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Oceanic transform faults that offset mid-ocean ridges slip through earthquakes and aseismic
creep. The mode of slip varies with depth and along strike, with some fault patches rupturing
in large, quasi-periodic earthquakes at temperatures <600 °C, while others slip through
creep and microearthquakes at temperatures up to 1000 °C in modeled thermal structure.
Rocks from both fast- and slow-slipping transforms show evidence of interactions with
seawater up to temperatures of at least 900 °C. Here we present a model for the mechanical
structure of oceanic transform faults based on fault thermal structure and the impacts of
hydration and metamorphic reactions on mantle rheology. Deep fluid circulation is

accounted for in a modified friction-effective pressure law and in ductile flow laws for olivine
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and serpentine. Incorporating observations of grain size reduction and hydrous mineralogy
from high strain mylonites results in a broad temperature range over which brittle and
ductile deformation can occur, 300-1000 °C. The ability of seawater to penetrate the fault
determines whether slip is accommodated at depth by seismic asperities or by aseismic creep
in weak, hydrous shear zones. Our results suggest that seawater infiltration controls the

extent of seismicity and spatiotemporal variations in the mode of slip.

Global studies of seismicity' and deformation experiments on olivine* suggest that 600-700 °C
is the thermal limit for earthquake nucleation on oceanic transform faults (OTFs). However, recent
ocean bottom seismometer (OBS) deployments on fast- and intermediate-slipping transforms have
located microearthquakes in the mantle at temperatures up to 1000 °C in modeled thermal
structure®®. The mode of slip is also observed to vary along-strike, with some fault patches hosting
large, quasi-periodic earthquakes while others arrest the propagation of large ruptures and slip
through intense swarms of deep microseismicity’. Rupture barrier zones show low seismic
velocities and high V,/Vs ratios indicating high porosity, which suggests a causal link between
hydrologic properties and the seismogenic behavior of the lithosphere®!°. Earthquake cycle models
demonstrate that increased dilatancy in these regions can account for observations of slow slip and
the arrest of large ruptures, but does not explain variations in the vertical extent of microseismicity

or along-strike variations in the mode of slip at temperatures >600-700 °C'!,

Deformed mantle rocks have been dredged from OTFs spanning a wide range of slip rates (Fig.
la) and provide constraints on the conditions and mechanisms of fault slip. In particular, high-

strain mylonites contain syn-deformational hydrous phases, signifying that fluids were present
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during ductile deformation'>!?. Analysis of mylonites from ultra-slow slipping faults on the
Southwest Indian Ridge (SWIR) indicates that fluids are derived from seawater and that fluid-rock
interactions occur up to at least 900 °C. In this study, we use temperature constraints from the
mylonites in combination with numerical models of fault thermal structure to construct a
rheological profile of OTFs that incorporates deep seawater circulation and fluid-deformation
feedbacks. We use this framework to explain OBS observations®® of along-strike variations in the

mode of slip and the extent of seismicity.

OTF Mylonites

Mantle mylonites have been dredged from numerous OTFs (Fig. 1a). The presence of syn-
deformational hydrous phases in fine-grained shear zones within mylonites indicates that they
formed under hydrous conditions (Fig. 1¢). We use these hydrous phases to classify mylonites in
terms of the temperature of deformation'®. Low temperature (LT) mylonites contain amphibole,
chlorite, and serpentine. Medium temperature (MT) mylonites contain both amphibole and
chlorite. High temperature (HT) mylonites contain amphibole as the only hydrous phase. LT to
HT mylonites with similar characteristics (very fine grain size compared to abyssal peridotites,
syn-deformational hydrous phases) have been recovered from the fastest- (Garrett) and slowest-
slipping (Shaka) transform faults (Supplementary Information Table 1). The high chlorine content
of hydrous minerals in SWIR mylonites (up to 1 wt%) indicates that the fluid source was seawater

(Fig. 1e).

The temperature during deformation of LT/MT/HT mylonites can be inferred from the stability

fields of hydrous minerals. However, the depth of deformation cannot be directly estimated from
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mineralogy, as none of the mineral compositions are pressure-sensitive. We therefore use fault
thermal models to convert temperature constraints into pressure/depth on the fault (Fig. 2a-b).
Three-dimensional thermal models were solved for the flow field and thermal structure of the
Shaka and Gofar transform faults (see Methods). We compare geotherms from the center of each

14-17 and

fault with the experimentally-derived upper stability limits of hydrous minerals
thermometry estimated based on orthopyroxene composition (Fig. 2¢). We designate LT/MT/HT

mylonite regions based on hydrous mineralogy and use these regions as the bounds on the pressure-

temperature conditions of deformation.

Fault rheology and fluid-deformation feedbacks

The mechanisms governing ductile deformation in OTF mylonites and their protolith can be
interpreted from the mylonite microstructures'?. Prior to deformation in the fault zone, the mantle
protolith is assumed to be coarse-grained peridotite formed by melt extraction within the
asthenosphere (Fig. 3a inset). This starting point corresponds to the pressure/depth at which the
fault is at the mantle potential temperature in the thermal models (see Methods). We use the grain
size and pressure-temperature conditions to construct deformation mechanism maps for the
protolith on Shaka and Gofar using olivine flow laws'®?? (Extended Data Figs. 1, 2). Flow law
equations and parameters are provided in Extended Data Table 2. For both faults, the protolith is
expected to deform by a combination of dislocation creep and grain boundary sliding at strain rates

of ~10°-10"" g7,

Once fluids are introduced into the fault zone, weak, fine-grained shear zones can form via a

positive feedback loop. The presence of fluids weakens olivine, increasing strain rate and
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decreasing grain size?' 2%, Fluids are drawn into rapidly-deforming zones?’, where the formation
of hydrous phases further weakens olivine through grain size reduction due to phase boundary
pinning!#?¢. The formation of mylonites from the mantle protolith represents a reduction in grain
size of 2-3 orders of magnitude. This process results in a change in the olivine deformation
mechanism from grain size-insensitive to grain size-sensitive creep'?, thereby strengthening the

fluid-deformation feedbacks.

Using the pressure-temperature conditions estimated for the mylonites, we construct deformation
mechanism maps for the LT/MT/HT regions using flow laws for olivine and serpentine (Extended
Data Figs. 1, 2). Amphibole and chlorite flow laws have not been developed. While laboratory
tests?’ and analyses of exhumed mantle shear zones?® suggest that amphibole is stronger than
olivine, in OTF mylonites, the proportion of amphibole is inversely correlated with olivine grain
size'>!®. This indicates that the rheological impact of amphibole is to weaken peridotite by pinning
olivine grain boundaries. At the average grain size of the fine-grained zones within the mylonites
(1-10 um), olivine deformation occurs entirely within the diffusion creep field and serpentine
deforms by dislocation creep?. Assuming iso-stress deformation®, the estimated strain rates for

the mylonites span over ten orders of magnitude (~10-10"'7 s!'; Extended Data Fig. 3).

Brittle-ductile deformation and seawater infiltration

To estimate the depth extent of brittle deformation and seawater infiltration, we calculate strength-
depth profiles for Shaka and Gofar using the modeled geotherms, measured grain sizes, and
estimated strain rates (Fig. 3). For each flow law, we consider the transition from brittle (pressure-

dependent) to ductile (temperature-dependent) behavior as the depth at which the flow law
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intersects the modified friction-effective stress line (Extended Data Fig. 4, Methods). The protolith
has an olivine grain size of ~1-5 mm and deforms by a combination of dislocation creep and grain
boundary sliding (Extended Data Figs. 1, 2). Under these conditions, olivine transitions from brittle
to ductile behavior at 22-24 km on Shaka and 6-7 km on Gofar. This represents the base of the

brittle-ductile zone and corresponds to a temperature range of ~900-1000 °C.

While our rheological model indicates that brittle deformation of olivine is possible at 1000°C at
slow (interseismic) strain rates, the amphibole minerals that form during hydration of the HT
mylonites are only stable at lower temperatures (Fig. 2c). Therefore, the stability limit of
amphibole represents a minimum estimate for the depth limit of seawater-mantle interactions on
OTFs. Hydrothermal fluids may percolate deeper, down to the base of the brittle-ductile transition,
but leave no mineralogical signature as no hydrous phases associated with peridotite are stable at
>900 °C. The Shaka mylonites contain healed fractures filled with fluid inclusions within
porphyroclasts, which suggests that hydration occurred at temperatures beyond amphibole stability

in the coarse-grained protolith!2.

The formation of hydrous peridotite mylonites results in a wide temperature range over which
brittle and ductile deformation are coeval. The base of this zone is defined by olivine in the HT
mylonites, which undergoes a transition from brittle to ductile behavior at ~700-900 °C. The
shallow extent of the brittle-ductile zone is defined by the rheology of serpentine, the weakest
phase in the LT mylonites®. Serpentine is frictionally weak compared to olivine (Byerlee’s law)*'~
3. As its frictional strength depends on a variety of factors, we use a depth-dependent friction

coefficient ranging from 0.1-0.6 based on values determined in experimental studies®'* (see
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Supplementary Information). The intersection of the serpentine flow law with the bounds on
frictional strength yields a temperature range of ~300-400 °C. The depth range of the brittle-ductile

transition zone where LT to HT mylonites can form is 4-22 km on Shaka and 1-5 km on Gofar.

Controls on the extent of seismicity on OTFs

The best geophysical constraints on the depth extent of brittle deformation on OTFs are
earthquakes recorded during OBS deployments on Gofar/Discovery/Quebrada on the fast-
spreading EPR>®? and Blanco on the intermediate-spreading Juan de Fuca Ridge® (Fig. 1a). These
studies show along-strike variations in the maximum depth of seismicity. On some fault patches
earthquakes are limited to depths corresponding to <600-700 °C in modeled thermal structure,
while on others seismicity extends into the mantle up to 1000 °C°. The thermal limit of seismicity
determined in OBS studies is consistent with our estimates of the temperature of the brittle-ductile
transition from the rheology of coarse-grained peridotite and mantle mylonites from Shaka. LT to
HT mylonites from Garrett transform fault (Fig. 1a), show nearly identical microstructures to the
Shaka mylonites, indicating that the same fluid-deformation feedbacks that occur on slow-slipping

transforms also take place on fast-slipping transforms>#3>.

Our calculations demonstrate that along-strike differences in mantle hydration can result in
spatiotemporal variations in the mode of slip on OTFs. Progressive hydration and the formation of
weak mantle mylonites increases the contribution of aseismic creep, decreasing seismic coupling
in the mantle. OBS observations of along-strike variations in the mode of slip on fast- and

5,7,36,37

intermediate-slipping transform faults support this model. On asperity patches, where large,

quasi-periodic ruptures occur, seismicity is limited to the crust, while in the barrier regions, where
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large ruptures stop, microseismicity extends into the mantle>°. Seismological studies of the Gofar
OBS dataset show low P-wave velocities and stress drops in the barrier regions, which is attributed
to enhanced hydrothermal circulation and alteration resulting from fault zone damage®3®.
Modeling of earthquake cycles on Gofar shows that enhanced dilatancy in damage zones results
in aseismic transients and rupture arrest in the seismogenic zone!l. This explains along-strike
variations in the mode of slip in the shallow part of the fault, but cannot explain differences in the
depth extent of seismicity between the asperity and barrier zones, as dilatancy is inhibited at higher

pressures.

Based on our rheological model, we propose that barrier regions on OTFs correspond to sections
of the fault where hydrated mylonite shear zones are not pervasive at depth (Fig. 4). These regions
instead contain relatively coarse-grained peridotite, which is expected to sustain brittle behavior
at greater pressure-temperature conditions compared to mylonites. This model is supported by our
observation that coarse-grained peridotites recovered from SWIR transform faults exhibit greater
fracture density and hydrothermal alteration compared to mylonites'>!3, consistent with
geophysical interpretations of the Gofar barrier region'®. The Gofar OBS data shows that
seismicity on asperity regions is limited to temperatures <600-700 °C°, in agreement with our
estimate of the thermal limit of brittle deformation in regions where MT/HT mylonites have
formed (Fig. 3b). This implies that asperity patches are underlain by weak, hydrated shear zones
where slip is accommodated by relatively rapid, aseismic creep. Accumulated aseismic slip in
these shear zones may be responsible for loading the shallow portion of the asperity regions, as

well as the deep portion of adjacent coarser-grained regions, possibly driving large ruptures in the

asperity regions and deep microseismicity in the barrier regions.
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Our results demonstrate that vertical and along-strike variations in the extent of seismicity on OTFs
can be explained by the impacts of deep seawater circulation on effective stress and fault rheology.
The formation of hydrous mantle mylonites over a broad temperature range (300-900 °C) allows
slip to be accommodated by aseismic creep. While variations in dilatancy can explain the slip
dynamics of seismic and aseismic patches in the crust'!, the formation of these patches and their
extent within the mantle are determined by seawater-rock interactions. Therefore, a new generation
of OTF models is needed that incorporate constraints on seawater infiltration from fault rocks, as
well as feedbacks between hydration, thermal structure, and fault rheology. Allowing the multi-
modal slip behavior observed on OTFs**3# to evolve dynamically over time will further our
understanding of how fluid flow in fault zones contributes to spatiotemporal variations in the slip

behavior of plate interfaces.
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Fig. 1 | Map and microstructures of oceanic transform fault mylonites. (a)
Global map of oceanic transform faults where mylonites have been recovered
(circles) and ocean-bottom seismometers have been deployed (triangles). Bolded
faults are discussed in the main text. (b) Serpentinized peridotite mylonite from the
fast-slipping Garrett transform fault. (c) Photomicrographs (plane polarized light)
of high, medium, and low temperature mylonites from the slow-slipping Shaka
transform fault. Amph - amphibole; Chl - chlorite; Serp - serpentine. (d) Electron
backscatter diffraction phase map of fine-grained, amphibole-rich bands within a
high temperature mylonite. (¢) Chlorine concentrations in hydrous minerals in

Shaka and Pr. Edward mylonites.

11
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Fig. 2 | Thermal models and hydrous mineralogy of oceanic transform faults.
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system (insets). See Extended Data Table 1 for model parameters. (c) (top) The
intersection of fault center geotherms with the hydrous mineral stability limits for
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distinguish low, medium, and high temperature (LT/MT/HT) mylonites. (bottom)
Mineral thermometry calculations (7ca in 0px) constrain the low temperature limit of

ductile recrystallization in SWIR mylonites'?.

Fig. 3 | Strength-depth profiles for slow- and fast-slipping OTFs. The
intersection of each flow law with the friction lines represents the transition from
brittle to ductile behavior. The lines usyerce and pserp represent the frictional
strengths of olivine and serpentine (see Methods). Each colored region corresponds
to flow laws calculated over the range of estimate deformation conditions
(Supplementary Information Table 5). (a) Shaka. Insets show characteristic
protolith and mylonite microstructures. (b) Gofar segment 3. Histograms show the
earthquake count in the asperity and barrier regions from the 2008 OBS

experiment>®. The Moho depth was determined by seismic tomography®.
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Fig. 4 | Vertical and along-strike variations in seismicity on OTFs. Fully
coupled seismic asperity patches (grey boxes) are limited in vertical extent by the
600-700 °C isotherm, below which weak mylonite shear zones (colored bands) can
form. Asperity regions are separated by barrier regions that slip through aseismic
creep and microearthquakes that extend into the mantle lithosphere. Over time,
these rupture barriers may become asperity patches as mantle rheology and

mineralogy evolve with progressive hydration and strain.
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Data Availability
OTF mylonite and OBS deployment locations are provided in the Supplementary Information.
OTF mylonite compositional data is available at EarthChemLibrary

(http://www.earthchem.org/library) at the identifier doi:10.1594/IEDA/111356. The Gofar seismic

data is available from the IRIS Data Management Center

(https://www.fdsn.org/networks/detail/ZD _2007/).

Code Availability
The codes used to generate the thermal models, deformation mechanism maps, and strength-depth

profiles can be accessed at https://github.com/ahkohli/OTFs.
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Methods

Thermal model. Thermal models were constructed using the finite element software package
COMSOL Multiphysics (v.4.2a). In the models, ductile deformation follows a viscoplastic,
temperature-dependent flow law, which has the form:

&= Ao"e P (1)

where strain rate (€ ) is a function of the pre-exponential constant (4), differential stress (o), stress

exponent (n), activation energy (E), molar gas constant (R), and temperature (7).

Brittle deformation follows Byerlee’s Law**, where the maximum shear stress (zmax) is a function

of the friction coefficient («), normal stress (on), and cohesive strength (zo):

T =HO +7T, )
The inclusion of a temperature-dependent viscosity and a frictional failure law causes enhanced
upwelling below the transform fault compared to thermal models that do not incorporate
deformation®**. This results in a warmer thermal structure overall, although the isotherms do not
converge upwards when approaching the ridge axis, which creates a lower thermal gradient near
the ridge*. The estimated mantle potential temperature for Shaka is 1380 °C>°, which is relatively
high due to the passage of the Bouvet mantle plume*. For Gofar, the mantle potential temperature
is assumed to be slightly lower, 1300 °C*°. Values for thermal model parameters are provided in
Extended Data Table 1. The ridge and fault geometry in the models is based on bathymetry data.
Shaka is modeled as a single, 200-km long segment, while Gofar is discretized into 3 fault

segments separated by small spreading ridges®.
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The ductile rheology is a dislocation creep flow law for dry olivine!®, which is grain size
insensitive. The fine-grained layers of the Shaka mylonites are predicted to deform by wet
diffusion creep (which is grain size sensitive), however the model is not currently designed to
allow for the ductile flow law to vary spatially or temporally. The thermal model also does not
account for deep hydrothermal circulation. The amount of cooling due to shallow hydrothermal
circulation results in ~1-2 km deepening in the thermal structure?’, so extending fluid infiltration
would further deepen (cool) the thermal structure. Grain size sensitive creep and enhanced
hydrothermal circulation should be incorporated in future models in order to more accurately
reflect the conditions of mylonite deformation. In addition, while secondary phases (pyroxene,
amphibole) are important to mylonite deformation'?, our calculations only consider a pure olivine
system. At present, flow laws for olivine-pyroxene or olivine-amphibole systems at mantle
compositions are not available, though experiments have been conducted for more Fe-rich olivine-
pyroxene mixtures*®. As the extrapolation of this flow law to mantle compositions is unknown, the
pure olivine flow law remains the best option for assessing the impacts of strain localization and
hydration on fault rheology. However, our observation that the presence of hydrous phases

12,13

weakens peridotite suggests that the brittle-ductile transition may be shallower than predicted

by olivine flow laws.

Strength-depth profiles. Brittle deformation is represented by frictional equilibrium for transform
faults®, in which the strength of the lithosphere is the differential stress.
(01—03):p'(an—Pf)+ A 3)

on is the fault normal stress, Py is the pore fluid pressure and 7o is cohesion. The parameter u

represents the minimum stress conditions to initiate fault slip, given a coefficient of friction, u.
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K =2p] (i +1)" @)
The effective overburden pressure, ov, with depth, z, is given by:

o, = pgz(l-2) (%)
in which p is density, g is acceleration due to gravity, and 4 is the ratio of the pore fluid pressure,
Py, to the overburden. Following previous studies®’, we assume that the fault normal stress is equal
to the overburden. This is a reasonable assumption considering that OTFs are in normal/strike-slip
stress state, so the vertical stress (overburden) and maximum horizontal stress are equal. We
employ a modified effective pressure law to account for the temperature dependence of viscous
creep (Supplementary Information Eqn. 4), which is discussed in detail in the Supplementary
Information. In accordance with Byerlee’s law*, 4=0.85 in the shallow crust (P<0.2 GPa) and
1=0.6 at depth. In Fig. 3, we consider conditions of hydrostatic pore pressure (4=0.4) and friction
coefficients for olivine, #=0.6%, and serpentine #=0.1-0.6. The frictional strength of serpentine is
dependent on the specific polymorph, slip velocity, and pressure-temperature, so we use a depth-
dependent frictional strength based on relevant experimental data®'* (see Supplementary

Information).

Ductile deformation is represented by a viscoplastic, temperature-dependent flow law similar to
Eqn. 1. Depending on the state of the fault zone (protolith or mylonite), the strain rate also depends
on water content and grain size. The general form of the flow law for dislocation creep and

diffusion creep is:

&= Ao.ndegHe—(E+PV)/RT (6)
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in which d is the grain size, p is the grain size exponent, Con is the water concentration, r is the
water concentration exponent, P is pressure, and V is the activation volume. The form of the flow
law for low temperature plasticity is:
o
) . RT\ o,
€=40"C,e (7)
where op is the Peierls stress and p and ¢ are non-dimensional parameters that describe dislocation

motion. The flow law parameters are provided in Extended Data Table 2.
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470

471 Extended Data

Material properties

Mantle lithosphere density 3300 kg m*
Water density 1000 kg m*3
Reference viscosity 1x10'° Pa's
Maximum viscosity 1x10%* Pa's
Thermal conductivity 3WmlK!
Specific heat 1000 J kg' K!

Gas constant

8.3145 J mol' K!

Olivine flow law

Dry dislocation creep'®

Coefficient of friction 0.85

Cohesion 20 MPa
Gravitational acceleration -9.81 m s?
Boundary conditions (Shaka)

Length of fault segment 200 km
Length of ridge segments 50 km

Shaka full spreading rate 12.92 mm yr'!
Surface temperature 0°C

Mantle potential temperature 1380 °C**
Boundary conditions (Gofar)

Length of fault segment (3) 95 km

Length of ridge segments 50 km/ 14 km
Full spreading rate 124.55 mm yr’!
Surface temperature 0°C

Mantle potential temperature 1300 °C4
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Extended Data Table 1 | Material properties and boundary conditions for fault

thermal models (Fig. 2a-b).

Olivine
*q (umPs? | E(kJ
Mechanism n P r V (10°m*mol') | o, (GPa) | Reference
MPa™) mol!)
1 -3 - 1.50E+09 375 2 - 18
Dry diffusion creep
- - - 3.98E+07 - - - 19
Dry GBS 2.9 -0.7 - 5.01E+04 445 18 - 19
Dry dislocation
3.5 0 - 1.10E+05 520 14 - 18
creep
Dry LTP 2 0.5 - 1.40E-07 320 0 5.9 4
Wet diffusion
1 -3 1 4.00E+05 335 4 - 18
creep
Wet GBS 3 -1 1.25 1.29E+01 423 17.6 - 20
Wet dislocation
3.5 0 1.2 3.00E+01 480 11 - 18
creep
Wet LTP 2 0.75 - 1.26E+07 518 - 2.1 42
Serpentine
A (umPs! E (kJ
Mechanism n P r V (10°m*mol!) | o, (GPa) | Reference
MPa™) mol™)
Wet dislocation
3.8 0 - 1.80E-17 8.9 32 - 2
creep

Extended Data Table 2 | Flow laws and constitutive parameters used in

deformation mechanism maps (Extended Data Figs. 1, 2) and strength-depth

profiles (Fig. 3). *The value of 4 has been adjusted from the original references to

account for revised estimates of the water content in the experimental samples*.

GBS - Grain boundary sliding; LTP - Low temperature plasticity.
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Extended Data Fig. 1 | Deformation mechanism maps for Shaka transform fault

calculated using the flow law parameters in Extended Data Table 2. (a) Protolith.

(b) HT mylonite. (¢) MT mylonite. (d) LT mylonite.
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Extended Data Fig. 4 | Modified friction-effective stress relationship for the Shaka
transform fault for (a) olivine and (b) serpentine calculated using hydrostatic
(4=0.4) pore pressure. The pore fluid factor, a, decreases from 1 at the surface to 0
at the brittle-ductile transition as the normal stress on asperity contacts nears the

yield strength.
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	where strain rate () is a function of the pre-exponential constant (A), differential stress (σ), stress exponent (n), activation energy (E), molar gas constant (R), and temperature (T).
	Brittle deformation follows Byerlee’s Law44, where the maximum shear stress (τmax) is a function of the friction coefficient (µ), normal stress (σn), and cohesive strength (τ0):
	(2)
	The inclusion of a temperature-dependent viscosity and a frictional failure law causes enhanced upwelling below the transform fault compared to thermal models that do not incorporate deformation3,45. This results in a warmer thermal structure overall,...
	The ductile rheology is a dislocation creep flow law for dry olivine18, which is grain size insensitive. The fine-grained layers of the Shaka mylonites are predicted to deform by wet diffusion creep (which is grain size sensitive), however the model i...
	Strength-depth profiles. Brittle deformation is represented by frictional equilibrium for transform faults49, in which the strength of the lithosphere is the differential stress.
	in which ρ is density, g is acceleration due to gravity, and λ is the ratio of the pore fluid pressure, Pf, to the overburden. Following previous studies50, we assume that the fault normal stress is equal to the overburden. This is a reasonable assump...
	Ductile deformation is represented by a viscoplastic, temperature-dependent flow law similar to Eqn. 1. Depending on the state of the fault zone (protolith or mylonite), the strain rate also depends on water content and grain size. The general form of...
	(6)
	in which d is the grain size, p is the grain size exponent, COH is the water concentration, r is the water concentration exponent, P is pressure, and V is the activation volume. The form of the flow law for low temperature plasticity is:
	(7)
	where σP is the Peierls stress and p and q are non-dimensional parameters that describe dislocation motion. The flow law parameters are provided in Extended Data Table 2.
	Extended Data Table 1 | Material properties and boundary conditions for fault thermal models (Fig. 2a-b).

