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Abstract

Rate-and state-friction is an empirical framework that describes the complex velocity-, time-, and slip-dependent phenomena
observed during frictional sliding of rocks and gouge in the laboratory. Despite its widespread use in earthquake nucleation and
recurrence models, our understanding of rate-and state-friction, particularly its time-and/or slip-dependence, is still largely em-
pirical, limiting our confidence in extrapolating laboratory behavior to the seismogenic zone. While many microphysical models
have been proposed over the past few decades, none have explicitly incorporated the effects of strain hardening, anelasticity,
or transient viscous rheology. Here we present a new model of rock friction that incorporates these phenomena directly from
the microphysical behavior of lattice dislocations. This model of rock friction exhibits the same logarithmic dependence on
sliding velocity (strain rate) as rate-and state-friction and predicts a dependence on the internal backstress caused by long-range
interactions among geometrically necessary dislocations. Changes in the backstress evolve exponentially with plastic strain of
asperities and are dependent on both the current backstress and previous deformation, which give rise to phenomena consistent
with interpretations of the ‘critical slip distance,” ‘memory effect,” and ‘state variable’ of rate- and state-friction. Fault stability
in this model is controlled by the evolution of backstress and temperature. We provide several analytical predictions for RSF-
like behavior and the ‘brittle-ductile’ transition based on 2 microphysical mechanisms and measurable parameters such as the

geometrically necessary dislocation density and strain-dependent hardening modulus.
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Abstract

Rate- and state-friction is an empirical framework that describes the complex velocity-, time-, and
slip-dependent phenomena observed during frictional sliding of rocks and gouge in the laboratory. Despite
its widespread use in earthquake nucleation and recurrence models, our understanding of rate- and state-
friction, particularly its time- and/or slip-dependence, is still largely empirical, limiting our confidence in
extrapolating laboratory behavior to the seismogenic zone. While many microphysical models have been
proposed over the past few decades, none have explicitly incorporated the effects of strain hardening,
anelasticity, or transient viscous rheology. Here we present a new model of rock friction that incorporates
these phenomena directly from the microphysical behavior of lattice dislocations. This model of rock
friction exhibits the same logarithmic dependence on sliding velocity (strain rate) as rate- and state-friction
and predicts a dependence on the internal backstress caused by long-range interactions among geometrically
necessary dislocations. Changes in the backstress evolve exponentially with plastic strain of asperities and
are dependent on both the current backstress and previous deformation, which give rise to phenomena
consistent with interpretations of the “critical slip distance,” ‘memory effect,” and ‘state variable’ of rate-
and state-friction. Fault stability in this model is controlled by the evolution of backstress and temperature.

We provide several analytical predictions for RSF-like behavior and the ‘brittle-ductile’ transition based on
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microphysical mechanisms and measurable parameters such as the geometrically necessary dislocation
density and strain-dependent hardening modulus.
Plain Language Summary
For decades, the friction coefficient between two rocks has been known to depend on the time in contact
and previous sliding. This framework, called rate- and state-friction, has been notoriously difficult to
explain using physical arguments, despite its utility in understanding the earthquake cycle. Conventional
interpretations of rock friction often invoke the occurrence of permanent deformation at microscopic scales,
but an explanation of the ‘memory-dependence’ (the dependence on previous sliding) has remained elusive.
In this paper, we consider the defects in the material (dislocations) that are generated and stored by
permanent deformation. Over time, a rock accumulates dislocations which results in an apparent memory
effect. We predict the abundance and interactions between these dislocations with small changes in the
deformation of the surfaces. Specifically, we take into account the interactions between these defects, which
strengthens the material, ultimately leading to a friction coefficient that depends on time and previous
deformation, like in rate- and state-friction. From our theory, we make quantitative predictions about the
frictional behavior of rocks in the laboratory and in nature based on measurable material properties.
Keywords
Friction; plasticity; strain hardening; backstress
Key points
e \We derive rate- and state-frictional behavior by considering dislocation glide and the evolution of
interactions between dislocations.
o Our ‘state evolution’ law acts similarly to the slowness and slip laws under different assumptions
and testing conditions.
o We predict the brittle-ductile transition with a microphysical framework that depends on
temperature and backstress evolution.

1. Introduction
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Rate- and state-friction (RSF) has been used for decades to describe the frictional sliding of rocks
and gouge in the laboratory (Marone, 1998; Scholz, 2002). Although it is empirical in nature, it has been
applied successfully to explain phenomena in the context of both seismic slip (e.g., Dieterich, 1992; Lapusta
et al., 2000; Rubin & Ampuero, 2005; Ampuero & Rubin, 2008) and slow slip events (e.g., Shibazaki &
lio, 2003; Rubin 2008; Ikari et al., 2013; Kaproth & Marone, 2013; Hawthorne & Rubin, 2013a; Hawthorne
& Rubin, 2013b; Leeman et al., 2016; Im et al., 2020). Because of its widespread use and importance in
interpreting the emerging richness of fault slip behaviors, understanding the physical mechanism(s) that
give(s) rise to RSF in the laboratory and in nature is a critical outstanding goal in geophysics.

Decades of work to describe the microphysics of RSF for intact rocks and gouge, typically using a
thermally activated rheology, have led to an improved understanding (e.g., Brechet & Estrin; 1994; Estrin
& Brechet, 1996; Rice et al., 2001; Bos & Spiers, 2002; Niemeijer & Spiers, 2007; Putelat et al., 2010; Bar-
Sinai et al., 2014; Hatano, 2015; Noda & Takahashi, 2016; Ikari et al., 2016; Chen et al., 2017; Molinari &
Perfettini, 2017; Perfettini & Molinari, 2017; Tian et al., 2018; van den Ende et al., 2018; Aharonov &
Scholz, 2018; 2019; Barbot, 2019; Verberne et al., 2020; Chen et al., 2020), but significant uncertainties
still remain when extrapolating beyond the relatively limited set of conditions tested in the laboratory. In
particular, frictional behavior near the brittle-ductile transition has remained poorly constrained, despite
some high-temperature laboratory experiments (Stesky, 1978; Blanpied et al., 1991; Chester & Higgs, 1992;
Chester, 1994; Blanpied et al., 1995; 1998; Boettcher et al., 2007; King & Marone, 2012). In addition,
because RSF describes both steady-state and transient frictional behavior, our limited understanding of
transient rheology in geologic materials has hindered further theoretical development.

Here, we utilize classical Bowden & Tabor (1950) friction theory and elastoplastic contact
mechanics like many previous authors. However, motivated by recent advances in the understanding of the
microphysics of deformation in olivine (Hansen et al., 2019; Wallis et al., 2020; Hansen et al., 2021; Thom
etal., 2021; Breithaupt, 2021), our model explicitly incorporates strain hardening and transient deformation,
which have not been previously considered for rock friction. We account for these effects in our model by

utilizing the indentation hardness at the appropriate length scale of asperities and the plasticity flow law of
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Hansen et al. (2019), which explicitly includes nominally temperature-independent strain hardening, which
gives rise to an internal ‘backstress’ that resists further deformation. A schematic picture of this model is
presented in Figure 1, where we demonstrate that the real contact area is determined by the indentation
hardness, while the shear strength of an average asperity is determined by a combination of dislocation
glide and backstress (which together result in ‘low-temperature plasticity’) in the deforming volume.
Backstress is expected to increase frictional resistance by pre-hardening asperities, as demonstrated
schematically in Figure 1. Furthermore, accounting for this backstress and its evolution results in a memory,
or state, dependence that is different from other proposed mechanisms.

We will first briefly review the empirical equations of RSF and summarize the salient laboratory
observations that provide the basis for these formulations in Section 2. The low-temperature plasticity and
strain hardening constitutive laws will be introduced in Section 3, followed by the full description of our
model in Section 4. We provide testable laboratory hypotheses and outline the implications for lithospheric
strength and the brittle-ductile transition in Section 5.

2. Rate- and state-friction (RSF)
2.1 Basic equations and observations

The frictional sliding of rocks and fault gouge is typically described using the framework of rate-
and state-friction (RSF), which is a set of empirical equations that capture the complex velocity-, time-, and
displacement-dependent friction coefficient (Dieterich, 1972; Dieterich, 1978; Ruina, 1983; Marone, 1998;

Scholz, 2002). In this model, the current friction coefficient p is a function of current sliding velocity V and

Vv %9)
L= o +aln | — +bln( ,
S (Vb) D Eq. 1

where | is the steady-state friction coefficient at reference velocity Vo. The unitless coefficients a and b

state variable 6, given by

describe the magnitude of two competing effects, known as the ‘direct effect’ and the ‘evolution effect,’

which will be discussed in more detail below.
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The state variable 8 has units of time, and Dc is referred to as the “critical slip distance,” or the
‘memory distance,” which is a length scale related to the distance the fault needs to slip to reach the new
steady-state upon a change in the ‘state variable.” The ‘critical slip distance’ is often interpreted to be the
average (or maximum) size of microscopic contact junctions on the surface, called asperities, which are
inferred to deform plastically (Dieterich & Kilgore, 1994; 1996). The most common empirical descriptions
of state evolution, or how the state variable changes with time (t) and slip are the slowness law (also known

as the aging law) (Dieterich, 1978) and the slip law (Ruina, 1983), given by

o _ VY
dt D. Eq. 2

and

le, Vo (Vﬂ)
=——1In ,

dt D, \D. Eq. 3

respectively. A key difference exists between these two formulations, which has major implications for the
frictional evolution and nucleation behavior of faults. The state variable in the slowness law (Eg. 2)
increases with time at zero sliding velocity, whereas the slip law (Eq. 3) requires slip for the ‘state’ to
evolve. The slip law has generally become more favored in recent years (e.g., Bhattacharya et al., 2015;
2017), but despite decades of experiments and theoretical considerations, neither state evolution law can
explain all of the available data or observations. Hybrid state evolution laws that combine aspects of both
time- and slip-dependent laws also cannot reproduce all of the laboratory observations (Perrin et al., 1995;
Kato & Tullis, 2001; Nagata et al., 2012).

The ‘direct’ and ‘evolution effect’ are most easily observed in a ‘velocity-step’ friction test, which
begins with a laboratory fault sheared at velocity Vo, yielding a steady-state value of friction, . Upon a
step up (or down) to the new velocity V, friction increases (decreases) abruptly by a factor of a (the “direct

effect’) and then decays (grows) exponentially over a characteristic slip distance (D¢) by a factor b to a new

steady-state level (the ‘evolution effect’) due to ‘state evolution’. Assuming at steady-state that 0,

one can write
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V
i = po+ (a—b)ln (vo)

Eq. 4

to describe fault stability. A necessary requirement for earthquake nucleation is that the relative magnitudes
of aand b yield a decrease in friction with increasing V (i.e., a-b < 0), known as velocity-weakening friction
(Rice, 1983; Rice & Ruina, 1983; Gu et al., 1984). This behavior is distinct from the typical increase in
material strength with increasing deformation rate.

The ‘evolution effect’ is also studied indirectly in ‘slide-hold-slide’ (SHS) tests. After steady-state
sliding at some velocity, the load-point velocity is held at zero for a set period of time, followed by
resumption of sliding at the pre-hold velocity. The shear strength of the interface increases during the hold,
such that friction in excess of the steady-state value must be overcome upon re-loading. Stress relaxation,
lateral slip, and fault-normal creep of asperities on the interface occur during the hold, making it difficult
to distinguish the correct state evolution equation to use (i.e., time- or slip-dependent). Once sliding re-
initiates and the peak friction is reached, friction drops to the previous steady-state value. The value of the
change in friction, or alternatively the peak friction, increases approximately linearly with the logarithm of
time held in quasi-stationary contact (Dieterich, 1972).

2.2 Interpretations of RSF phenomena

The direct effect is attributed to thermally-activated processes (e.g., Rice et al., 2001; Nakatani,
2001; Hatano, 2015; Tian et al., 2018) and thus modeled as having a logarithmic dependence on velocity
(Eg. 1). This dependence is seen in experiments ranging from investigations of atomic stick-slip in atomic-
force microscopy (Liu et al., 2015) to the macroscopic frictional behavior of rocks (Marone, 1998). The
physical origin of the direct effect is typically attributed to thermally-activated slip via either shear creep
or pure interfacial slip (Rice et al., 2001). A statically-loaded frictional interface consists of asperities such
that sliding requires overcoming energy barriers. The applied shear force is thus assisted by thermal energy.
The slower the slip rate, the more time thermal vibrations have to assist in overcoming the energy barrier,
yielding increasing friction with increasing velocity. In terms of bulk deformation, one might also derive

the logarithmic dependence from the strain rate depending exponentially on the differential stress, assuming
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some layer thickness over which sliding is accommodated (e.g., Ruina, 1981; Sleep, 2006), as in most
constitutive laws for low-temperature plasticity. For example, the magnitude of the direct effect in olivine
friction experiments is in agreement with that predicted from the rate-dependence of low-temperature
plasticity flow laws (Boettcher et al., 2007; King & Marone, 2012).

In contrast, the physical basis for the evolution effect remains uncertain. The conventional view
states that changes in friction due to the ‘evolution effect’ arise from changes in the real contact area (e.g.,
Dieterich & Kilgore, 1994; Boettcher et al., 2007). However, observations from friction experiments on
rocks and analogue materials indicate that friction and contact area are not well correlated during the
transient phase of sliding. For example, in the experiments performed by Dieterich and Kilgore (1994),
friction varies in velocity-step experiments in association with changes in the measured contact area.
However, the contact area varies in a stepwise fashion at velocity steps, whereas friction is observed to
evolve more slowly than a step function (see their Fig. 8). Similar conclusions have been reached in more
recent rock friction experiments wherein acoustic transmissivity through the frictional interface, a proxy
for contact area, is measured simultaneously with friction (Nagata et al., 2008; Kilgore et al., 2012; Nagata
etal., 2014; Kilgore et al., 2017). Although the machine is resonating slightly in their velocity steps, Nagata
et al. (2014) presented data in which the contact area (measured by two separate methods) instantaneously
decreases upon an increase in the sliding velocity, but then increases slightly over time to a new steady-
state value. The shear stress appears to evolve over a similar timescale, but it is clearly not synchronized
directly with the contact area. Thus, a one-to-one correlation between contact area and shear stress cannot
be inferred. Additionally, in the normal stress-stepping experiments of Kilgore et al. (2012) and Kilgore et
al. (2017), contact area changes rapidly, while additional time (or slip) is required for friction to evolve
completely after a step. Clearly, friction and contact area are related, but changes in contact area alone
cannot explain changes in friction. This is also the conclusion of nanoindentation tests on quartz at low and
high humidity, which sought to test the effect of water on the room temperature creep behavior of asperities
(Thom et al., 2018).

3. Recent advances in low-temperature plasticity and transient rheology
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Recent experiments have improved our physical understanding of low-temperature plasticity, strain
hardening, and transient deformation in geologic materials. Hansen et al. (2019) performed cyclic
deformation tests in a D-DIA apparatus wherein single crystal and polycrystalline olivine samples were
deformed alternately in compression and extension at room temperature and elevated temperature (873 K
or less). When initially deformed in compression, samples with different grain sizes and single crystal
orientations yielded plastically at stresses of 1.8 to 4.1 GPa, with the yield stress increasing with decreasing
grain size in a manner consistent with that suggested by Kumamoto et al. (2017). Importantly, after initially
yielding in compression, all samples strain hardened by an additional 1.5 to 2 GPa before reaching a steady-
state flow stress after several percent plastic strain. Upon reversing the sense of deformation to extension,
the same samples plastically yielded in the opposite direction at stresses smaller than the initial yield stress
due to the addition of a backstress, which is an internal stress that is directed opposite to the initial applied
stress (Dieter, 1986 and references therein). In the Hansen et al. (2019) experiments, one sample even
yielded in extension while still under a small positive differential stress (i.e., a compressional stress),
implying that the backstress was larger than the initial yield stress (see data for San389bottom in Hansen et
al., 2019). This mechanical behavior represents ‘reverse flow’ as the sample is unloaded from a
compressional stress to zero differential stress. At sufficiently rapid unloading rates, this deformation will
appear to be anelastic, meaning the deformation is both recoverable and time-dependent. This behavior has
also been noted in room-temperature nanoindentation experiments on the same material (Thom et al., 2021).

Backstresses arise due to long-range elastic interactions among geometrically necessary
dislocations (GNDs), which are dislocations of the same sign required to maintain compatibility at grain
boundaries or to allow curvature of the crystal lattice (e.g., Ashby, 1970). If the strain field accommodating
plastic deformation is non-uniform (i.e., a strain gradient exists), GNDs must exist to accommodate
incompatibilities (Ashby, 1970). During strain hardening, the density of GNDs increases until the rate of
dislocation generation is balanced by recovery mechanisms such as dislocation climb, cross-slip, or
annihilation. This increase in GND density (alternatively, the decrease in average GND spacing) results in

an increasing backstress described by the Taylor equation (Taylor, 1934),



207

208

209

210

211

212

213

214

215

216

217

218

219

220

221

222

223

224

225

226

227

228

229

230

231

o, = aGby\/panp, Eq.5

where 0, is the backstress, « is a constant (approximately 3 in many geological materials as demonstrated
by Thom et al., 2021), G is the shear modulus, by is the Burgers vector, and £GND is the density of
geometrically necessary dislocations. Subsequent investigations of the microstructures of the samples in
Hansen et al. (2019) revealed alternating bands of elevated GND densities with spacings of 1-100 um and
residual stress heterogeneity of up to +/- 3 GPa, supporting the assertion that the build up of GNDs and
long-range elastic interactions among them gives rise to the backstress (Wallis et al., 2020; 2021).

All studies using plastic rheology for rock friction, and most other studies of plasticity in geological

materials utilize a flow law of the form

. g FE+ PV* 1 o P\ ¢
Errp — A0 exp RT O’P(P) | Eq 6

where £_1e is the low-temperature plasticity strain rate, A is a material parameter, o is the differential stress,

n is the stress exponent, E is the activation energy, P is the confining pressure, V* is the activation volume,
R is the gas constant, T is the absolute temperature, p and g are constants, and o, is the Peierls stress. The
stress exponent, n, in this formulation typically has a value of 0 or 2 in studies of olivine (see review in
Proietti et al., 2016), and the constants p and g can take on values between 0.5 and 2 depending on the
assumed shape of energy barriers opposing dislocation glide (Kocks, 1976). The values p and q are
notoriously difficult to constrain, as demonstrated by Jain et al. (2017). For box shaped potentials caused
by local interactions between evenly spaced obstacles, Frost & Ashby (1982) suggest p and g should both
be equal to 1, which are the values assumed in the work of Hansen et al. (2019). The Peierls stress oy,
sometimes loosely referred to as ‘lattice friction,’ is the inherent resistance to dislocation glide from the
crystal lattice at 0 K. The Peierls stress is usually assumed to have a negligible dependence on pressure, but
a pressure term like that shown in Eq. 6 is sometimes included (e.g., Kawazoe et al., 2009; Proietti et al.,
2016).

Because low-temperature plasticity flow laws are typically calibrated to the yield stress or flow

stress, they do not explicitly incorporate the transient effects of strain hardening. Hansen et al. (2019)
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presented a model with a different microphysical and mathematical basis to account for dislocation-induced
backstresses. A slightly modified version of a plasticity flow law was presented in Hansen et al. (2021),

who wrote the strain rate as

. FE . E o—o
gurp = Apexp “RT sinh BT o co 7
, g.

where £ is the dislocation density and oy, is the backstress. The quantity @ — @ is defined as the ‘effective
stress,” which controls the rate of dislocation glide. Note that this effective stress is not equivalent to the
term of the same name commonly used in studies related to the effects of pore pressure in rocks. The use
of the hyperbolic sine function here allows for both positive and negative stresses to be considered (and
thus both positive and negative strain rates). Hansen et al. (2019) initially constrained the values of these
flow law parameters for olivine, and Hansen et al. (2021) re-calibrated the flow law using available high
temperature data for the same deformation mechanism (i.e., dislocation glide). This formulation has not yet
been applied to other geological materials, but values could be derived with a focused study on important
crustal minerals.

We can rewrite Eq. 7 as

ELT E
o= sinh™! lﬂexp (—)1 + oy,
E Ap RT Eq. 8

to evaluate the axial differential stress felt by the sample (i.e., the applied stress). This equation highlights

that the differential stress is the sum of two terms. The first effectively describes the “yield stress,” which
is thermally activated and a function of the strain rate. The second term is simply the ‘backstress,” which
opposes further deformation and results from the interactions among GNDs (see Eqg. 5). Hansen et al. (2019)
found the backstress to be independent of both grain size and temperature over the range tested. Backstress
only evolves as a function of GND density, which Hansen et al. (2019) simply parameterized as a function

of strain using

dO’b

e = f}/[o-b,max - Sgll(é[))U}J]
P : Eq. 9

10
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where vy is a rate constant, opmax iS the maximum backstress, € is the plastic strain and £pis the plastic strain
rate. Although Eg. 9 was employed empirically in Hansen et al. (2019), it has a microphysical basis. The
product yonmax IS Closely related to the dislocation nucleation rate and initial hardening modulus at the yield
point (Armstrong & Frederick, 1966; Mecking & Kocks, 1981; Hansen et al., 2021). We can solve Equation
9 analytically as
ob(2p) = sgn(£p)Tbmax + (0,0 — 58N(E})Tbmax)exp(—yepsgn(€h)),  Eq. 10

where oy is the initial backstress. The plastic strain-rate terms allow for the backstress to be determined as
a function of time, and the incorporation of the sign function allows for both positive and negative
deformation rates. Equation 10 suggests that when plastic strain is being accrued (in either a positive or
negative direction), the backstress evolves in an exponential fashion and is dependent on the initial
backstress. We will illustrate in Sections 4 and 5 that Eq. 10 effectively acts as a ‘state evolution’ law, for
which changes in backstress reflect changes in the ‘state,” and therefore friction. Interestingly, because
backstress evolution is strain-rate dependent, the evolution has a dependence on both time and slip (through
a proxy strain dependence), consistent with interpretations of both Egs. 2 and 3.
4. A microphysical model for rock friction
4.1 Surface roughness and contact mechanics

As a result of surface roughness, only a small percentage of the apparent area of contact between
two surfaces is truly in contact (e.g., Greenwood & Williamson, 1966; Bush et al., 1975; Dieterich &
Kilgore, 1994; 1996; Persson, 2001; Hyun et al., 2004; Pei et al., 2005; Nagata et al., 2014; Kilgore et al.,
2017; Thom et al., 2017), and numerous studies have demonstrated that both natural and laboratory fault
surfaces exhibit self-affine fractal surface roughness (e.g., Renard et al., 2006; Candela et al., 2012; Brodsky
et al., 2016; Thom et al., 2017; Harbord et al., 2017). Assuming that the mean contact stress on asperities
is equal to the indentation hardness, H (in agreement with the results of Thom et al., 2017), the real contact

area (Ar) between two self-affine surfaces is given by

po L
H, Eq. 11

11
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where F, is the nominal normal force. We note that Thom et al. (2017) demonstrated that indentation
hardness was scale-dependent (i.e., smaller indents had higher hardness) in a manner consistent with
predictions from Brodsky et al. (2016) based on surface roughness measurements. Several other studies
have identified a similar magnitude size effect in the plastic deformation of geologic materials (Kumamoto
et al., 2017; Thom et al., 2018; Thom & Goldsby, 2019; Koizumi et al., 2020), suggesting that the real
contact area of a surface is indeed controlled by its scale-dependent hardness (Thom et al., 2017). The effect
of scale-dependent strength on contact mechanics has been considered theoretically by Persson (2006), but
few studies have addressed the problem (Venugopalan et al., 2019; Tiwari et al., 2020). Thus, we will
neglect the scale-dependence here and use the hardness at the inferred length scale of asperities, De.

4.2 Bowden & Tabor friction with strain hardening

Bowden & Tabor (1950) suggested that
Fy = TA;, Eq. 12

where Fs is the average friction force (shear force), and t is the average shear strength of asperities. Using

Eq. 11, we can also write this as

=

j
T Th Eq. 13

Dividing both sides of Eq. 13 by the normal force gives

Fy
_:#:

-
F, H Eq. 14
where u is the friction coefficient. This result is not itself new, as many authors have arrived at a similar
formulation, and this result is effectively the same as the original conclusion drawn by Bowden & Tabor
(1950) and Dieterich & Kilgore (1994). Subsequently, several authors have attempted to derive rate- and
state-frictional behavior by introducing time-dependent hardness (i.e., contact stress), time-dependent
contact area (inversely proportional to H, from Eq. 11), time-dependent chemical bonding (Tian et al.,

2018), or a constitutive law for low-temperature plasticity into Eqg. 14 (e.g., Dieterich & Kilgore, 1994;

Boettcher et al., 2007; Aharonov & Scholz, 2018), but none have explicitly incorporated the transient effects

12
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of strain hardening and backstress. We substitute Eq. 8 into Eq. 14, accounting for the fact that 7 = \/50,
and derive
V3 (ipj‘”’sinh_1 [Aipexp (%)} + O’b)
o= H ‘ Eq. 15

.V
£= =
where £ is the sliding strain rate, defined as X, Visthe sliding velocity, and X is some thickness over

which deformation is localized, similar to Ruina (1981) and Sleep (2006). We note that the microphysics
controlling H are the same as for the shear stress (the numerator of Eq. 15) and can be written as a flow law
with the same form (i.e., H=oy,+ Tb,H, where %y is a yield stress and “b.H is the backstress associated
with the indentation hardness). Variations in the hardness arise from small variations in the fault-normal
strain rate, and can be considered negligible here because they are much smaller than the sliding strain rate.

The form of Eq. 15 already leads to interesting comparisons with rate- and state-friction (RSF). Using the

approximation sinh™ (z) ~ In(2z) e immediately recover the logarithmic strain rate (sliding velocity)
dependence of friction. An additional microphysically motivated term representing the ‘state variable,” here
the internal backstress, which is controlled by the GND density in asperities, also contributes to the
frictional resistance. Although not obvious at first, these two terms depend on the sliding velocity in an
opposite sense, which will be discussed in more detail below.

Although the authors of previous investigations of plasticity note that dislocation density is the
microphysical mechanism controlling the backstress (Hansen et al., 2019; Wallis et al., 2020; Thom et al.,
2021; Hansen et al., 2021; Breithaupt, 2021), it is not a property that is possible to directly measure during
a friction experiment. During steady-state sliding, individual asperities are coming into and out of contact.
These asperities may deform elastically or inelastically to produce wear products, and some re-roughnening
processes must exist to generate new roughness to maintain topography (Brodsky et al., 2016). Thus, it is
likely that some combination of previously deformed and newly formed asperities make up the frictional
interface. Small changes in the fault-normal displacement during ‘state evolution’ should reflect variations

in the average local asperity strain (and thus the dislocation density and backstress), while a longer term
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trend may reflect generation of wear products. Assuming that the thickness X over which deformation is
accommaodated is equal to the diameter of the largest plastically deforming asperities (i.e., the deformation
is accommodated in a hemisphere, which is the asperity), we can relate the sliding strain rate to the largest
asperity size L (which is thought to correspond to the variable D¢), although we do not explicitly make this
assumption a priori. However, it is an appealing possibility because D¢ has been suggested to be a length
scale that demarcates the transition from plastic deformation to brittle mechanisms (Candela & Brodsky,
2016), and variations in D¢ can be predicted from material properties (Okamoto et al., 2019). Furthermore,
as we will demonstrate below, a length scale related to the size of the deforming region emerges naturally
from ‘strain-gradient plasticity’ theory (e.g., Nix & Gao, 1998).

Starting with Eqg. 20, we derive the rate dependence (i.e., the a value of RSF) of friction by finding
the difference between the friction coefficient at a new strain rate =1 (an e-fold increase) relative to the value
at reference strain rate £o. This derivation only considers the instantaneous strain rate response, which is
captured with the typical thermally activated terms. A full derivation is provided in the Appendix, where

we show that

RTO'P
amV3pr Eq. 16

As with previous studies, the a parameter here captures the thermal rate dependence of friction.

We also derive the state dependence (i.e., the b value of RSF, which here is controlled by backstress
evolution) in a similar manner by using the backstress evolution law (Eq. 10), as detailed in the Appendix.
We determine the difference between the final friction coefficient at “v.1 and the reference friction
coefficient at “b.0, This procedure yields

V3(0h max — 0b,0)75
H Eq. 17

b=

where J is a characteristic strain in the fault-normal direction for an e-fold change in sliding strain rate.
While fault-normal strains from changes in shear stress or shear velocity may seem unexpected, it is a well-

known phenomenon in soils and anisotropic metals known as non-associated flow, where changes in strain
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need not be orthogonal to the changes in stress (e.g., Zienkiewicz et al., 1975 and references therein; Qin
& Bassani, 1992; Stoughton & Yoon, 2009; Safaei et al., 2014). This characteristic strain in Eq. 17 may
itself be a function of the reference sliding velocity or other material properties, but such speculation is
beyond the scope of this manuscript. Another interesting aspect of Eq. 17 is that , a thermal dependence of
the b value arises through the indentation hardness, despite backstress being nominally temperature
independent.

Changing the shearing velocity (strain rate) will alter the fault-normal displacement in a velocity
stepping experiment. Consider first dilation with an increase in sliding velocity. Due to anelastic effects
caused by dislocation interactions (i.e., backstress), the average local strain of contacting asperities will
decrease slightly, counteracting the ‘direct effect’ of the strain rate change. We again note that extensional
plastic strains can indeed be measured during a reduction in the compressional stress (Hansen et al., 2019;
2021), particularly at small length scales (Thom et al., 2021). For a decrease in sliding velocity, fault-normal
convergence leads to an increase in local asperity strain and thus an increase in the backstress resisting

further deformation. The combined linearized stability term can be written as

\/g (% - (O—b,max - 0-[_1,0)’7‘3)
H ' Eq. 18

a—br~

Thus, velocity-weakening friction can only occur when the reduction of backstress due to anelastic effects
of asperities is of a larger magnitude than the increase in resistance due to the thermal rate-dependence.
Importantly, the same magnitude change in asperity strain does not always produce the same
magnitude change in backstress, as it also depends on the initial backstress (i.e., the strain-hardening
modulus is itself a function of strain). This is demonstrated in Figure 2, which shows the normalized
backstress (the backstress divided by the maximum backstress) as a function of plastic asperity strain. The
tangent of this line (the strain-hardening modulus) changes with strain. Numerous constitutive laws have
been derived to describe strain hardening behavior in metals (e.g., Taylor, 1934; Mott, 1952; Armstrong &

Frederick, 1966; Kocks, 1976; Sevillano et al., 1980; Estrin & Mecking, 1984; Kocks, 2001; Sinclair et al.,
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2006), and it is this evolution of backstress with GND density (here, indirectly through Eq. 10) that
ultimately controls ‘state evolution’ in our microphysical friction model.

Further refinements could be made to this theory by explicitly modeling dislocation nucleation and
storage rates with dynamic and static recovery mechanisms (e.g., Breithaupt, 2021), but this is beyond the
scope of the current manuscript. Furthermore, subtle variations in the fault-normal strain rate (and therefore
backstress and real contact area evolution) could also be determined by explicitly writing out H as a flow
law, but this is also beyond the current scope.

The same strain-hardening concept holds for a slide-hold-slide experiment. During quasi-stationary
contact, the fault-normal displacement converges with time, leading to an increase in the backstress that
must be overcome upon re-initiation of sliding. Importantly, as sliding continues, anelastic effects again
modify the backstress as it evolves back to the steady-state value (i.e., the dislocation density evolves).
4.3 Determining the critical slip distance and the role of indentation hardness

We now derive the critical slip distance predicted by the microstructural model. Recall that the
backstress acting within asperities directly corresponds to a GND density through Eq. 5 (the Taylor
equation). Physically, the GND density represents curvature in the crystal lattice that has a well-defined
length scale that is a radius of curvature Rc from so-called ‘strain gradient plasticity,” or length-scale

dependent plasticity laws (e.g., Nix & Gao, 1998), given by

1
Rc =
by pan, Eqg. 19

where by is the Burgers vector (lattice spacing). Because indentation hardness H is the only scale-dependent
term, the length scale in Eq. 19 must arise through that term, although we have neglected the scale-
dependence thus far for simplicity and clarity.

We now assume that H can be written as the sum of two terms (i.e., a scale-independent ‘yield
stress,” neglecting the strain-rate dependence acknowledged above, and a scale-dependent backstress due
to geometry at the surface), similarly to Eq. 8 (i.e., H=o,+ Ub,H). Because H controls the real contact

area (Eg. 11), and thus the distribution of contact area and contact patches, the backstress associated with
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H, which we define as 7b.11, controls the asperity size and thus the “critical slip distance’. Interestingly, this
physical description predicts a gradient in backstress, or dislocation density, with the highest values nearest
the fault surface decaying away into the bulk rock. The curvature of the free surfaces reflect backstress very
near the surface (i.e., related to H), while the backstress in the volume of the asperity controls the overall
shear strength, which is able to evolve.

An independent estimate of surface curvature (and therefore GND density at the surface) can also
be obtained from topographic measurements (e.g., Jacobs et al., 2017), which are thought to reflect scale-
dependent strength (Brodsky et al., 2016; Thom et al., 2017). Combining Egs. 5 and 19 and multiplying by
a factor of 2 to convert the radius of curvature to an asperity diameter results in a predicted length scale D
over which backstress (and thus friction) evolves:

202G?b,
D.=—5—
Tbu Eq. 20
This value is nominally independent of temperature (except weakly through the modulus and coefficient of
thermal expansion), but a dependence of the backstress on temperature through the indentation hardness
will be discussed below.

We note our equation to describe fault stability (Eq. 18) inherently depends on length scale, as
indentation hardness is a scale-dependent property in geologic materials (e.g., Kumamoto et al., 2017;
Thometal., 2017; Thom et al., 2018; Thom & Goldsby, 2019; Koizumi et al., 2020). However, we reiterate
that the microphysics of this model naturally gives rise to a length scale, which we present in Eq. 20. We
interpret this length scale as the size of a characteristic (either average or maximum) plastically deforming
asperity, consistent with previous interpretations of D.. The shear strength of asperities must therefore
evolve over this length scale. The indentation hardness used in Eg. 18 and elsewhere in this manuscript
should reflect deformation at this length scale. In several of the room temperature calculations presented in
Section 5, we utilize the indentation hardness of olivine using the values reported in Kumamoto et al.

(2017). We note that because H and the real contact area A, are related (Eq. 16), it is not surprising that
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friction appears to evolve with changes in the real contact area. However, it is the evolution of backstress
within asperities controlling their shear strength that ultimately dictates the frictional behavior.
5. Discussion
5.1 Testable predictions and future laboratory experiments

Several predictions of frictional behavior at room and elevated temperature, and the transition to
bulk deformation (i.e., a ‘brittle-ductile’ transition) can be made using the equations derived above. Writing
the full equation for the friction coefficient (just as we wrote Eq. 1 for the full RSF equation) results in a

lengthy, complex equation, but nearly all values are well-constrained for olivine:

/3 BT% ginh ™! | Lexp (&) | + - ‘ o ‘
V2 ( E sinh |:.1."-{ Xp | RT ]:| "T}") —)H‘I op 1 VI Obmax — Ob.olV 3 £1
T : + V3 n{—) + In| —
20

H EH | H €0,
| | | | | |
Ho a b

Eq. 21
In fact, the only free parameters in Eq. 21 are 3 (the characteristic fault-normal anelastic strain for an e-fold
change in sliding strain rate), H, and the initial backstress .0, which also controls #. Recall that the
indentation hardness H determines the length scale over which backstress evolves (D¢, Eq. 20), and thus its

value can be found at the length scale D¢ observed in experiments. Interestingly, the normalized quantities

a b

of the direct and evolution effects (i.e., /0 and #0) are independent of the indentation hardness (H drops
out in the ratio, as well as the factor \/5), thereby reducing the number of free parameters by combining
easily obtained laboratory measurements. The magnitude of the friction rise during a velocity step should
provide an independent estimate of the backstress, as all other terms in the normalized a parameter are
known. Furthermore, a suite of slide-hold-slide experiments that reveal the healing rate will also provide
another independent estimate of the backstress (see below), and the family of stress relaxation curves may
also constrain the backstress @b.0 acting in asperities. With the backstress value in hand, the parameter Bis

the only free parameter that can be fit to the ‘evolution effect,” and it can be calculated from the change in
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fault-normal displacement (see Appendix). This value may itself be a function of other parameters, but its
physical meaning is clear: it is the change in local asperity strain (and therefore proportional to the change
in dislocation density and backstress) as a function of the change in the ‘state.’ Thus, all terms in this model
have microphysical meaning and together give rise to rate-and-state friction-like behavior.

We can also write a state evolution law, which captures the observed slip- and/or time-dependent
behavior from Egs. 2 and 3. Neglecting the sign function for clarity, we can write how the backstress
evolves with  from our Eq. 10:

ob(8) = En0bmax + (Ob0 — EnOb max)exXpP(—75En). Eq. 22

The variable <. is the fault-normal strain rate, which causes the change in backstress as a function of time.
If the fault-normal strain rate is determined by the sliding strain rate (e.g., if there is a constant ratio between
the two when some lateral slip is occurring), then this evolution of backstress will appear to be controlled
by the sliding strain rate (as in the slip law and in the slowness law at finite sliding velocity). However, at
zero slip velocity, strain (and therefore backstress, dislocation density, and friction) still increases with time
during stationary contact (as in the slowness law), explaining the time-dependent observations in slide-
hold-slide experiments and the mathematical form of the slowness law. Thus, our state evolution law
exhibits characteristics of both conventional RSF evolution laws under different assumptions and testing
conditions.

A plot of the reference friction coefficient as a function of strain rate using flow law parameters for
olivine from Hansen et al. (2021) is provided in Figure 3. Each different colored line is a different initial
backstress (i.e., dislocation density) normalized to the maximum backstress described in Hansen et al.
(2019). For plots of 0 initial backstress, we assume a background dislocation density of 10'° m2 typical of
undeformed rocks (Toriumi & Karato, 1978). These differences in backstress correspond to potential
differences in the deformation history of the frictional interface. Larger initial backstresses lead to larger
initial friction coefficients, as expected, and the logarithmic dependence on strain rate is presented.
Interestingly, Figure 3 demonstrates quantitative agreement with the predicted ‘Byerlee friction coefficient’

of 0.6-0.85 when the backstress is ~50+% of the maximum backstress (Byerlee, 1978).
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A further series of predictions is plotted for room temperature using the same color coding as Figure

1

3. Figure 4 shows the normalized rate parameter #o as a function of initial strain rate for a range of
backstresses (i.e., dislocation densities). Note that the a parameter itself (Eq. 16) nominally does not depend
on strain rate or backstress. However, because the reference friction coefficient is sensitive to the initial

backstress and reference strain rate, the normalized value of a reflects the dependence on the reference

b

friction coefficient. Figure 5 presents the normalized state parameter Ao as a function of the parameter 3
for olivine. Asperity strains corresponding to typical b values are in the range of 100s of microstrain,
corresponding to changes in asperity backstress of 10s MPa (compared to 1800 MPa maximum backstress),
reflecting the fact that these are small second-order effects on the friction coefficient. All of the values
presented in Figures 4 and 5 are consistent with the typical ranges of a and b measured in experiments and
can be used to constrain the average backstress within asperities, as noted above. We also note that Figure
5 demonstrates the difference between steady-state values, and we do not explicitly model the time- or slip-

evolution transient of the backstress here.

a—b

We present the normalized fault stability parameter /o as a function of asperity strain at a fixed
reference strain rate of 0.01 s for a range of initial backstresses in Figure 6. Note that for velocity-
weakening friction to occur, the stress change from anelastic effects of asperities must be greater than the
thermal rate dependence. Because the hardening modulus itself is a function of strain, different initial

backstresses give different backstress changes for the same asperity strain. Larger initial backstresses result

a—b

in larger values of /o0 (i.e., more stable sliding), as the change in backstress is smaller for the same

asperity strain. For large enough strains, velocity-weakening is always observed.

2
Ty 1

Figure 7 illustrates the predicted value of D, as a function of the ratio G2 from Eq. 20. For a shear

modulus of 30 GPa, and range of backstresses 200 MPa to 2 GPa (corresponding to a dislocation density
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of approximately 2 x 10®**®* mor an average GND spacing of 50-500 nm), the predicted value of D is 1-
100 pum, consistent with typical measurements in geologic materials. These dislocation densities are easily
measurable using high-angular resolution electron backscatter diffraction (HR-EBSD) and would provide
quantitative evidence of backstresses acting within asperities.

Further experimental work is needed to quantify transient plastic deformation in many important
geologic materials, which would allow for more quantitative tests of this model. Alternatively, further
friction tests on materials whose transient strain hardening behavior is well-understood may be another
comparison. Specifically, slide-hold-slide experiments that measure the fault-normal convergence and D
would provide valuable estimates of changes in local asperity strain and the associated transient friction
rise. Predictions for slide-hold-slide tests from this model are shown in Figures 8 and 9. Figure 8 presents
the peak friction coefficient as a function of local asperity strain during a hold in quasi-stationary contact
for a variety of initial backstresses. Note that at sufficiently large strains, all lines asymptote to the
maximum friction corresponding to the maximum backstress. In Figure 9, we present the same data,
normalized to the relevant reference friction coefficient at a reference strain rate of 0.01 s, effectively
giving an estimate of the ‘healing rate” for slide-hold-slide experiments. If the plastic strain rate during the
hold is known or assumed, Figures 9 can be directly compared to conventional plots of peak friction as a
function of log hold time. Again, this model predicts a peak friction coefficient and a decay in the healing
rate at sufficiently large strains (i.e., long enough hold times).

Observations in the laboratory support the framework suggested here. For example, Ikari et al.
(2016) noted that the healing rate depended on the initial friction coefficient, which may be due to the
microphysics described here. In addition, Carpenter et al. (2016) noted that the ‘interseismic recovery rate’
depended on the loading rate in experiments on quartz-rich rocks, an observation that is also captured within
the framework here. Because of the dependence on previous deformation, experiments on pre-deformed
rocks may yield different friction coefficients and RSF parameters in early portions of a friction test, as
strain hardening will have already occurred and set the microstructure of the frictional interface.

5.2 Implications for lithospheric strength and the brittle-ductile transition
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This model suggests that transient and steady-state friction (i.e., RSF) are both controlled by
dislocation glide and backstress evolution localized in asperities, which together have an inherent
dependence on temperature. We demonstrate this in Figure 10 for a wide range of initial backstresses and
a fixed initial strain rate of 0.01 s™. We assume that the shear strength of the asperities follows the plasticity
flow law of Hansen et al. (2019; 2021) and utilize the temperature-dependent indentation hardness of
olivine from Evans & Goetze (1979). Together, the thermal dependences of these two values give rise to a

slightly temperature-dependent (and therefore depth-dependent) friction coefficient. In Figure 10, we also

a—b

plot the quantity /o , which is independent of the indentation hardness, for an arbitrary value of 8=
0.0002 as a function of temperature. At relatively low temperature, velocity-weakening friction can occur.
However, at higher temperatures, this model predicts that faults become inherently stable as the rate
dependence outweighs the anelastic effects of asperities.

By utilizing the available high temperature indentation data for olivine (Evans & Goetze, 1979),
we also predict 9b.1T as a function of temperature. We assume that 9u.11 is the difference between the
indentation hardness and the yield stress at the appropriate temperature, from which we calculate the GND
density using the Taylor equation (Eg. 5). This prediction of D, from Eq. 20 is plotted against available data
from Boettcher et al. (2007) and King & Marone (2012) in Figure 11, revealing remarkable quantitative
agreement over a wide range of temperatures.

This description of the physical mechanisms that underlie friction also provides a framework to
consider the strength of the entire lithosphere. In traditional descriptions of the steady-state strength of the
lithosphere, ‘Byerlee friction” and thermally activated creep mechanisms deeper in the Earth bound the
strength (e.g., Goetze & Evans, 1979; Brace & Kohlstedt, 1980). Often, a ‘semi-brittle’ region is denoted
where mixed brittle and viscous deformation is inferred. This portion of the lithosphere where the largest
stress is supported is also thought to be dominated by ‘low-temperature plasticity’ in oceanic systems (Mei

et al., 2010; Hansen et al., 2019; Wallis et al., 2020).
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This work has demonstrated that the frictional resistance can be described by the same
microphysics as low-temperature plasticity (i.e., dislocation glide and backstress evolution), suggesting a
gradual transition that is controlled by the distribution of shear along discrete faults vs. shear zones around
the fault. As temperature increases, the real contact area is expected to increase (Eq. 11) due to the reduction
in indentation hardness (Evans & Goetze, 1979; Kranjc et al., 2016). With increasing contact area, the
magnitude and heterogeneity of stress on asperities in contact will decrease, eventually favoring bulk
deformation with occasional transient localized events.

This transition is denoted in Figure 12, where we plot the frictional strength of deformation
localized in asperities (at a strain rate of 0.01 s™) for a range of backstresses in comparison to bulk
deformation via dry dislocation creep (Hirth & Kohlstedt, 2003) at geologic strain rates (102 s%). Where
our frictional resistance at an elevated strain rate coincides with bulk deformation at a geologic strain rate,
a major rheological transition is expected. We infer this transition demarcates an effective ‘brittle-ductile’
transition, above which frictional behavior dominates, and below which bulk viscous flow occurs. Note that
Figure 12 neglects the prediction of bulk low-temperature plasticity for clarity. If bulk low-temperature
plasticity is expected to occur, the depth of the ‘brittle-ductile’ transition will also be a function of the strain
history of the deeper lithosphere, as strain hardening can increase the strength of rocks deforming by low-
temperature plasticity (Hansen et al., 2019; 2021). Hansen et al. (2021) argued that dislocation creep also
relies on the same microphysics as low-temperature plasticity, which was also presented as a spring and
dashpot model in Thom et al. (2021). How much localization occurs may be a function of the competition
between different deformation mechanisms accommodated over different thicknesses of the fault zone and
transient changes in the effective stress or strain rate.

We have shown in this section that under this framework, the three major rheological regimes
(frictional sliding, low-temperature plasticity, and dislocation creep) throughout the oceanic lithosphere can
all be described by the relative contributions of dislocation glide, backstress evolution, and recovery
mechanisms. In addition, this framework suggests that the microphysics of frictional afterslip and transient

post-seismic creep are the same (i.e., dislocation glide and backstress evolution, possibly with recovery
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mechanisms at high temperatures), opening up new modeling opportunities and approaches for post-seismic
deformation and geodetic data.
6. Conclusion

We have presented a microphysical model of rock friction based on dislocation glide and backstress
evolution that explicitly incorporates the effects of strain hardening and anelasticity. This model arises
naturally from the interactions among lattice dislocations and produces behavior consistent with several
observations of rate- and state-friction, namely the logarithmic dependence on strain rate (sliding velocity)
and memory dependence through a ‘state variable.” In this formulation, the state variable has a
microphysical origin. It is the average backstress acting in asperities caused by the long-range elastic
interactions among geometrically necessary dislocations. A prediction of the critical slip distance D is
presented using length-scale dependent plasticity and is a function of the dislocation density. Analytical
solutions for RSF parameters are given using known steady-state and transient plasticity flow law
parameters, and the temperature dependence of frictional stability is presented. Extrapolation of steady-
state deformation to high temperature reveals the depth where a brittle-ductile transition occurs, and this
transition is controlled by backstress evolution in asperities and the host rock. We highlight several
opportunities for future experimental or numerical work that will test predictions made here about the
stability and temperature-dependent frictional behavior of rocks.
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Appendix

Here we provide the full derivation and mathematical description of our model in the framework.
To derive Eq. 16, we use Eq. 15 and find the change in friction between the reference strain rate (o) and
the new strain rate (£1) without the subsequent evolution in the backstress (i.e., at constant backstress). We
write

5 (s S0 ()] + o) B (s [ ()] + 1)
- |

A.u'rea,te =
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Eq. Al

ol ) A , .
Note that the backstress term drops out, and using the approximation sinh™ (2) = In(22), we derive that

\/gRTapl (z=1) \/_RTopl (2;0)

H ’ Eq. A2

A.}U!'ra‘ce ~

which simplifies to

T .
Aﬂlate ~ \/_B O-P (6_1) .

EH €0 Eq. A3

Thus, the magnitude of the direct effect in RSF, a, is approximated by

RTUP
am V3 EH

To derive Eq. 17, we determine how the backstress evolves though anelastic effects after the change
in strain rate. We arrive at

V3 (%sinh*l [%exp (%)] + Ub,l) — 3 (%sinh*l [%exp (R%)] + G'b,O)
H 1

AIM:st ate —

Eq. Ad
where D fistate is the change in the friction coefficient due to the ‘evolution effect’. After simplifying Eq.

A4, we derive

\/§(Jb,1 - Ubgo)

H ' Eq. A5

A}UJsLal.n ==

Substituting Eq. 10 of the main text after the new steady-state has been reached into Eq. A5 for @b.1 gives

\/g(o-b,max + (O-b 0 — Ob, max)exp( ;vp) - C:rb,(])
H ’ Eq. A6

Aﬂsiat,e -

which can be simplified to

\/§(szmax — opp)[1 — exp(—7¢,)]

H Eq. A7

A}U'stalje -

and linearized as

- '\/g(o-b,max - Ub,D)ﬂ‘/gp
H Eq. A8

Alu’state ~
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for small strains. ©p is the change in fault-normal asperity strain caused by an e-fold change in the sliding
strain rate (sliding velocity), where positive strain is defined as closure of the fault-normal gap. We can

write the change in strain as

Ad dy—dy
L L Eq. A9

Ep

where d is the fault-normal displacement and L is a length scale related to an asperity dimension (either the
asperity diameter D. or the average root-mean-squared asperity height, which can be determined through

topographic measurements). The fault-closure distance is a logarithmic function of the time in contact, such

that
d= Bln(t)’ Eq. A10
¢ = 1
where B is a constant. Substituting Eg. A10 into Eq. A9 and assuming that £ results in
gp = —fn <€—1>
€0/, Eq. All

where 3 is a characteristic strain for a given change in sliding strain rate. Substituting Eg. A1l into Eq. A8

gives the change in friction due to state evolution as a function of sliding strain rate:

\/g(o—b,max - O—b,(})ﬁ}/ﬁhl 5_1
H i)

Alust‘ahc ~

&0

Eqg. Al12
which results in Eqg. 17 of the main text:

\/g(o-b,max - Jb,O)’Yﬁ
H

b =

Tables

Table 1: List of parameters defined or used in this study.

Parameter Symbol Value (if used) and reference
Direct effect magnitude a
Material constant A 10"t m?s (Hansen et al., 2021)
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Real contact area A

Taylor equation constant a 3 (Thom et al., 2021)

Evolution effect magnitude b

Burgers vector by 0.5 nm (for olivine)

Characteristic asperity strain | S

Critical slip distance (D

Activation energy E 827 kJ/mol (Hansen et al., 2021)

Sliding strain rate s

Fault-normal strain rate £,

Plastic strain rate £p

Low-T plasticity strain rate grrp

Asperity strain €p

Normal force Fn

Friction force Fs

Shear modulus G 75 GPa (for olivine)

Material constant y 75 (Hansen et al., 2019)

Indentation hardness H 10 GPa (room temperature, Kumamoto et al., 2017);
variable (elevated temperature, Evans & Goetze, 1979)

Friction coefficient U

Stress exponent n

Low-temperature plasticity | p

flow law constant

Pressure P

Low-temperature plasticity | g

flow law constant

Gas constant R 8.314 J K* mol™

Radius of curvature Re

Dislocation density p
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Geometrically necessary | penp

dislocation density

Differential stress o

Backstress ob

Indentation backstress ObH

Maximum backstress Ob,max 1.8 GPa (Hansen et al., 2019)
Peierls stress op 3.1 GPa (Hansen et al., 2019)
Yield stress oy

Time t

Absolute temperature T

Asperity shear strength T

State variable 0

Sliding velocity \

Activation volume V*

Asperity thickness X

635

636  Figures
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647

Pre-hardened asperities
would require larger force to
push through the gap

<) \;( )
122222222220220/24

Figure 1: In (a), a schematic of two rough surfaces coming into static contact. Note that where overlap

Normal stress

occurs between the surfaces (shown in red), plastic deformation governed by the indentation hardness is
expected to occur due to the large contact stresses. This deformation determines the real contact area,
while the region of an asperity that must deform to allow frictional sliding is shaded schematically in gray.
In (b), we schematically demonstrate asperities sliding past one another. The hatched region represents a
rigid, frictionless plane that the circles move across. A periodic array of asperities are shown with an
applied normal stress. In order to slide the circular asperity through the gap, some deformation must occur
at the tips of the asperities, whether it be elastic or plastic. On the left in (b), we show with the black arrow
how much force is required for sliding. On the right in (b), we highlight in red areas that are pre-deformed

(i.e., the asperities have a strain-hardening history), which increases the frictional resistance opposing
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motion of the asperity through the gap. Thus, by increasing the local strength of asperities through pre-

hardening,

friction

force is

increased
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schematic
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Normalized backstress (0n/0p, max)
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Figure 2: Normalized backstress as a function of average local asperity strain for y = 75. Recall that

‘strain’ is physically a proxy for backstress or geometrically necessary dislocation density in the contacting

asperities.
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Figure 3: Friction coefficient uo as a function of reference strain rate for olivine at room temperature. Each
line represents a given initial backstress, which is shown relative to the maximum backstress in the legend.
We assume H = 10 GPa here, a value consistent with results from Kumamoto et al., (2017). All other flow
law parameters are taken from Hansen et al. (2021). For &+ = 0, we assume a background dislocation

density of 10 mafter Toriumi & Karato, (1978).
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Figure 4: The normalized rate parameter as a function of reference strain rate for several different values
of the initial backstress. Larger values of backstress lead to a smaller rate dependence because a larger

proportion of the stress on asperities is supported by long-range elastic interactions among dislocations.

a

The quantity o is independent of the indentation hardness and can be used to constrain the initial

backstress at reference friction coefficient #o.

® Oy = 0% Op, max

® Op = 10% Op, max
® Op = 20% Op, max
0p = 30% Op, max
0p = 40% Op, max

Op = 50% Op, max

Op = 60% Op, max
0p = 70% Op, max
Ob = 80% b, max
Ob = 90% O, max
0p = 100% Op max

Normalized state parameter (b/uo)

102 T0-4 103
Anelastic asperity strain

b

Figure 5: The normalized state parameter o as a function of asperity strain resulting from an e-fold
change in strain rate (i.e., different values of 5). This value is independent of the indentation hardness.
However, with a known initial backstress and indentation hardness, the only free parameter in our model
is the anelastic asperity strain, which gives rise to a change in backstress. This asperity strain is expected

to evolve over the length scale described in Eq. 20.
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Figure 6: A normalized approximation of fault stability (the quantity o ) as a function of anelastic
asperity strain at a reference strain rate of 0.01 s at room temperature for a range of initial backstresses.
Note that velocity-weakening friction can only occur when the stress reduction from anelastic effects
outweighs the increase in stress from the strain rate dependence. Importantly, because the hardening

modulus is a function of strain, the same asperity strain does not produce the same change in backstress.
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Figure 7: The predicted value of D as a function of the ratio 2, based on Eq. 20. For a fixed shear

modulus, D¢ increases with decreasing backstress. This is because a smaller GND density allows for a

larger radius of curvature at the free surface, or asperity size.
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Figure 8: A prediction of the peak friction coefficient using olivine flow law parameters as a function of
local asperity strain change during a hold in quasi-stationary contact. Note that the rise in friction with
increasing local strain is a function of the initial backstress, and all lines asymptote to a maximum friction

coefficient, corresponding to a maximum backstress.
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Figure 9: The same data as in Figure 8, normalized to the reference friction coefficient at a given backstress
value assuming a reference strain rate of 0.01 s™. Again, note in (a) that the friction rise is predicted to
saturate at sufficiently large strain (alternatively, sufficiently long time), and the ‘healing rate’ measured
in slide-hold-slide experiments depends on the initial backstress. In (b), we highlight the approximately

linear dependence of peak friction on strain for small strains.
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Figure 10: In (a), the predicted value of the reference friction coefficient as a function of temperature at a

fixed reference strain rate of 0.01 s™. At high temperature, the friction coefficient appears to increase due

a—>b

to the indentation hardness decreasing faster than the shear strength of asperities. In (b), the value 4o
is plotted for a fixed change in asperity strain of 0.0002 for a range of initial backstresses. Note that this
guantity is independent of the indentation hardness and fault stability increases with temperature. Larger

initial backstresses lead to inherently more stable sliding than smaller backstresses.
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702  Figure 11: A comparison of the predicted value of D as a function of temperature to published data in
703  Boettcher et al., (2007) and King & Marone (2012). To determine the backstress, we assume that
704  indentation hardness can be written as the sum of a yield stress term and a backstress term. We use the hot
705  indentation hardness data of Evans & Goetze (1979) to determine the value 9%.11, assuming the thermal
706  activation parameters for the yield stress from Hansen et al. (2021). These backstress values are converted

707  to predicted D¢ values using Egs. 5, 19, and 20.
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Figure 12: Predicted strength of oceanic lithosphere, approximated by olivine deforming by bulk
dislocation creep and localized plasticity in asperities (frictional sliding). Each colored line represents the
resistance of asperities at a given backstress shown in the legend, assuming a linear overburden normal
stress of 27 MPa/km, an asperity strain rate of 102 s, and the indentation hardness data of Evans &
Goetze, (1979). The geothermal gradient is determined assuming a mantle potential temperature of 1300°C
and 80-Myr-old crust after Turcotte & Schubert, (2014). The black line is the prediction of the Hirth &
Kohlstedt (2003) dry dislocation creep flow law at a strain rate of 10" s™. The point of intersection between
the frictional sliding lines and bulk deformation represents the point at which it is equally difficult to deform

the bulk rock as to slide on locally deforming asperities, which we take to represent a rheological transition
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from frictional to bulk viscous flow (i.e., a ‘brittle-ductile’ transition). This transition is predicted to occur
at approximately 60 km depth in this figure, but changes in the strain rate or mineralogy may alter the

depth of this transition.
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