip is enough to produce
weakening, but still not large enough to produce significant thermal decomposition, frictional melting
and other physical changes in the rocks?%2,

For each experiment, the effective friction coefficient u* (i.e., the measured ratio between shear and
normal stress, which is not dependent on any particular deformation mechanism) follows a classic
weakening profile?! (Figure 1a). Initial slip hardening in the Byerlee’s range (Stage I; u* = 0.6 — 0.9) —
almost absent in halite —is followed by an abrupt decay of fault strength to low friction values (Stage Il;
u* < 0.4). Friction then remains low during shearing at constant velocity, showing a slow decay with slip
(Stage Ill in Figure 1a). Partial re-strengthening is observed during the final deceleration and arrest of
slip (Stage IV). The bulk temperature in the principal slip zone (PSZ) cannot be measured directly, and is

obtained using an equation for one-dimensional thermal diffusion3 (Figure 1b, see Methods).

Microstructures and deformation mechanisms

After each run, samples were carefully recovered and cross-sections of the most deformed parts were
prepared for microstructural analysis (Figure 2f; Supplementary Figures S3-S11). In all experiments, we
observe a principal slip zone (PSZ) with finite thickness of a few tens of microns (Figure 2) that shows
marked textural differences with the surrounding materials. The PSZs are characterised by fine-grained
polygonal aggregates with extremely low porosity, fairly homogeneous grain size, and oblique foliation?!
(Figure 2). No significant overprint of microstructures is expected in our experiments due to late- and/or
post-deformation annealing (Supplementary Section 1) nor by local embrittlement during stage V2!
(white arrows in Figure 2a-e).

At high magnifications, within the PSZs, grains show low aspect ratio?? (on an average, nearly equant),
display diamond-shapes, quadruple junctions, narrow gaps and numerous grain boundaries aligned with
the shear direction (Supplementary Figure S12a-d and Supplementary Section 1ll). These textures are
compatible with mechanisms of neighbour-switching that are typical of grain boundary sliding3%33 (GBS,

Figure 3e). Microstructural analysis in calcite experiments suggests diffusion-accommodated GBS'92022,
3
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although we do not exclude dislocation-accommodated GBS for the other materials. Transmission
electron microscope (TEM) imaging in both calcite and olivine shows that PSZ grains contain dislocations
(Figure 3f-i), dislocation walls and subgrains (regions bounded by dislocation walls, Figure 3f, i),
indicative of dislocation creep (DC) mechanisms. Notably, oblique foliation (Figure 2) development is
compatible with both GBS and DC mechanisms3#+35,

These observations extend recent results of high-velocity experiments in calcite gouges showing that
deformation during Stage Il slip is controlled by a combination of grain size-sensitive (GBS) and grain
size-insensitive (DC) creep mechanisms*®=22. Dislocation creep limits the grain growth in the PSZ3¢-38 (j.e.,
by formation of subgrains, see Figure 3f), while diffusion-assisted GBS could be instrumental in
explaining the measured low stress!®=2238, Microstructural observations from all other materials tested
here also support the hypothesis that coseismic deformation is accommodated by viscous processes at

sub-melting temperatures.

Arrhenius-type flow law describes coseismic fault strength

Microstructural analyses suggest that the PSZ accommodates almost all of the shear deformation,
and maintains constant thickness throughout Stage 1112}, meaning that its strain rate is nearly constant.
During Stage lll, for each material, the natural logarithm of shear stress vs. the inverse values of
calculated temperature (Figure 4a) shows — to a good approximation — a linear trend with specific
slope (thick lines in Figure 4b).

Exponential regression allows computation of the dependence of fault strength z on temperature T

during Stage Ill, which follows the equation

1
Int :A7+B (1)

where A and B are best-fit constants. The specific best-fit equations of each material-dependent curve
are reported in Figure 4.
Ductile creep mechanisms share a similar exponential relationship following the general Arrhenius-type

constitutive equation®®

y=Come T ()
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where y is the shear strain rate, C* a pre-exponential constant, D the mean grain size, n and m the stress
and grain size exponents, respectively, Q the activation energy and R the gas constant. Eq. 2 can be

rearranged® to:

M TATHEWLE] I

which is directly comparable to Eq. 1.

The PSZ grains were simultaneously affected by GBS (Figure 3a) and DC mechanisms (Figure 3c). Our
observations confirm the hypotheses formulated by Ashby and Verrall3? in their pioneering work on the
flow of superplastic alloys, which predicted that GBS and DC are likely to occur simultaneously in nature.
The slope A in Eq. 1 is primarily controlled by the ratio of activation energy Q and stress exponent n,
normalized by the gas constant R (Eg. 3); hence it is not the expression of a single deformation
mechanism.

The combination of mechanical data and microstructural observations suggests that the flow rate in
the PSZ is dominated by the most effective mechanism, which in calcite is arguably some type of
diffusion-accommodated GBS'*22, DC is the mechanism that limits the grain growth in the PSZ36-38 of
calcite samples (e.g., by subgrain rotation??), and it might become the dominant deformation
mechanism in other materials.

It is worth noting that the ratio A = Q/nR obtained for all tested materials is significantly lower than
that obtained from previous studies performed at lower strain, sub-seismic strain rate and coarser grain
size, for both grain size-sensitive and -insensitive creep (Supplementary Section VI). Such previous
studies accept that best-fit parameters of flow laws evolve with increasing strain and can be considered
constant only for limited ranges of strain36-3841-43 Looking forwards, our results highlight the need of
further research to improve our understanding of the physics of deformation processes across the
transition from low to high strain and from sub-seismic to seismic strain rates.

The comparison between Eqg. 1 and Eq. 3 shows that the intercept B is primarily controlled by strain
rate, grain size, grain size exponent m and pre-exponential factor C*.

The linear fit of experimental data and microstructural observations point to a grain size-dependent
rheology in which fault strength is mainly controlled by temperature according to an Arrhenius type law,
while the interplay of different creep mechanisms adjusts to the evolving conditions.

During Stage lll, olivine aggregates show a change of dependence of fault stress to temperature

(change of slope, A term in Eq. 1) at values above T~ 900 °C (Figure 4b). Such a temperature threshold
5
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corresponds to a homologous temperature (T/T,) of ~0.57, where the melting temperature of forsterite
olivine (Fo90) is T, = 1765 °C?2. This might suggest a change of the involved deformation mechanisms
and reduced material strength, which is consistent with previous studies reporting faster rheological

weakening in olivine** when T > 0.6 Tr.

Implications for coseismic weakening mechanisms

We have shown that coseismic weakening observed in a range of different minerals is plausibly
achieved through viscous deformation along faults. We therefore propose that localisation of
deformation into thin PSZs and the associated weakening are likely controlled by a balance between
heat production (by shear heating) and dissipation (by thermal diffusion and endothermic
processes)*?3%> The PSZ system will evolve toward its steady-state by the minimization of viscous strain
energy, when a stable temperature profile is established across the slip zone at larger amounts of slip®.
This rheological evolution is similar to that known for coseismic frictional melts where the molten layer
properties are controlled by the heat balance across the fault?®. Notably, the melt viscosity that controls
the shear resistance of the fault (i.e., friction) is also controlled by a well-constrained Arrhenius-type
dependency to temperature?®#®, For comparison, see the linear slope in the inset of Figure 4b, which
was measured during weakening by melt lubrication of high velocity shear experiments of gabbro?3.

We also note that, in the alternative model of flash heating>'3, bulk weakening is achieved through
the temperature rise at the asperity scale, which causes plastic softening and/or melting of contacts>*2.
The mechanisms of flash heating are thus likely to also be viscous in nature and not mutually exclusive
with our findings. The bulk behaviour of the fault is a function of the distribution and dimensions of
asperities, which influence the local energy budget. In conclusion, the difference between flash heating
and viscous deformation in a PSZ might simply be related to the scale of observation.

The similarity of the processes involved during coseismic slip is in good agreement with the observed
ubiquity of weakening documented at seismic velocities across a wide range of fault materials®.
Therefore, we propose that coseismic weakening by viscous processes at either sub- (coseismic
ultramylonites??) or super-solidus (frictional melt!®1223) temperatures is more widespread than
previously thought. These mechanisms obey a simple Arrhenius-type dependency to temperature
whose thermodynamic parameters can be potentially determined through experimental investigation.
Our results offer an alternative, quantitative viewpoint of fault strength-controlling processes, and

provide a new perspective on the role of ductile processes active along faults at seismic strain rates.
6
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Figure 1 | Mechanical data. a) Effective friction coefficient (u*) evolving with displacement during
Stages | - IV (see text for details). During Stage Ill, u* values are lower in experiments run at higher
velocities. Each experiment terminates with partial re-strengthening during deceleration to arrest.
b) Shear stress as a function of calculated temperature (up to Stage Ill). Note that the Stage Il
mechanical data of calcite, dolomite and anhydrite - and with good approximation for halite and
olivine - collapse onto a single material-characteristic curve. Halite curves overlap up to a

temperature of ~440 °C.

Figure 2 | Microstructures. Fore-scattered (a,e) and back-scattered (b-d) scanning electron
microscope (SEM) images of sample principal slip zones (PSZ) in polished cross sections cut parallel
to the slip direction. PSZs are composed by polygonal aggregates with low porosity and fairly
homogenous grainsize (close ups in Figure 3). In a, b and d an oblique (white angle) ultramylonitic
foliation is visible. White arrows highlight local brittle overprint of Stage IV?Y?2, F shows a
schematic cross section of the samples. The rectangle shows the location of the microstructures
in panels a-e. Inset of panel f shows the approximate location of the cross-section (CS) with respect

to the whole sheared gouge sample (G). The round arrow shows the shear direction.

Figure 3 | Deformation mechanisms. a-d, SEM images of the grains within the PSZs. The textures
were captured using fore-scattered electron (a) back-scattered electron (b, c) and EBSD band
contrast (d) imaging. Sense of shear is top-to-the-left. Polygonal grains show fairly equant to
slightly elongated shapes. Grains are diamond-shaped and commonly display: quadruple junctions
(sets of four grains highlighted in green and yellow); boundaries aligned with the shear direction;
and narrow gaps. Neighbour-switching processes typical of grain boundary sliding3? are sketched
in e, where grains are coloured in green and yellow for comparison with a-d. (f-i) Transmission
electron images of the PSZ acquired in scanning mode show dislocations, dislocation walls (white
arrow in f and i) and subgrains (< 200 nm in size, f). The PSZ is formed by crystalline material as
shown by the diffraction pattern (inset in f and h). Material abbreviations: Calcite (Cal), Halite (HI),
Dolomite (Dol) and Olivine (Ol).
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Figure 4 | Mechanical data in Arrhenius space. a, data presented in Figure 1 are rearranged here
in an Arrhenius space (natural logarithm of shear stress as a function of the inverse of calculated
temperature). b, when the fault strength is weak, the mechanical data of each experiment fall on
a material-dependent, characteristic straight line. The best-fit equation is shown on the graph for
each material. The inset shows mechanical data of Stage Ill of melt lubrication experiments

performed on gabbro, data from Nielsen et al.?3.

Methods

Apparatus and sample assembly. The frictional properties of rock powders were tested using a Low
to High Velocity Rotary shear apparatus (LHVR, model MIS-233-1-77, Marui & Co., Ltd Company, Osaka,
Japan). This machine simulates the development of a narrow fault PSZ at shallow crustal conditions (up
to ~2 km in depth). Due to the rotary configuration of the apparatus, it is possible to perform
experiments with an arbitrary amount of slip.

The apparatus is housed in a rigid loading frame of steel plates arranged in a vertical configuration
and is composed of two vertical shafts, on which the sample assembly is mounted. The upper shaft is
connected through a gearbox to an electric servo-controlled motor (11 kW), which outputs a maximum
rated torque of 70 Nm and maximum revolution rate of 1500 rpm. The revolution rate and the
cumulative rotation angle are measured by a tachometer and a pulse counter (3600 pulses per full
rotation), respectively, mounted on the upper shaft. The apparatus can accelerate to the maximum
revolution rate (1500 rpm) in 0.277 — 0.351 s at normal stresses of 25 MPa, depending on the tested
material (the numbers refer to calcite and olivine powders, respectively). The axial load is applied to the
lower main shaft by a pneumatic piston (Bellofram type cylinder) with an 82 mm stroke and maximum
thrust of 10 kN. The axial load system is equipped with a high-precision air regulator to automatically
correct the load fluctuation during the experiment. Axial load is measured using a compression load cell
with a rated output of 2 mV/V + 0.5% and resolution of + 5 kN.

The axial displacement values are measured using a high sensitivity displacement gauge (strain gauge
type) with a capacity of 10 mm and rated output of 5 mV/V + 0.1%. Axial displacement resolution is + 2
um. Torque values are measured by two compression load cells (strain gauge type), which are activated
by a torque bar fixed to the lower shaft . The load cell capacity is 1 kN, with a rated output of 2 mV/V +

0.5%. Torque cell resolution is + 0.5 N.
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The sample assembly consists of two hollow cylinders (external radius of 12.5 mm and internal radius
of 5.25 mm) sandwiching a layer of gouge (1 g, grain size 63 —90 um). The cylinders are made of titanium-
vanadium alloy (Ti-alloy, Ti90AI6V4*), which is chosen as it has similar thermal properties (thermal
conductivity of 5.8 Wm-1K- 1) to common rocks. The base of each cylinder that is in contact with the
gouge layer is machined with a crosshatch pattern of grooves (500 um deep), to force shear localisation
within the gouge layer. A Teflon cylinder and a Teflon ring tightly fastened by a hose clip, are mounted
to prevent the internal and lateral extrusion of the gouge, respectively, during the experiments.

Given the cylindrical shape of the stainless steel cylinders, the slip slip rate (v) is variable across the
sample. A reference radius of 8.33 mm is chosen to calculate slip and tangential slip rate of the material.
The temperature rise is calculated using a simple mono-dimensional equation for heat diffusion® in non-

adiabatic conditions (see Supplementary Section V for a detailed overview):

Tv(t,)‘l?(t’) dtl (4)

t
1
AT = 2pc;n/ﬁ_f0 Ve—t'

where 1, is the shear stress, v is the velocity, p is the rock density, cp is the specific heat, « is the

thermal diffusivity, @ is the heat flux and t is time.

Microstructural analysis. Samples are carefully recovered after each run and prepared for
microstructural analysis (see Supplementary Section | for further information). Cross-sections were
studied using a FEl Helios Dual Beam Nanolab 600 scanning electron microscope (SEM) at the
Department of Physics of Durham. Images were acquired in back-scattered (BS) and fore-scattered (FS)
modes. BS is operated using the through-the-lens acquisition system on samples coated with graphite
(< 30 nm). FS is operated on uncoated specimens tilted at 70° using a 4 Quadrant KE Development FS
imaging control detector. FS technique is best used for detailed microstructures as it produces good
contrast along the grain boundaries.

FEI SEM was also used to prepare thin foils — carved with ion milling from specific locations of SEM-
prepared samples —for transmission electron microscopy (TEM). Images were acquired on a JEOL 2100F
FEG TEM at the Department of Physics of Durham using scanning (STEM) mode.

Data availability. Data within the manuscript and its Supplementary Information are available from

the corresponding author upon request.

47. Yao, L., Ma, S, Platt, J. D., Niemeijer, A. R. & Shimamoto, T. The crucial role of temperature in
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Supplementary Section | | Recovery of microstructures

Samples are carefully recovered after each high velocity friction experiment for microstructural
analysis. To understand deformation processes and slip localization during a friction test, it is crucial
to recover the full thickness of the experimental material (Supplementary Figure 1). Due to the
common formation of mirror-like surfaces (MSs), samples split easily along them?! when recovered
from the metal cylinders (Supplementary Figure 14). When this happens, it means that the full
thickness of the deformed sample cannot be recovered, potentially undermining the full
characterisation of the inner architecture of the slip zone. Therefore, the procedure of sample
removal was carried out as carefully as possible trying to preserve the entire thickness of material
located between the metal cylinders. First, the confining Teflon ring is loosened and slid down one
of the cylinders, while the sample is still mounted on the machine. The normal load is then removed
slowly until the two cylinders separate. After removal from the machine, the sample is collected
with tweezers and carefully stored. This method, when carried out successfully, allows
microstructural observations of the entire thickness of the deformed sample, including full imaging
of the architecture of the entire slip zone (Supplementary Figure 1). We emphasize that recovery of
the full width of the sample from high-velocity experiments is exceedingly difficult and only rarely

documented in the existing literature.

The largest sample chips recovered after the experiments were mounted vertically using
cyanoacrylate superglue in a cylindric mould and embedded in epoxy (Supplementary Figure 1a). A
high viscosity resin (e.g., epoxy) was used in order to avoid further damage to the microstructures
(like splitting along MSs by capillarity). Epoxy mounts obtained this way were then machined with a
grinder polisher using sand paper to expose a representative cross-section of the embedded chips.
The section is chosen at a distance equal to the reference radius (halfway between the sample
contacts with the internal and external Teflon seals), parallel to the slip direction and perpendicular
to the rotation plane (Supplementary Figure 1c). The cut surface was lapped with progressively finer
diamond paste (6, 3, 1 and 0.25 um). Each step required between 5 to 10 minutes to be completed
by the user (Supplementary Figure 1b). Given the frailty of the rocks analysed, longer polishing

sessions generally resulted in badly damaged surfaces.

ERY

—

Supplementary Figure 1 | Sample preparation: a, vertical mount of the sample chips on the mould base, prepared
to be embedded in epoxy; b, sample chips embedded in epoxy mount and cut at the reference radius, before (left)
and after (right) polishing; ¢, schematic of the position of the cross-sectional area used for microstructural analysis
(orange area); the reference radius is represented by a red arrow.



Satisfying results were achieved using this procedure for calcite and olivine samples. Sections of
sodium chloride samples were flattened using humid lens cleaning paper and a single lapping with
1 um diamond suspension. In anhydrite and dolomite samples, our attempts have been less
successful. In anhydrite, the small grainsize and low indentation hardness did not allow for long
polishing sessions. Polished surfaces were therefore not suitable for high-resolution imaging, mostly
due to charging effects (drift of the electron beam) caused by the small grain sizes and enhanced
topography. Dolomite samples, despite having a tightly-packed, fine-grained texture, are less
cohesive than calcite samples. Polishing of dolomite cross-sections resulted in continuous plucking-
out of grains well illustrated in Supplementary Figure 6 (not to be confused with porosity, which is
low within the PSZ).

Supplementary Section Il | Static grain growth and post-mortem microstructures

A severe limitation when coupling mechanical data and microstructural observations can
potentially arise due to the post-mortem nature of microstructures. In other words, the fabrics (or
texture) developed within the principal slip zone (PSZ) at dynamic conditions might change through
the stages of deceleration of the machine to arrest, including static growth due to the residual heath
dissipating after the end of the experiment and brittle damage during unloading and removal of the
sample. While it is difficult to constrain the evolution during deceleration (dynamic conditions),
static grain growth can be estimated. Using the well-known equation by Covey-Crump?for calcite,
we observe that microstructures and textures are unlikely to be overprinted by annealing at the end
of the experiment in calcite (Supplementary Figure 2). In fact, using the experimental cooling curve
at static conditions (starting at the end of the experiment run, see Supplementary Information
Section VI), the estimated grain growth to target (an average of 0.7 um in the VF 660 annealed PSZ?)
is ~40 nm. This corresponds to a grain growth of ~ 6% of the equivalent radius, which is not sufficient

to overprint the existing textures.

0.75 1200
- 1000 Supplementary Figure 2 | Static grain
. growth within the PSZ of VF660 (target of
g_ 0.7 1 - 800 g 700 nm, observed in post-mortem
° samples), calculated using the
-(% - 600 g temperature decay after the cessation of
= a@ slip. When temperature drops below 700
g 0.65 - - 400 B °C, grain growth becomes irrelevant at
the timescale of non-isolated cooling to
- 200 room temperature. Grain  growth
parameters for calcite used here are as

0.6 0 reported in De Paola et al. (2015)3.

0 0.5 1 15 2 2.5 3

Time (s)



In the case of olivine, where the kinetics of diffusion are extremely slow in the temperature
range, grain growth is expected to be negligible for the run durations used here. Previous studies*
showed that fine grained (< 2 um) aggregates of olivine do not experience significative grain growth

(<1 um after 20 h at 1270 °C, from hot press experiments).

Finally, some degree of brittle overprint is ubiquitous during deceleration of the machine
resulting in variable sample fragmentation. Commonly (e.g. Supplementary Figure 3), brittle
overprint occurs by splitting along mirror surfaces (but not always, e.g. Supplementary Figure 7).
However, this brittle overprint is easily recognized and does not destroy the microstructure and
texture developed at dynamic conditions!. We therefore conclude that PSZ microstructures

presented here are representative of those formed during Stage Il weakening.



Supplementary Section Ill | Microstructures
Scanning electron microscope (SEM) images

In the following, we give an overview and details of principal slip zones recovered from the high-
velocity friction tests. Representative sections are selected to show all lithologies examined in the
main manuscript.

Supplementary Figure 3 | Forward-scattered SEM image of calcite principal slip zone (PSZ, v = 1.4 ms™1). Note the
epoxy infilling thin cracks formed at the PSZ boundary (see Pozzi et al., 2018). Splitting along the mirror follows
broadly, but not perfectly (see bottom left edge of the PSZ) the granulometric contrast within the PSZ.
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Supplementary Figure 6 | Back-scattered SEM image within the dolomite PSZ (v = 0.58 ms1). Grain boundaries
are accentuated by late-stage brittle damage. Note the polygonal holes left by plucking-out of grains during sample

preparation.

AN 1031

Supplementary Figure 7 | Back-scattered SEM image of anhydrite PSZ (v = 0.58 ms1). The PSZ is composed of

extremely fine-grained crystals (barely resolvable at this scale) and by incipient oblique foliation.



AN 1031

Supplementary Figure 8 | Back-scattered SEM image within the anhydrite PSZ (v = 0.58 ms1). In the centre, late
stage damage produced during the deceleration stage and decompression occurs. The PSZ is composed of sub-

micron size grains with very low porosity.



TS 1049

Supplementary Figure 9 | Back-scattered SEM of sodium chloride experiment (v = 1.4 ms™1). Note the sawtooth
profile of the upper and lower parts of the sample left by the indentation with the upper cylinder. On the lower
half of the sample, the large grainsize of clasts is similar to the initial grainsize indicating a low-strain domain. Grain
size reduction and homogenisation is observed towards the PSZ. Note also the intensification of the oblique

foliation toward the PSZ.



Supplementary Figure 10 | Back-scattered SEM of sodium chloride PSZ (v = 1.4 ms1). The PSZ is bounded by a
thin, discontinuous layer of material with finer grainsize (not resolvable), interpreted as melt patches. The high

relief of the grains is due to the effects of water etching during sample preparation.
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Supplementary Figure 11 | Forward-scattered SEM image of olivine PSZ (v

low-porosity olivine aggregate with a narrow distribution of grain sizes. Grains are visible due to their different

crysrallographic orientation (different shades of grey). Outside the PSZ, fragmented grains are large and poorly

sintered.



Quadruple junctions

Supplementary Figure 12 | SEM close-up images of quadruple junctions in calcite (a-d, forward-scattered
technique) and olivine (e, EBSD band contrast) principal slip zones (PSZs). Groups of four grains displaying
quadruple junctions (coloured in green and yellow in calcite, Cal, and circled in olivine, Ol) are common within the
PSZs. Grains are diamond-shaped and show alignment of grain boundaries with the shear direction (arrows). These

microstructures are typical of grain boundary sliding (GBS, see main text).
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Supplementary Figure 13 | Pole figure of the
orientation of calcite-calcite grain boundaries in the
PSZ of sample VF660, obtained with EBSD analysis
and using MTEX toolbox>®. The colour scale shows
the relative density of grain boundary axes (contour
resolution 1°). The plot shows a relatively higher
density of boundaries oriented sub-parallel (axes
oriented N-S) to the shear direction (dashed line).
There are also distinctive maxima oriented NE-SW

(star), corresponding to the boundaries that form the

oblique foliation (dotted line). Black arrows indicate

the sense of shear.

Supplementary Figure 14 | Scanning TEM bright-field images of grains within the principal slip zone in calcite (a-

¢, VF 660) and olivine (d-f, SCO 1095). Grains contain dislocations (a, b, d, e) locally organised in dislocation walls

(a, e). Grain boundaries are slightly curved suggesting non-equilibrium textures. Non-connected porosity is

observed at triple junctions (b, c, f).



Supplementary Section IV | Raman spectroscopy

Due to the difficulty encountered in polishing and [ AN 1031 |
imaging anhydrite samples, Raman spectroscopy was
used to characterise the nature of the material within the
principal slip zone (PSZ) of sample AN 1031. Analysis was
performed at the Department of Chemistry in Durham
with the assistance of Prof A. Beeby. The analysis was

conducted on the reflective mirror-like surface (MS),

exposed in part of the sample used for microstructural
imaging (AN 1031, Supplementary Figure 14). The MS [ 5 o

splits the PSZ into two parts (Supplementary Figure 7). Supplementary Figure 15 | Top view of

The spectrum reveals that the material is crystalline the bottom cylinder (static) with the

sheared sample (v = 0.58 ms1). Samples

commonly split along mirror-like surfaces

between 3500 cm™ and 1600 cm™). (in the case of AN 1031, within the PSZ,
see Supplementary Figure 6).
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Supplementary Figure 16 | Raman spectra’ of Gypsum (CaSO4-2H,0), Bassanite (CaS04-0.5H,0) and Anhydrite
(CaS04) compared with the spectra acquired on AN 1031 mirror-like surface (which exposes the material within

the PSZ).



Supplementary Section V | Temperature calculation and thermal properties of rocks

During high-velocity rotary experiments it is not possible to directly measure the temperature with
a thermocouple. A simple mono-dimensional equation for heat diffusion in a half space from a thin
tabular source® is utilised to estimate the temperature rise (AT) in the principal slip zone (PSZ). The
non-adiabatic formulation is:

tqb(t)dt

AT(t) = pcprf = (1)

where p is the rock density, cp is the specific heat, xis the thermal diffusivity, @ is the heat flux and
t is time. This equation does not consider heat sinks (such as mineralogical reactions or phase

changes) apart from heat diffusion from the shear zone.

The non-adiabatic formulation of Supplementary Equation 1 is valid only if the PSZ thickness is

negligible compared to the length scale of heat diffusion, thus respecting:
W < 4./ (k6/v) (2)
where W is the PSZ thickness, ¢ is the displacement and v is the slip rate (m/s).

If all the frictional work is converted into heat, the heat flow propagating on either side of the brittle

shear band can be calculated by:
o(t) =128 (3)

where T is the shear stress and g, is the normal stress. By substituting 3 into 1 we obtain:

T(t )V(t )dtl (4)

AT = 2pcP\/7§_]- Ve-t'

In the case of viscous flow in a narrow channel between two moving plates (PSZ), the temperature

rise is expressed® by:

n(tHv?(t' )dt (5)

AT = ZpCPW\/ﬁf Ve-t’

where 77 is the viscosity of the material in the channel. The viscous shear stress is expressed by:

7,(t) = n(®)y () (6)

where 7(t) = v(t)W 1 is the shear rate. If W is small enough to satisfy Supplementary Equation 2

and assuming that the viscosity 7 is constant across the channel, thus :

_ 1 nHvHy ") T, (tHv(t")
AT - chp\/ﬁ 0 \/t t, zpcpﬁj — t, dt (7)
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T, corresponds to the measured bulk shear stress. Therefore Supplementary Equation 4 and
Supplementary Equation 7 are equivalent and can be used to estimate the PSZ bulk temperature
throughout the experiments.

It is assumed that the condition of Supplementary Equation 2 is met in all of the experiments as we
observed PSZs thinner than 150 um. It is important to note that the temperature rise calculated by
Supplementary Equation 4 is an estimate, as no additional heat sinks are accounted for apart from
heat diffusion. As reported in the main text, we did not observe the effect of endothermal processes
such as thermal decomposition and melting (apart from the limited microstructural evidence of
melting in the sodium chloride sample).

The thermal parameters used for the temperature calculations are reported in Supplementary Table
1.

Density Thermal Capacity Thermal Diffusivity
Rock p kg m> @l kg™t K* 1 10° m2s?
Anhydrite® 2950 721 2.5
Calcite™ 2700 700 1.48
Dolomite®® 2900 858 1.9
Sodium chloride™ 2160 916 1.2
Olivine (Fo91)"™ 3340 1060 0.85

Supplementary Table 1 | Thermal properties (at 300 K) of rocks used in the experiments. References are reported

below.



Supplementary Section VI | Normalized energies

From the best fit of experiments in this study it is possible to obtain A (Equation 1 in the main text),
which is expected to correspond to the activation energy (Q) of the macroscopic ductile deformation
normalized by the stress exponent (n) and the gas constant (R), A = Q/nR. Available values of Q/nR
obtained from previous studies are reported here for comparison. Note that the referenced studies
report values obtained at strain rates (y, €) several orders of magnitude (> 6) lower than those in

our high-velocity experiments.

this work previous work
Material - - References
V() owm) | Q/nR () owm | n)  Q/nR (Gs) | _m) Q/nR (Gss)

Calcite >10° <0.8 1950.804 <10% >5 (4.7) ~7607 (1.7) ~15106 Schmid et al., 1977 *°
Dolomite >10° <0.6 1238.735 <10* 225 (7 ~7216 (1.3) ~ 25906 Davis et al., 2008 "7
Anhydrite >10° <0.3 648.712 <10% =210 (9.5) ~2785 (1) ~12028 Dell'Angelo and Olgaard, 1995 '

Sodium Chloride >10° <8 815.215 <10° >100 (5.6) ~1718 - - Ter Heege et al., 2005 (wet rocksalt) '
Olivine (Fit 2) 2100 <3 | 1472210 | <104 227 | (3 ~21288® | (1.4) ~4q57ga |  Kereoandung, 2003 averaged) ¥
Faul and Jackson, 2007

Supplementary Table 2 | Normalized activation energies (A term in Equation 1 in the main text, where A = Q/nR)
obtained from best fit of experimental data in this work and from previous literature. Where available, Q/nR values
are reported along with the stress exponent (n) for grain size-insensitive (GSI) and grain size-sensitive (GSS) creep.
Most experiments were performed in fine-grained aggregates (grain sizes D < 10 um) at variable conditions (high-
temperature and high-pressure conditions) and much lower strain rates. Note that the referenced experiments
are compression tests, hence, strain rates are indicated with € rather than y (shear strain rate). References are

reported below.

It is worth noting that best fit parameters reported in literature are observed to evolve with
incremental deformation®??3, and can be considered constant only for limited ranges of strain?2.
Only a few studies report shear strains larger than 10 before failure???4, whereas rock deformation
at extreme, seismic shear strains (>> 103%) and strain rates > (103 s!) has not been previously
explored. A direct comparison between flow law parameters here derived and those measured at
low strain and strain rates could thus be potentially misleading. Future research should
systematically investigate whether these differences are due to a change in interplay between the
specific operating mechanisms, or to the intrinsic semi-empirical nature of the best fit parameters

in the flow laws?>.
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