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1 Introduction

Faults exhibit a wide range of behaviors, with some
slipping at relatively constant rates (e.g. Pucci et al.,
2008; Kozaciet al., 2009, 2011; Berryman et al., 2012;
Grall et al., 2013; Kurt et al., 2013; Salisbury et al.,
2018; Grant Ludwig et al., 2019), whereas others are
characterized by wide variations in incremental slip
rate (e.g., Weldon et al., 2004; Dolan et al., 2016, 2024;
Zinke et al., 2017, 2019, 2021; Hatem et al., 2020; Grif-
fin et al., 2022). These variations can span millennia,
with multiple earthquake displacement pulses that span
tens of meters of fault slip (e.g., Dolan et al., 2024).
Interestingly, the constancy (or lack thereof) of fault
slip through time correlates with the degree of rela-
tive structural complexity of the surrounding fault net-
work. In an analysis of the incremental slip-rate be-
havior of major strike-slip fault systems around the
world, Gauriau and Dolan (2021) demonstrated that
structurally isolated faults that lie within relatively sim-
ple plate-boundary fault networks exhibit constant slip
through time (Fig. 1). In marked contrast, faults that lie
within structurally complex plate-boundary fault sys-
tems characterized by multiple, mechanically comple-
mentary faults, exhibit significantly more irregular be-
havior, with faults appearing to go through fast- and
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slow-slip periods that alternate as the faults within a sys-
tem trade off slip in time and space (Gauriau and Dolan,
2021). In addition, a recent comparison of geodetic ver-
sus geologic rates suggests that the rates at which faults
store and release strain energy varies through time,
with major strike-slip faults in complex plate-boundary
fault systems experiencing faster and slower periods
of elastic strain accumulation consistent with acceler-
ations and decelerations of their ductile roots (Gauriau
and Dolan, 2024). These observations suggest that me-
chanically complementary faults within complex plate-
boundary fault systems either (a) alternately strengthen
and weaken through time, either in the upper crustal
seismogenic part of the fault, or the ductile shear zone
roots, with the weakest faults in the system slipping
faster than their average rates, and/or (b) the rate of
elastic strain accumulation on the mechanically com-
plementary faults waxes and wanes such that faults are
driven to slip faster or slower, depending on the rate of
shearing in the ductile shear zone roots of the seismo-
genic faults (Dolan and Meade, 2017). As a result, fault
systems may display fault-switching behavior, with the
majority of the displacement accommodated by either
one or another mechanically complementary fault, and
alternating between them over time (Fig. 1).

An increasing number of incremental slip-rate
records from major strike-slip faults suggest that
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Simple, isolated fault:
constant slip rate

Two mechanically complementary faults:
alternating fast- and slow periods
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Figure1l Schematic maps (top) and plots showing displacement over time (bottom), for a simple, isolated fault (left) com-
pared to a fault system comprising two mechanically complementary branches (right).

displacements accommodated during periods of
anomalously fast slip are on the order of a few tens
of meters, with the duration of such fast intervals
spanning from centuries to a few millennia (e.g.,
Weldon et al., 2004; Dolan et al., 2016, 2024; Zinke
et al., 2017, 2019, 2021; Hatem et al., 2020; Griffin
et al.,, 2022). For example, detailed event-by-event
displacements documented for the past 15 surface
ruptures at the Wrightwood site on the San Andreas
fault (Weldon et al., 2004) suggest that the slip rate
may have varied from as fast as ~90 mm/yr to as slow
as ~15 mm/yr (see Dolan et al., 2016) over intervals
spanning 5 - 6 earthquakes. Similarly, incremental slip
rates documented during 4 - 6 earthquake clusters on
the major strike-slip faults of the Marlborough fault
system in northern South Island, New Zealand, reveal
persistent patterns of alternating fast and slow/no slip
rates spanning centuries to millennia in which the
main plate-boundary strike-slip faults trade off slip in
time and space (Zinke et al., 2017, 2019, 2021; Hatem
et al., 2020; Dolan et al., 2024). The Garlock fault in
southern California also exhibits wide variations in
incremental slip rate ranging from >14 mm/yr during a
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cluster of 4 - 5 surface ruptures to as slow as ~3 mm/yr
during intervening, millennia-long periods of slow
slip (Dawson et al., 2003; Dolan et al., 2016; Dolan and
Meade, 2017). Interestingly, in all of these examples
the fast periods typically accommodate ~20-25 m of
displacement (Weldon et al., 2004; Dolan et al., 2016,
2024; Zinke et al., 2017, 2019, 2021; Hatem et al., 2020;
Fougere et al., 2024), suggesting that there may be
something approaching complete stress drop in the
upper crust, at least over these multiple-event periods
of fast slip rate (Dolan et al., 2024).

The controls on these behaviors remain incompletely
understood. Potential controlling mechanisms can be
evaluated in light of four criteria that must be adhered to
in order to explain the observed features. These mech-
anisms must:

1) Be reversible, or able to be counteracted by some
other process, while keeping the P-T conditions con-
stant (i.e., without appreciable exhumation or burial).
2) Operate to change the strength of the fault from
its current state. i.e., the processes active during pe-
riods of relatively fast movement on the fault (when
the fault is weak) must act to strengthen it, such that it
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will begin to move more slowly, and those active during
relatively slow periods (when the fault is strong) must
act to weaken it, allowing it to speed up. 3) Operate
on a timescale or length scale corresponding to ~20
- 25 m of displacement (i.e., over multiple seismic cy-
cles), consistent with paleoseismic studies (e.g., Weldon
et al., 2004; Dolan et al., 2016, 2024; Zinke et al., 2017,
2019, 2021; Hatem et al., 2020). Depending on the spe-
cific slip rate, this key displacement may be achieved
in centuries (e.g., the Wrightwood site on the San An-
dreas Fault, Weldon et al., 2004) or millennia (e.g., the
Garlock Fault, Dolan et al., 2016). Strength variations
related to the seismic cycle, such as transient deepen-
ing of the brittle-ductile transition (BDT) (e.g., Handy
et al., 2007; King and Wesnousky, 2007), are unlikely to
be the culprit unless they trigger or contribute to other,
longer-term processes. The mechanism must there-
fore either be independent of the seismic cycle, or must
have a cumulative effect that can build up over multi-
ple cycles, and not an effect that dissipates during the
interseismic period (like co-seismic frictional heating,
e.g., Rowe and Griffith, 2015). 4) Affect rocks in the
strongest part of the fault, as their deformation rate
will control the rate of ductile shear and thus the over-
all fault slip rate. This likely corresponds to the BDT,
which coincides with a strength maximum between the
downward-strengthening pressure (P)-dependent up-
per brittle crust, and the downward-weakening temper-
ature (T)-dependent mid to lower crust (Sibson, 1977,
Brace and Kohlstedt, 1980; Scholz, 1988; Behr and Platt,
2014).

Several mechanisms have been suggested to explain
these behaviors. For example, Dolan et al. (2007) sug-
gested that during fast-slip periods, the ductile shear
zone roots of major seismogenic faults experience mi-
crostructural strain hardening as rates of intracrys-
talline dislocation tangling temporarily overwhelm re-
covery mechanisms, leading to a slowing of fault slip
as the fault becomes more resistant to continued shear.
When this occurs, other, mechanically complementary
faults (i.e., those that accomplish part of the same over-
all work accommodated by the fault system) will be rel-
atively weaker than the strain-hardened fault and will
begin to slip faster than their average rates. In contrast,
the mineral grains in the now-strain hardened ductile
shear zone will gradually “anneal” (undergo recovery
and removal of strain hardening effects). This will grad-
ually re-weaken the fault such that it will be capable of
undergoing another fast period. Alternatively, others
have suggested that fluids may play a role in weaken-
ing faults. For example, Oskin et al. (2008) suggested
that downward injection of fluids during large seismic
ruptures on the upper crustal part of the fault could
weaken the underlying ductile shear zone, causing it to
slip faster. It is possible that such large fluid injections
could have an effect that lasts for multiple seismic cy-
cles.

In this study, we evaluate mechanisms described in
the literature for weakening or strengthening faults, us-
ing the above four criteria to determine which mecha-
nisms may be responsible for varying fault strength at
the scale of the observed ~20 - 25 m of slip, and thus
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for driving the inferred slip trade-offs between mechan-
ically complementary faults. We find that the processes
most likely responsible for the inferred variations in
fault strength include changes in the fluid content of
the fault in the BDT; strengthening by hydrothermal
cementation that is counteracted by the development
of tectonic fabrics; microstructural strain hardening
counteracted by grain-scale recovery; and the forma-
tion of active shear folds that are then passively trans-
posed.

Note that we use the term “strength” to describe the
level of differential stress required for deformation at
a given strain rate (i.e., the resistance to shear). Thus, a
weaker rock will deform at alower stress than a stronger
rock, at a constant strain rate (or will deform faster
at a given stress). Note also that we focus predom-
inantly on observations from strike-slip faults, which
experience no appreciable exhumation or burial over
the timescales involved. The term “fault” is used for
the overall structure, comprising both the upper brit-
tle fault and the lower ductile shear zone. And finally,
although we discuss processes that occur within the
brittle-ductile transition in the mid-crust, many of these
mechanisms and resulting changes in shear-zone be-
havior will also operate on deeper parts of the ductile
shear-zone roots.

2 Characteristics of faults in the BDT

General: The brittle-ductile transition (BDT) in a fault
marks the change from pressure-dependent frictional
behavior in the upper crust (characterized by brittle
fault rocks that may slip seismically or aseismically,
and that may be localized onto one or more discrete
slip surfaces or distributed in meter-scale zones), to
temperature- and rate-dependent viscous behavior in
the mid- to lower crust (marked by predominantly aseis-
mic crystal-plastic deformation and the development of
ultramylonites and mylonites in shear zones of contin-
uous, ductile deformation) (Sibson, 1977, 1982; Scholz,
1988; Handy et al., 2007). Rather than occurring at a
single abrupt depth, this transition occurs over a depth
range that is characterized by fluctuations in strain rate,
deformation mechanisms, rheology, and fluid activity
during the seismic cycle (Scholz, 1988; Rolandone et al.,
2004; Handy et al., 2007; Frost et al., 2011; Maggi et al.,
2014; Cao et al., 2017). This transition zone corre-
sponds to the strongest portion of the crust (Sibson,
1982; Scholz, 1988; Handy et al., 2007; Blirgmann and
Dresen, 2008; Behr and Platt, 2014), and possibly, in
some tectonic settings, the strongest portion of the en-
tire lithosphere (e.g., Biirgmann and Dresen, 2008).

In typical continental crust, the BDT occupies the ~15-
20 km depth range (~300-450°C), although this varies
with rock type, geothermal gradient, fluid content, and
strain rate, among other factors (Sibson, 1977, 1982;
Scholz, 1988; Rolandone et al., 2004; Singleton et al.,
2020). For example, the deep crust (at ~600-700°C)
can deform by alternating brittle- and ductile processes
if it is particularly dry and strong (e.g., Hawemann
et al., 2018). The typical depth of the BDT corresponds
broadly to greenschist-facies conditions, such that the
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Figure2 Photographsand photomicrographs showing key characteristics of the brittle-ductile transition, such as evidence
for alternating periods of brittle deformation (pseudotachylites, quartz veins) and ductile deformation (folds, shearing, dy-
namic recrystallization); the presence of both planar fabrics and folds in a single shear zone; and significant hydrothermal
cementation. a) Multiple generations of pseudotachylite (pst), with the older generations sheared. Photograph of a cut slab,
courtesy of Friedrich Hawemann; see Hawemann et al. (2018, 2019) for details. b) Deformed polymict conglomerate cut by
multiple generations of gold-bearing quartz veins, with earlier veins sheared and folded. Photograph courtesy of lan Hons-
berger; see Honsberger et al. (2020) for details. c) Schist cut by multiple generations of quartz veins, with earlier veins folded
and dynamically recrystallized, shown in plane- and cross polarized light (PPL and XPL). Thin section photomicrographs cour-
tesy of Will Schmidt; see Schmidt and Platt (2022) for details. d) Planar arrays of fluid inclusions in quartz grains, representing
healed microfractures, Cargo Muchacho Mountains, California. e-f) Planar (e) and folded (f) mylonitic fabric in a splay of the
Pofadder Shear Zone, South Africa. g) Micro-scale fold affecting a dynamically recrystallized quartz vein adjacent to a rigid
feldspar porphyroclast, Cuesta de Randolfo Mylonite Zone, Argentina. h) Hydrothermal breccia, Death Valley, California. i)
Abundant folded quartz veins in mylonitic schist, Catalina Island, California.
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BDT in felsic continental crust is associated with ret-
rograde, hydrous chlorite and muscovite-bearing as-
semblages where fluid is available (forming phyllonites
where retrogression is advanced), or deformed quartz
and feldspar that remain stable if conditions remain dry
(Imber et al., 2001; Spruzeniece and Piazolo, 2015; Ca-
wood and Platt, 2021).

Co-seismic downward penetration of the BDT: Most
earthquakes nucleate in the deeper part of the brittle
upper crust, known as the “seismogenic zone” (Sibson,
1982). During the interseismic period, characterized
by a low strain rate, shear zones at the BDT deform
by viscous crystal-plastic mechanisms such as diffusion
and dislocation creep, forming mylonites and ultramy-
lonites and exhibiting relatively low strength (weak rhe-
ology). During large seismic events, however, earth-
quakes that nucleate in the brittle upper crust propagate
downwards into the BDT (Scholz, 1988; Ellis and Stock-
hert, 2004; Handy et al., 2007; King and Wesnousky,
2007). The associated high stresses and strain rates re-
sultin a transiently strong rheology and localized brittle
failure within the BDT, transiently deepening the realm
of seismic brittle faulting (Hearn and Biirgmann, 2005;
Handy etal., 2007) by up to 4 km (Scholz, 1988) over a pe-
riod of up to four years (Rolandone et al., 2004), and driv-
ing a period of postseismic creep at elevated rates (Ellis
and Stockhert, 2004; Campbell and Menegon, 2019).

Mutually overprinting brittle and ductile struc-
tures: The BDT is thus characterized by mutually over-
printing ductile structures formed during the interseis-
mic periods (such as mylonites, ultramylonites, and
folds), and features formed by co-seismic brittle fail-
ure, such as discrete fault surfaces, cataclasites, quartz
veins, and pseudotachylites (Fig. 2; Scholz, 1988; Handy
et al., 2007; Frost et al., 2011; Price et al., 2012; Wintsch
and Yeh, 2013; Melosh et al., 2018; Sullivan and O’Hara,
2021).

Fabrics: The fabric of rock within the BDT may thus
vary from homogenous mylonite, ultramylonite, or cat-
aclasite with a well-developed tectonic foliation (schis-
tosity, cleavage), to a complex zone of overprinting duc-
tile foliations, brittle structures, and veins. This fabric
may vary from planar to wavy or even highly folded,
with spatial variations within a single shear zone com-
monly observed (e.g., the Pofadder Shear Zone, Melosh
et al., 2018).

Fluids and hydrothermal mineralization: Finally,
the rock within the BDT may remain relatively unal-
tered, or it may record significant fluid flow in the
form of metasomatic alteration (Putnis and Austrheim,
2010; Spruzeniece and Piazolo, 2015), cemented zones
(Callahan et al., 2020), or abundant hydrothermal veins
(Fig. 2b,i; Frost et al., 2011) or breccias (Fig. 2h). For ex-
ample, many shear-hosted orogenic gold deposits form
in the BDT (Sibson et al., 1988; Goldfarb et al., 2005),
and are characterized by abundant gold-bearing quartz
veins that may be tens of meters in width, with vein
sets extending several kilometers vertically and later-
ally (Goldfarb et al., 2005).
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3 Potential weakening mechanisms

Various processes can lead to weakening of a shear
zone, decreasing the stress required to drive deforma-
tion or allowing a faster deformation rate at a constant
imposed stress. If such processes are not reversed or
counteracted by a strengthening process, they will lead
to strain localization and the progressive narrowing of
the shear zone (e.g., Cawood and Platt, 2021). In this pa-
per, we number the weakening mechanisms most dis-
cussed in the literature as W1-W19; these are summa-
rized in Table 1 and briefly described here, with addi-
tional details in Supplementary Table S1.

3.1 Adding fluids

The addition of fluids to the BDT can lead to weakening
by several mechanisms, some of which can be reversed
or counteracted, whereas others are likely to be unidi-
rectional:

Adding fluids can enable (W1) reaction weakening,
the replacement of stronger phases such as feldspar or
amphibole by weaker, hydrous, retrograde phases like
muscovite and chlorite (Imber et al., 2001; Wintsch and
Yeh, 2013; Spruzeniece and Piazolo, 2015; Cao et al.,
2017; Cawood and Platt, 2021). The fine grain size and
unstrained nature of reaction products may further en-
hance weakening (White and Knipe, 1978). However,
this weakening effect is permanent unless the rocks
are subjected to higher pressure-temperature condi-
tions, either through burial or the input of magmatic
or other heat, resulting in metamorphic devolatilization
and the prograde re-growth of stronger phases. As high-
lighted in Section 1, the feasibility of potential weak-
ening mechanisms can be evaluated using four crite-
ria. Burial violates the first of these, namely, that the
mechanism be active at a constant depth, and although
prograde contact metamorphism adjacent to intruding
magma may occur in some cases, it is unlikely to re-
peat cyclically. Co-seismic frictional heating or viscous
shear heating may locally elevate temperature, driving
local devolatilization of carbonates or dehydration of
hydrous minerals (Leloup et al., 1999; Rowe and Grif-
fith, 2015; Mako and Caddick, 2018), but is unlikely to
drive shear zone-wide reversal of retrogressive reaction
weakening.

Fluids can also lead to significant (W2) hydrolytic
weakening if they are present within mineral grains
(Griggs and Blacic, 1965; Kronenberg and Wolf, 1990),
and the presence of such intracrystalline or intragran-
ular water has been experimentally shown to increase
rates of dynamic recrystallization in quartz (Palazzin
et al., 2018). Early studies on quartz attributed hy-
drolytic weakening to intracrystalline OH- defects that
weaken the bonds in the quartz crystal lattice by hydrol-
ysis and thus enable faster plastic deformation (Griggs
and Blacic, 1965; Kronenberg and Tullis, 1984). Subse-
quent experimental and natural studies, however, sug-
gest that significant weakening is instead caused by wa-
ter present as fluid inclusions and molecular clusters
(e.g., Kronenberg et al., 1986, 2020), which weaken the
grains by generating dislocations within the crystal lat-
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Table1l Weakening mechanisms

Potential Weakening Mechanisms

Description

1. Reversible at
constant depth?

2. Change shear zone strength
from its current state?

3. Effective over ~20 - 25
m/500 - 5,000 year scales?

SEISMICA | volume 3.2 | 2024

4. Active in
BDT?

Reaction weakening Stronger phase replaced by weaker hydrous phase X ~ ~ v
Hydrolytic weakening Intragranular OH- weakens lattice, and/or fluid inclu- v v ~ v
sions & molecular water weaken grains by generating
dislocations
W3 | Fluid-enhanced diffusion Intergranular fluids enable faster diffusion v ~ ~ v
W4 | Fluid overpressure & hydraulic em- | Increased pore fluid pressure decreases the effective v v X v
brittlement normal stress
Fluid-filled porosity Fluid-filled spaces act as a weak phase within a rock v ~ ~ v

W9 | Fine-grained reaction products

Replacement of coarse minerals with new, finer grained
minerals

Cataclastic grain-size decrease Forms finer-grained grain & rock fragments v X ~ v

W7 | Pseudotachylite formation Frictional melting creates ultra-fine grained/glassy v X ~ v
products

W8 | Dynamic recrystallization Creates new, smaller grains v X ~ v

X v

W10 | Phase mixing Maintains a smaller grainsize by pinning ~ X ~ v

W11 | Fabric development Anisotropic rock is weaker (in certain directions) than ~ ~ ~ v
comparable massive rock

W12 | Viscous aniostropy Forms a new CPO, with grains aligned for slip on easiest ~ X ~ v
slip system

W13 | Interconnected weak layers Decrease overall strength ~ X ~ v

W14 | Crystal lattice recovery Counteracts work hardening of grains v v ~ v

rupture

W15 | Fault maturation Smoothing of geometric irregularities with cumulative X X ~ v
slip

W16 | Anastomosing networks Linkage of weak lenses or strands within a fault zone, to X X ~ v
form large-scale interconnected weak layers

W17 | Rotational weakening Progressive rotation of dominant anisotropy towards v v v v
the shear plane

W18 | Co-seismic frictional heating Heat released by fast frictional sliding during seismic v X X v
rupture

W19 | Co-seismic frictional heating Heat released by fast frictional sliding during seismic v X ~ v

v'=yes, ~ = possibly, X =no
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tice (Stlinitz et al., 2017). This weakening is most ef-
fective if the fluid inclusions are small, such as after
they have been modified and decrepitated (broken) dur-
ing crystal plastic deformation. As such, quartz with
the same fluid content but in fewer, larger inclusions
tends to be stronger (Stiinitz et al., 2017). Recent stud-
ies on quartz deformed by nanoindentation found that
water had no measurable weakening effect at the exper-
imental conditions, and suggested that hydrolytic weak-
ening may only be important at relatively higher tem-
peratures, lower stress or strain rate conditions, and/or
in strain-free water-rich grains (Strozewski et al., 2021,
Ceccato et al., 2022).

Intergranular fluids, present in pores, cracks, micro-
cracks, or along grain boundaries, can also (W3) en-
hance diffusion and thus deformation by mechanisms
such as dissolution-precipitation creep and diffusion-
assisted grain boundary sliding. Such intergranular flu-
ids can also enhance grain boundary mobility and thus
dynamic recrystallization by grain boundary migration
(Mancktelow and Pennacchioni, 2004; Pongrac et al.,
2022).

Furthermore, the accumulation of intergranular flu-
ids and resulting (W4) fluid overpressure decreases
the effective normal stress and thus makes the rock
more susceptible to brittle failure (hydraulic embrittle-
ment). While technically this reflects a strengthening
of the rock in that it enhances brittle failure over duc-
tile flow, we consider fluid overpressurization a weaken-
ing mechanism here because it may enable significant
displacement of otherwise slowly deforming rock. Note
that hydraulic fractures can be relatively small, and do
not necessarily have to link up with surface ruptures.

In addition, although the pressure of pore fluids has
long been recognized as significant in reducing effec-
tive normal stress, recent work suggests that the fluid
volume fraction and topology or geometry of the fluid-
filled space is also important (Okazaki et al., 2021). This
(W5) fluid-filled porosity acts as inclusions of a weak
phase within a stronger rock. Such weak phases reduce
the overall strength of the rock (e.g., Handy, 1994).

All these fluid-related weakening mechanisms may
be active in the BDT, satisfying Criterion 4. However,
(W1) reaction weakening violates Criterion 1 as it is
unlikely to be reversed or counteracted at a constant
depth. The rate at which fluid overpressure (W4) builds
up depends on a variety of factors (such as the rates
of fluid production and migration), but such fluid over-
pressure is inherently cyclic and typically linked to the
seismic cycle, in that the resulting brittle failure (hy-
drofracturing) results in a sudden pressure decrease,
removing the mechanism of weakening (the fault valve
model of Sibson et al., 1988). Fluid overpressure thus
violates Criterion 3 as it fluctuates on a much shorter
timescale (that of the seismic cycle). The remaining
mechanisms (W2 hydrolytic weakening, W3 enhanced
diffusion, and W5 fluid-filled porosity) may be counter-
acted if the fluids are somehow removed from the crys-
tal lattices or intergranular spaces, respectively, and
may act over the required 20 - 25 m-scale, but this will
be determined by the rate at which fluids enter the BDT,
the rate at which the weakening mechanism itself acts,
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and the rate at which the fluids are expelled.

3.2 Grainsize decrease

A grain size decrease can weaken rocks that are deform-
ing by a grain size-sensitive mechanism (such as diffu-
sion creep or diffusion-enhanced grain boundary slid-
ing; e.g., Rutter and Brodie, 1988; Stiinitz and Tullis,
2000; Platt and Behr, 2011; Okudaira et al., 2017; Mu-
lyukova and Bercovici, 2019), in which smaller grain
sizes will enable deformation at lower stress at a given
strain rate. In rocks that are deforming by a grain
size-insensitive mechanism, like dislocation creep, a
grain size decrease can trigger a switch to a grain size-
sensitive mechanism, and thereby induce weakening
(White, 1977; Platt and Behr, 2011). Various processes
can cause grain size decrease:

Transient brittle failure can result in (W6) cataclastic
grain size decrease (e.g., Song et al., 2020), as well as
the formation of glassy and/or ultra-fine grained (W7)
pseudotachylites (Fig. 2a) during highly localized fric-
tional melting, which at mid-crustal conditions are typ-
ically weaker than their wallrocks and will favour strain
localization (Price et al., 2012; Kirkpatrick and Rowe,
2013; Campbell and Menegon, 2019; Hawemann et al.,
2019). Such brittle failure may result from deep penetra-
tion of large earthquake ruptures or fluid overpressure
resulting in hydraulic fracturing, and thus occurs over
a very short duration (on the scale of seconds, Fig. 3),
and likely repeats on the scale of the earthquake cycle.
Transient high stresses (and resulting rapid brittle fail-
ures) can also develop in the middle and lower crust due
to heterogeneous deformation within otherwise-ductile
shear zones (Hawemann et al., 2019). These processes
are at least partially reversible, because the fine grain
size (and typically hydrous nature) developed during
co-seismic brittle failure makes pseudotachylites par-
ticularly susceptible to grain growth by static recrystal-
lization (Kirkpatrick and Rowe, 2013). Pseudotachylites
also concentrate hydrous phases (W1), create intercon-
nected weak layers (W13), and localize interseismic my-
lonitization (W8), and the accumulation of thick zones
of variably deformed pseudotachylite within the BDT (as
documented in the Norumbega Shear Zone, Maine) can
result in persistent long-term weakening (Price et al.,
2012). This long-term weakening mechanism will be
most effective during periods of fast slip and deep rup-
ture penetration, and thus acts to enhance weakening of
the already weakened shear zone. It thus violates Crite-
rion 2, and although potentially important in the long-
term strength evolution of shear zones, it is not one of
the mechanisms we seek.

(W8) Dynamic recrystallization and the formation
of (W9) fine-grained reaction products can also lead
to a grain size decrease (White, 1977; Platt and Behr,
2011; Cawood and Platt, 2021), and can occur during
interseismic crystal plastic deformation. These mech-
anisms of grain size decrease can be counteracted by
grain growth under different boundary conditions, such
as higher temperatures, slower strain rates (decreased
imposed stress), or more hydrous conditions (e.g., Platt
and Behr, 2011). If the boundary conditions remain
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constant, grain growth is thus unlikely to trigger fault
strengthening. If, however, another mechanism inde-
pendently strengthens the fault, the resulting decreased
strain rate may enable grain growth, which could then
contribute to additional fault strengthening.

3.3 Fabric development and microstructural
evolution

Several other weakening processes act at the micro-
scale, controlled by changes in the rock microstructure:

Dynamic recrystallization and hydration reactions
both enable (W10) phase mixing, which then enhances
and maintains a grain size decrease (and thus weak-
ening) by Zener pinning (Platt, 2015; Mulyukova and
Bercovici, 2019).

(W11) Foliation development is a typical result of de-
formation. The formation of a tectonic foliation (schis-
tosity or cleavage) in a previously massive or anisotropic
rock significantly weakens the bulk rheology (Jordan,
1988). Foliation development occurs by several mech-
anisms, including the mechanical rotation of tabular
or platy minerals (such as micas, amphiboles, or clays)
into a preferred alignment; crystal plastic deformation
and dynamic recrystallization of existing grains to form
a shape fabric (by dislocation or diffusion creep); re-
crystallization and growth of oriented new grains; and
the development of a differentiated syn-deformation
metamorphic fabric, such as alternating quartz- and
mica-rich layers (Passchier and Trouw, 2005). Further-
more, the development of a shape fabric can cause
weakening through (W12) viscous anisotropy, or the
development of a new crystallographic preferred orien-
tation (CPO) aligned for slip on the easiest slip system
for the specific PT conditions (Muto et al., 2011; Hansen
etal., 2012).

The development of (W13) interconnected weak lay-
ers (IWLs) of a relatively weaker phase, such as mica
or a mixture of fine-grained minerals, leads to a de-
crease in the bulk strength of the rock (Handy, 1994,
Cole et al., 2007; Montési, 2013; Wintsch and Yeh, 2013).
Such IWLs can form due to dissolution-precipitation
creep; grain size reduction and grain boundary slid-
ing; disaggregation of coarse-grained micas; hydrous
retrograde replacement of feldspar or other phases by
weaker micas; phase segregation due to crenulation
cleavage development; or even due to progressive de-
formation within pseudotachylite layers (Passchier and
Trouw, 2005; Price et al., 2012; Wintsch and Yeh, 2013;
Platt, 2015).

Fabric development and microstructural evolution
are predominantly unidirectional processes, with pro-
gressive deformation (at the same PT conditions) sim-
ply enhancing them. However, these processes may be
counteracted by hydrothermal cementation or the em-
placement of abundant veins, which will destroy the ex-
isting rock fabric and microstructure.

(W14) Recovery refers to the removal of defects
from the crystal lattice of mineral grains (White, 1977),
resulting in strain-free grains and thus counteracting
work hardening. Recovery involves the replacement
of highly strained grains (or portions of grains) with

strain-free grains via dynamic recrystallization, driven
by the reduction in internal strain energy (dislocation
density). Note that W8 refers specifically to the grain-
size decrease that results from dynamic recrystalliza-
tion, whereas W14 refers to the creation of unstrained,
weaker grains by dynamic recrystallization during re-
covery.

At higher stresses and/or lower temperatures, dy-
namic recrystallization occurs by bulge nucleation
(BLG), whereby grains with low dislocation density
grow at the expense of adjacent work-hardened grains
(Tullis and Yund, 1985; Hirth and Tullis, 1992). At suffi-
ciently high temperatures, dislocation climb allows dis-
location tangles to be bypassed, allowing dislocations to
be shifted into lower energy subgrain boundaries and
dynamic recrystallization to occur by subgrain rotation
(SGR) (White, 1977; Passchier and Trouw, 2005). Dislo-
cation climb (and thus recovery and dynamic recrystal-
lization) is enhanced by higher temperatures and the
presence of water (Tullis and Yund, 1989; Palazzin et al.,
2018; Pongrac et al., 2022).

3.4 Macroscopic geometric evolution

Several macro-scale processes may also lead to weaken-
ing, by changing the geometry of the shear zone:

(W15) Fault maturation sees faults becoming pro-
gressively smoother with increasing displacement, de-
veloping a simpler, straighter geometry as irregularities
are destroyed during progressive slip (Wesnousky, 1988;
Hatem et al., 2017). This is inherently a unidirectional
process.

The linkage of faults or weak lenses within shear
zones into (W16) anastomosing networks (effectively
large-scale IWLs) decreases the overall strength of the
fault system/domain (Handy et al., 2007). However, as
for the formation of micro-scale IWLs and fault matu-
ration, this is effectively a unidirectional process that is
not typically reversed or counteracted.

Rocks may contain mechanical anisotropies in the
form of pre-existing foliations, compositional banding,
or sedimentary layering. (W17) Rotational weaken-
ing entails the progressive rotation of the dominant
mechanical anisotropy towards the macroscopic shear
plane, causing folds to become isoclinal and the dom-
inant anisotropy to become transposed into the shear
plane, with a resultant reduction in the bulk rock
strength (Cobbold, 1977). Rotational weakening is re-
versible, in that it may be counteracted by the develop-
ment of folds during ongoing shearing, which require
only small irregularities to nucleate and grow (Melosh
etal., 2018).

3.5 Heating

Finally, (W18) co-seismic frictional heating and (W19)
viscous shear heating may weaken the rocks of the
BDT, by raising the T and thus creating weak melt, re-
leasing fluids or other volatiles by mineral devolatiliza-
tion, or enhancing thermally activated crystal plastic
deformation mechanisms (Leloup et al., 1999; Rowe and
Griffith, 2015; Mako and Caddick, 2018). Both require
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fast, highly localized strain, and will thus be most effec-
tive in the uppermost BDT, or during deep penetration
of large earthquake ruptures. However, both are un-
likely to be significant during the interseismic period,
and the effectiveness of viscous shear heating in natural
shear zones has been questioned (Platt, 2015; Mako and
Caddick, 2018). Both frictional and viscous shear heat-
ing will be most significant during large, deeply pene-
trating earthquake ruptures, which are most common
during periods of faster fault slip. If frictional and/or
viscous shear heating have a noticeable effect on shear
zone strength, it will be to weaken the shear zone during
the period when it is thus already relatively weak and
fast (thereby violating Criterion 2). They are therefore
unlikely to be some of the mechanisms we are search-
ing for, and indeed, any mechanism we identify that can
strengthen a shear zone during a period of fast slip must
work against the effects of frictional and viscous shear
heating.

4 Potential
nisms

strengthening mecha-

Several processes may strengthen a shear zone. If
these are not reversed or counteracted, they will lead to
broadening of the shear zone, as the actively deforming
portion is abandoned in favor of adjacent, weaker rock
(Finch et al., 2016). Alternatively, the shear zone may be
abandoned entirely, and slip will be transferred onto a
nearby structure or a new shear zone formed in nearby
weaker, undeformed rock (e.g., Woodcock et al., 2007).
Here, we briefly describe the most common strengthen-
ing mechanisms (termed S1 - S11, see also Table 2 and
Supplementary Table S2).

4.1 Dehydration

Dehydration of the shear zone can strengthen it, as the
various weakening effects of fluids are removed (Finch
et al., 2016). The (S1) expulsion of intracrystalline wa-
ter will decrease the effects of hydrolytic weakening
on minerals deforming by crystal plasticity. Dynamic
recrystallization by subgrain rotation or grain bound-
ary migration can expel water hosted by fluid inclu-
sions and hydrous defects from quartz grains (Palazzin
etal., 2018; Kronenberg etal., 2020). Furthermore, dras-
tic heating during seismic events can drive dehydra-
tion and devolatilization, converting for example lime-
stone to stronger dolostone (Rowe and Griffith, 2015),
and even less-drastic frictional or viscous shear heating
may drive water expulsion.

The (S2) removal of intergranular fluids will lead
to slower diffusion and thus slower deformation by
diffusion-dominated processes, even in fine-grained
shear zone rocks. Removal of intergranular fluid will
also lower the pore fluid pressure, reducing the weak-
ening effect of fluid-filled porosity, and preventing hy-
drofracturing.
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4.2 Grain size increase

Grain growth can strengthen rock as diffusion-
dominated deformation mechanisms become slower,
or as the dominant deformation mechanism switches
from diffusion- to dislocation creep. Several processes
can lead to grain size increase:

(S3) Annealing or static recrystallization of grains
can cause grain growth. For dynamically recrystal-
lized grains, this requires that the imposed strain rate
slows sufficiently, or that deformation pauses com-
pletely, while the rock is still at a relatively elevated T
(Platt and Behr, 2011). Thus, static recrystallization is
unlikely to be the initial cause of strengthening and re-
sulting strain rate decrease; however, if another mech-
anism initially decreases the strain rate to below some
threshold, grain growth by static recrystallization may
further strengthen the rock. Rocks that achieved a
fine grain size during seismic events (such as pseudo-
tachylites or cataclasites) are particularly susceptible
to grain growth by static recrystallization during inter-
seismic periods, due to their very fine grain sizes and
possible greater water contents (Kirkpatrick and Rowe,
2013). Note, however, that such grain growth by static
recrystallization is likely only effective in monominer-
alic rocks. Many ultramylonites are instead polyminer-
alic, and grain growth will be inhibited by second-phase
pinning (see W10).

In addition, existing grains may grow during (typi-
cally prograde) (S4) metamorphic reactions. However,
this requires a change in PT conditions, violating Crite-
rion 1, and thus cannot be our culprit.

4.3 Growth or precipitation of new phases

The growth of new mineral phases can also strengthen
the shear zone, if the new phases are relatively stronger,
coarser grained, or more massive than the pre-existing
material:

(S5) Reaction hardening refers to the growth of new,
stronger phases during metamorphic reactions, such as
feldspar at the expense of micas. Most such reactions
are prograde, requiring an increase in PT conditions,
making them unsuitable candidates. New, stronger
minerals may, however, also be formed by retrograde
reactions (which occur at constant PT conditions with
the addition of water) or metasomatic reactions (which
require an externally derived fluid in disequilibrium
with the bulk rock; Putnis and Austrheim, 2010). For ex-
ample, Maggi etal. (2014) showed that fluid flow within a
shear zone in granodiorite drove the growth of new, rel-
atively strong K-feldspar within previously weakened,
altered, mica-rich phyllonites.

Without the involvement of fluids, reaction harden-
ing is unlikely to be reversible, as the reaction prod-
ucts will remain stable unless the PT conditions change.
With the involvement of externally-derived fluids, how-
ever, changes in the fluid chemistry and/or fluid:rock in-
teraction can drive changes in the stability of different
minerals, variably causing reaction weakening or reac-
tion hardening (Maggi et al., 2014).

(S6) Cementation, the precipitation of new hy-
drothermal phases such as quartz or carbonate, can
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Table2 Strengthening mechanisms

Potential Strengthening Mecha-
nisms

Description

1. Reversible at
constant depth?

2. Change shear zone
strength from its current
state?

3. Effective over ~20 - 25
m/500 - 5,000 year scales?

4, Active in
BDT?

Annealing (static recrystalliza-
tion)

overpressure, and fluid-filled porosity

Grain growth at lower stresses/slower strain rates

S1 | Expulsion of intracrystalline wa- | Removes effects of hydrolytic weakening v v ~ v
ter
S2 | Expulsion of intergranular fluids | Removes effects of fluid-enhanced diffusion, fluid v ~ ~ v

S4

Metamorphic grain growth

Reaction hardening

Finer-grained phases replaced by coarser miner-
als

Weaker phases replaced by stronger ones

S6

Cementation

Precipitation of new phases by hydrothermal flu-
ids

N o<

from the shear plane

Strain hardening Dislocations accumulate & become tangled v v
S8 | Anisotropy rotation (geometric | Existing anisotropies become less suitably ori- v ~ ~ v
strengthening) ented for slip
S9 | Dissolution-precipitation Material dissolved and re-precipitated elsewhere v v ~ v
Phase segregation Slows some deformation mechanisms v v ~ v
S11 | Folding Interrupt weak layers & rotate strong layers away v v v v

v'=yes, ~=possibly, X=no
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lead to porosity reduction and strengthening (Wood-
cock et al., 2007; Callahan et al., 2020). The hydrother-
mal phases may be precipitated in veins or as brec-
cia cements (Fig. 2a,h,i), may infill existing porosity,
or may replace existing minerals (Wintsch and Yeh,
2013). These new phases may be inherently stronger
than the existing minerals (e.g., strong hydrothermal
quartz versus weak clay minerals, Callahan et al., 2020);
they may be stronger due to their coarse grain size
(e.g., coarse-grained vein quartz in fine-grained ultra-
mylonitic quartzite); or they may strengthen the rock
by destroying mechanical anisotropies (e.g., “flooding”
of a rock by massive hydrothermal quartz versus highly
foliated schist), filling in porosity, or cementing poorly
consolidated material (e.g., Wintsch and Yeh, 2013).
Small amounts of hydrothermal minerals may be pre-
cipitated rapidly due to co-seismic pressure drops, or
larger volumes may precipitate more slowly from ad-
vecting fluids during the interseismic period (Williams
and Fagereng, 2022).

Various types of hydrothermal ore deposits illustrate
the ability of hydrothermal fluids to precipitate signif-
icant quantities of material over time. For example,
shear-hosted orogenic gold deposits typically comprise
abundant gold-bearing quartz + sulphide + carbonate
veins, precipitated in the BDT (Sibson et al., 1988; Gold-
farb et al., 2005; Honsberger et al., 2020). To form
these deposits, hydrothermal fluids derived from pro-
grade metamorphic devolatilization at depth carry Si,
S, CO,, and Au in solution (Phillips and Powell, 2010;
Groves et al., 2018); however, when seismic ruptures
create open spaces (such as in releasing bends along
faults; Groves et al., 2018), the resultant sudden drop in
confining- and fluid pressure drastically lowers the sol-
ubility of quartz, sulphide and carbonate, which precip-
itate as veins (Goldfarb et al., 2005). Gold, which is held
in solution as a sulphide complex (Phillips and Powell,
2010), also precipitates out as the S is removed from the
fluid (Goldfarb et al., 2005). Orogenic gold deposits are
typically built up over numerous such episodes, reflect-
ing numerous seismic cycles. A similar process con-
trols precipitation of vein-hosted epithermal deposits
(Sanchez-Alfaro et al., 2016), and while these form in
the shallow crust (Rhys et al., 2020), they nonetheless
reflect processes of fluid flow and rupture-related pre-
cipitation that are active throughout the seismic por-
tion of the crust. In such systems, significant quantities
of vein-fill material can be precipitated over time, such
that evidence of deformed fault rock may be completely
obliterated (Rhys et al., 2020).

4.4 Other microstructural changes

Several other microstructural changes may also lead to
shear zone strengthening:

(S7) Strain (or work) hardening occurs in grains de-
forming by dislocation glide, when dislocations build up
and become tangled, increasing the stress required for
dislocation motion and thus strengthening the grains
(Passchier and Trouw, 2005; Wallis et al., 2018). Optical
effects of strain hardening include undulatory extinc-
tion (due to lattice distortion) and deformation lamel-
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lae (Passchier and Trouw, 2005). Strain hardening may
be counteracted by recovery and dynamic recrystalliza-
tion, which are enhanced by elevated temperatures and
the presence of water (Tullis and Yund, 1989; Palazzin
et al., 2018; Pongrac et al., 2022). At the conditions of
the BDT, which is at the low-temperature, high-stress
end of the crystal plastic deformation range, such dis-
location climb is suppressed (Ashby and Verall, 1978),
limiting grain recovery and dynamic recrystallization,
and resulting in strain hardening.

Ongoing shear can lead to the (S8) rotation of
anisotropies (such as foliations or compositional band-
ing) which then become unfavorably oriented for creep,
leading to strengthening of the rock. This is counter-
acted by the development of new anisotropies in the
correct orientation for creep. For example, progressive
rotation of S and C surfaces can lead to their abandon-
ment, and the formation of new, more suitably oriented
C’ surfaces (Handy et al., 2007).

Pressure solution, or more generally, (S9)
dissolution-precipitation, refers to the dissolution
of material in high-stress sites (such as grain-to-grain
contacts), diffusive mass transfer in a fluid phase, and
re-precipitation in lower-stress locations (forming, for
example, pressure shadows) (Passchier and Trouw,
2005). This can contribute to fault strengthening by
both cementation (by the newly precipitated material)
and the increase of contact surface area between
partially dissolved grains (Williams and Fagereng,
2022). However, it can also weaken faults by creating a
tectonic fabric.

Finally, (§10) phase segregation can lead to strength-
ening: in quartz-mica-bearing rocks experiencing
dissolution-precipitation creep, quartz is typically dis-
solved from high-stress sites and precipitated in lower-
stress sites. This typically results in the formation of a
differentiated fabric, with alternating quartz- and mica-
rich bands, and may weaken the rock (e.g., W11, W13).
However, pressure solution is faster along quartz:mica
grain boundaries than along quartz:quartz boundaries,
so increased differentiation of quartz and mica into
separate bands will decrease the rate of pressure solu-
tion, as the number of quartz:mica interfaces decrease
(Schmidt and Platt, 2022). This may cause a change
in the dominant deformation mechanism (from diffu-
sion creep to, e.g., dislocation creep, Schmidt and Platt,
2022), or it may conceivably lead to some amount of
strengthening.

4,5 Macroscopic geometric evolution

(S11) Folding during shearing can significantly
strengthen the bulk rheology of a shear zone, by inter-
rupting the continuity of weak layers and rotating rigid
layers away from the shear plane (Melosh et al., 2018).
Active shear folds develop by buckling in rheologically
layered material, where the layers themselves exert
a mechanical influence on the folding process (Alsop
and Holdsworth, 2012; Melosh et al., 2018). Such folds
initiate at anisotropies or viscosity contrasts within
the shear zone (Carreras et al., 2005), and may range
in scale from millimeter- to decameter- wavelengths
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(Fig. 2f,g; Melosh et al., 2018).

The strengthening effect of active shear folding can
be counteracted over time by rotational weakening, as
the fold limbs are progressively rotated into parallelism
with the shear plane (Cobbold, 1977; Melosh et al.,
2018). This occurs because, although the folds initially
form by active buckling of rheologically distinct lay-
ers, they are subsequently flattened and smeared out
by ongoing shear, leading to fold tightening and eventu-
ally transposition (rotational weakening, Cobbold, 1977,
Carreras et al., 2005). In addition, Melosh et al. (2018)
propose that shear folding focuses deformation in ar-
eas of high stress, promoting localized grain-size re-
duction by dynamic recrystallization and/or pseudo-
tachylite formation, and thus re-weakening the shear
zone.

5 Discussion: Likely mechanisms

Of the various weakening and strengthening mecha-
nisms described above, several fulfill the criteria of 1)
being reversible or able to be counteracted at constant
PT conditions; 2) operating to change the fault strength
from its current state, 3) potentially operating at the ob-
served 20 - 25 m length scale or centennial-millennial
timescale, and 4) being active within the BDT. These
include fluid-driven weakening mechanisms counter-
acted by intra- and intergranular dehydration mech-
anisms; weakening by fabric development and mi-
crostructural evolution counteracted by the precipita-
tion of hydrothermal cements and veins; strengthening
by strain hardening counteracted by dynamic recrystal-
lization and other microstructural recovery processes;
and strengthening by folding counteracted by rotational
weakening.

We now explore the workings of each of these paired
mechanisms in more detail, and speculate on possible
scenarios in which they may result in the variations in
relative fault strength inferred from paleoseismic evi-
dence (e.g., Weldon et al., 2004; Dolan et al., 2007, 2016,
2024; Zinke et al., 2017, 2019, 2021; Hatem et al., 2020).

5.1 Fluids (dehydration - rehydration cycles)

As outlined in Section 4, fluids play a major role in
weakening shear zones. Intergranular fluids, present in
fractures and microfractures, in pore spaces, and along
grain boundaries, contribute to reaction weakening,
diffusional deformation, enhanced grain boundary mo-
bility, and the weakening effect of fluid-filled porosity,
and their accumulation may result in fluid overpressure
and hydraulic fracturing (e.g., Mancktelow and Pennac-
chioni, 2004; Okazaki et al., 2021). In contrast, intracrys-
talline fluids, present as OH- defects and/or fluid inclu-
sions within mineral grains, enable hydrolytic weaken-
ing (Kronenberg and Tullis, 1984; Stiinitz et al., 2017).
All of these weakening mechanisms require fluids to
be present within the shear zone, between mineral
grains, and hydrolytic weakening further requires that
water is present within the grains. Upon the removal
of the inter- and intragranular fluids (which can be ei-
ther lost from the shear zone or consumed by precipi-
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tation of new hydrous phases), these weakening mech-
anisms will cease, resulting in a relative strengthening
of the shear zone. For this to result in periodic vari-
ations in shear zone strength, the BDT must experi-
ence net-hydration at some times, and net-dehydration
at others, rather than a continuous flow-through of flu-
ids. Finally, to drive the observed variations in fault
slip rates, these hydration/dehydration cycles must oc-
cur over timescales commensurate with ~20 - 25 m slip.

What drives fluid flow through the crust? Through-
out the crust, fluids will move along a hydraulic gradi-
ent (from a higher fluid pressure in hydrous regions, to
a lower fluid pressure in dry rocks), provided there is
permeability through which they can flow (Cox, 2005).
Fluids produced at depth by magmatic or metamorphic
devolatilization will therefore typically move upwards
(Cox, 2005; Connolly, 2010), and meteoric waters may
penetrate downwards into permeable shear zones (Ker-
rich, 1986; Whitehead et al., 2020), although perme-
ability anisotropy and the complex patterns of tectonic
pressure created during deformation may also result in
significant along-strike flow (Cox, 2005). Thus, although
fluid flow is driven by fluid pressure gradients, the di-
rection of fluid flow will be strongly controlled by the
distribution and orientation of permeability (Cox, 2005).
Active shear zones, in which deformation and (at least
transient) permeability are strongly localized, are thus
major fluid channels (e.g., Kerrich, 1986; Cox, 2005).

The specific stress state of a shear zone will affect
its internal fluid pressure, and thus the direction of
fluid flow (into, out of, or along the shear zone; pro-
vided permeability exists). Depending on their orien-
tation relative to the tectonic stress field, shear zones
may be thinned during deformation (“positive stretch-
ing faults” of Means, 1989). These thinning shear zones
will be overpressured relative to their host rocks, so
fluids will be expelled (Mancktelow, 2002, 2006, 2008)
unless trapped by impermeable layers (Menegon and
Fagereng, 2021). Alternatively, shear zones oriented in
the field of instantaneous shortening will be thickened,
reducing the mean stress within the shear zone, and
causing fluids to flow into the shear zone (Mancktelow,
2002, 2006, 2008), in much the same way that fluids will
drain into an extensional fracture from the surround-
ing rock. Shear zones may therefore change from being
over- to underpressured if they rotate from the field of
instantaneous extension to that of instantaneous short-
ening (or if the regional stress field changes). This could
cause fluids to initially flow out of a thinning, overpres-
sured shear zone, but then flow into the shear zone as it
becomes underpressured. However, it is difficult to en-
visage a realistic tectonic scenario that would result in
these changes being cyclic, so the internal pressure of
a shear zone - while important for governing fluid flow
in or out of the shear zone - is unlikely to drive the ob-
served ~20 - 25 m-scale strength variations.

Within shear zones, permeability and fluid flow are
highest in regions experiencing local extension, such
a releasing bends, fault jogs, and fold hinges (Sibson,
1987; Cox, 2005). Accordingly, most orogenic gold de-
posits are associated with fault jogs and bends, dila-
tant structures in competent rock units surrounded by
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more ductile material, antiformal fold hinges, and the
boundaries between more- and less- rigid lithologies
(e.g., Groves et al., 2018).

How do fluids move through the brittle upper crust?
In the brittle, seismogenic crust, the permeability that
enables fluid flow may be long-lasting (faults and frac-
tures that remain open for some time, or simply a per-
meable lithologic unit), or it may be transient (such as
along co-seismic structures, or through hydraulic frac-
tures driven by transient fluid overpressure). For exam-
ple, Sibson (1987) postulated that during seismic rup-
tures, dilation within releasing bends or jogs causes
an abrupt reduction in fluid pressure, resulting in boil-
ing (and precipitation of hydrothermal mineral phases)
as well as suddenly drawing fluid in from surround-
ing structures (the “suction pump model”, Sibson, 1987;
Sibson et al., 1988). As evidence, he cites the min-
eral textures observed in epithermal deposits, which
are consistent with rapid precipitation during multiple
episodes of boiling due to sudden pressure drops (e.g.,
Sanchez-Alfaro et al., 2016; Giilyiiz et al., 2018; Rhys
et al., 2020), and the concentration of these deposits in
releasing bends and jogs along faults.

Fluids may also play a more active role in faulting, as
suggested by the “fault valve model” (Sibson et al., 1988),
based largely on observations of vein geometries in oro-
genic gold deposits. This model suggests that if a fault
remains locked and relatively impermeable during the
interseismic period (such as, for example, a high-angle
reverse fault that is unfavorably oriented for reactiva-
tion in a compressive stress regime), fluids may accu-
mulate in its deeper aseismic portions and build up to
suprahydrostatic pressures. This drives the opening of
some flat-lying veins adjacent to the main fault, but the
fault itself remains sealed. Once the rising fluid pres-
sure exceeds the lithostatic load, however, it triggers
seismic failure of the fault, creating fracture permeabil-
ity along the ruptured fault, draining of the overpres-
sured fluid, and precipitation of veins along the fault.
These veins help to hydrothermally seal the fault, lead-
ing to another interseismic period and repeating the cy-
cle.

Such processes may thus drive major changes in fault
permeability and fluid flow in the mid- to upper crust
during the seismic cycle (Cox, 2005). However, they do
not address how fluids move into or through the ductile
BDT during the interseismic period; how the fluid con-
tent of the shear zone may vary over timescales longer
than the seismic cycle; or how intragranular fluid may
move in and out of mineral grains within the shear zone.

How do fluids move through ductile rocks? It is
commonly assumed that brittle dilational deformation,
driven by near-lithostatic fluid pressures (hydraulic
fracturing), and manifest as veins, fractures, and grain-
scale microcracks, is required to create pathways for
fluid flow below the BDT (Connolly and Podladchikov,
2004; Cox, 2005; Mancktelow, 2006). Several experi-
mental studies summarized by Cox et al. (2001) found
that brittle, microcrack-dominated permeability per-
sists well into the regime of dominantly ductile, crys-
tal plastic deformation, if fluid pressures are sufficiently
high.
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However, recent studies have shown that fluid flow
can also occur in rocks deforming by purely ductile
processes. High-resolution microstructural studies on
natural, ductile mid-crustal shear zones have found
that aqueous fluids are concentrated in high strain ar-
eas, and occur in pores along grain boundaries (Fus-
seis et al., 2009; Menegon et al., 2015; Précigout et al.,
2017). These studies propose that fluids move through
the shear zones by creep cavitation, the closing and
opening of successive cavities between imperfectly fit-
ted grains, as the grains slide past one another during
viscous grain boundary sliding. This process may cre-
ate grain-scale fluid pressure differences, causing fluids
to migrate through wholly ductile rocks under the effect
of a “granular fluid pump” (Fusseis et al., 2009). Grain
boundary porosity potentially linked to creep cavita-
tion has also been identified in coarser-grained natural
mylonites, in which the dominant deformation mech-
anism may have been dislocation creep (Mancktelow
et al., 1998). Experimental work on fine-grained olivine
deformed under ductile conditions highlights this ten-
dency for water to move into actively recrystallizing
zones, and the importance of grain boundary porosity
created by creep cavitation for the storage of water in
these high-strain zones (Précigout et al., 2019). Simi-
larly, studies of natural ductile shear zones show that
fluids may move through transient dilatant sites created
at rheological contrasts (such as between brittle por-
phyroclasts and their ductile matrix; Kolb, 2008; Spruze-
niece and Piazolo, 2015).

In addition, fluids may migrate through the duc-
tile crust by grain boundary diffusion between grains,
or volume diffusion or the migration of fluid inclu-
sions through grains (e.g., Graham et al., 1998; Gleason
and DeSisto, 2008; Putnis and Austrheim, 2010). Dif-
fusion through grains, however, is slow (Fig. 3; Putnis
and Austrheim, 2010) and its role in fluid transport is
likely insignificant compared to that of deformation-
enhanced permeability. Furthermore, where the rocks
are metastable or the fluid is in disequilibrium, flu-
ids may move through nominally impermeable rock
by reactive fluid flow, enabled by a transient reaction-
induced permeability increase (Beinlich et al., 2020). In
the absence of shear zones, fluids generated at depth
may move through the ductile mid- to lower crust by
means of porosity waves, driven by the interplay be-
tween fluid production and rock compaction (Connolly,
1997, 2010). These theoretical constructs provide a po-
tential mechanism for driving episodic, upwards move-
ment of fluids, despite a continuous production of fluids
at depth (Connolly, 1997; Cox, 2005).

In summary, fluid production and tectonic deforma-
tion create large-scale fluid pressure gradients, which
drive the movement of fluids through the crust (Manck-
telow, 2002, 2008; Cox, 2005). This fluid flux is largely
concentrated into shear zones (Kerrich, 1986; Cox,
2005), where deformation and metasomatic reactions
create transient permeability through processes that
may be purely ductile (such as creep cavitation, Fus-
seis et al., 2009) or may involve transient embrittlement
driven by high fluid pressures (Connolly and Podlad-
chikov, 2004; Cox, 2005).
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Timescales of fluid movement in/out of the BDT:
The timescale over which porosity waves may operate
will be linked to the rates of fluid production at depth
(Connolly, 2010). Numerical modelling of a compacting
crustal column undergoing fluid production by meta-
morphic devolatilization at depth, and cut by a verti-
cal high-permeability shear zone, suggests that the in-
terplay between the regions of different permeabilities,
and between fluid transport through the shear zone ver-
sus by porosity waves, may lead to variations in the fluid
flux up the shear zone over periods of ~50 kyr (Connolly,
2010).

Although the mechanism remains unclear, geolog-
ical evidence exists for cases of fluid pulses moving
through the crust (and specifically through shear zones)
at kyr-timescales. Oxygen isotope gradients in vari-
ous minerals provide evidence for fluid flow events, at
amphibolite-facies conditions, that may have lasted as
little as 10® - 10* years (van Haren et al., 1996; Gra-
ham et al., 1998). Thermal modelling of apatite (U-
Th)/He around an active normal-sense fault in Nevada
suggests that the fault has experienced 30 - 40 individ-
ual fluid pulses over the last ~250 ky, each lasting ~1
ky (Louis et al., 2019). These authors propose that the
fluid flow is triggered by seismic events, and that the
system then re-seals itself over ~1 ky by the formation
of clays and silicates in the damage zone. However, ex-
isting paleoseismic data for the most recent earthquake
(~7,500 years ago; Wesnousky et al., 2005) does not cor-
respond to thermal model estimates for the most recent
hydrothermal pulse (beginning ~3,000 years ago; Louis
et al., 2019), suggesting an alternative mechanism may
be driving the fluid pulses.

Similarly, Hickey et al. (2014) used apatite fission-
track thermochronology and thermal modelling to esti-
mate the duration of fluid flow responsible for forming
an upper-crustal Carlin-style gold deposit, and obtained
a maximum duration of <15 to 45 ka. U-Th dating of
multiple generations of carbonate in the brittle Monte
Morrone Fault System of Italy yields a range of Middle
Pleistocene ages, with a 10 - 15 ky cyclicity (Vignaroli
etal., 2022). Both Hickey et al. (2014) and Vignaroli et al.
(2022) invoke coseismic permeability as leading to the
observed hydrothermal pulses; however, these repeated
pulses may also reflect independent fluid flux events
that span multiple seismic cycles.

Moving water into/out of crystals: The above dis-
cussion describes possible mechanisms for introduc-
ing fluids into the intergranular/pore spaces in the BDT,
over kyr timescales. These intergranular fluids may
then drive weakening mechanisms such as enhancing
diffusional deformation and hydrofracturing. To un-
derstand the possible weakening contributions of in-
tragranular fluids, however, the potential mechanisms
and timescales of moving fluids in- and out- of mineral
grains must be investigated:

Water may enter minerals by diffusion (volume dif-
fusion through the crystal lattice, pipe diffusion along
dislocations, or diffusion along subgrain boundaries
and twin lamellae); by movement with migrating dis-
locations or grain boundaries; or along cracks and mi-
crofractures (Graham et al., 1998; Gleason and DeSisto,
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2008). Water can penetrate up to 100 pm into quartz
in just 100,000 years by volume diffusion at typical BDT
conditions (Gleason and DeSisto, 2008), or ~200 um into
calcite in ~10° - 10* years at amphibolite facies tem-
peratures (Fig. 3; Graham et al., 1998). However, the
equilibrium solubility of water in quartz is low (~10-
200 H:10° Si), whereas water-weakened quartz is char-
acterized by much higher abundances of water (~10?
- 10% H:10° Si, Kronenberg, 1994). It is therefore un-
likely that sufficient water can diffuse into the quartz
crystal lattice to cause significant weakening (Kronen-
bergetal., 1986). In contrast, microcracking can signifi-
cantly enhance the penetration of water into grains, and
has the added benefit of delivering water in the form
of fluid inclusions, which are currently thought to be
the main culprit in hydrolytic weakening (Kronenberg
et al., 1986; Stiinitz et al., 2017; Palazzin et al., 2018).
Abundant fluid inclusions along lines or planes within
apparently whole grains are evidence for the infiltra-
tion of fluid into microcracks, which are subsequently
healed (Fig. 2d; Gleason and DeSisto, 2008; Stiinitz et al.,
2017).

Evidence from both natural and experimental shear
zones shows that dynamic recrystallization, associated
with both dislocation- and diffusion-creep, tends to
expel water and fluid inclusions from deforming my-
lonites and ultramylonites (Finch et al., 2016; Palazzin
et al., 2018; Kronenberg et al., 2020; Singleton et al.,
2020; Song et al., 2020), if the recrystallizing rocks were
initially water-rich (Palazzin et al., 2018). In contrast, if
the deforming rock was initially dry, the intracrystalline
water content may increase during dynamic recrystal-
lization (Palazzin et al., 2018). This highlights the im-
portance of hydraulic gradients in determining the di-
rection of fluid movement.

Microcracking is therefore the most efficient means
of introducing intracrystalline water, in the form most
conducive to weakening of the crystal (fluid inclusions),
and it is most likely to affect dry, strong crystals (Stiinitz
et al., 2017). In contrast, the presence of intragranu-
lar water enhances rates of dynamic recrystallization,
which then acts to expel this water (e.g., Palazzin et al.,
2018; Kronenberg et al., 2020).

These observations may tie into the observed tem-
poral variations in shear zone strength. During peri-
ods of fast fault slip, when minerals within the BDT are
relatively hydrous and thus weak, higher strain rates
and the availability of water will drive enhanced dy-
namic recrystallization (e.g., Palazzin et al., 2018) in the
ductile mylonites and ultramylonites (Fig. 4). This re-
sults in a net loss of intracrystalline water from the re-
crystallizing grains (Palazzin et al., 2018; Kronenberg
et al., 2020), reducing the effect of hydrolytic weaken-
ing and strengthening the grains, and thus the shear
zone (e.g., Oliot et al., 2014; Finch et al., 2016). The
locus of deformation shifts into weaker material (in
this case, a mechanically complementary, but now rel-
atively weaker, nearby shear zone). Here our model
differs from that of Oliot et al. (2014) and Finch et al.
(2016): they propose that the water expelled during
dynamic recrystallization in their studied shear zones
moved into the adjacent, drier wall rocks, causing weak-
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ening and strain localization in the margins adjacent to
the now-hardened, dehydrated shear zone core, lead-
ing to progressive widening of the cumulative ultramy-
lonite zone. In contrast, we suggest that, in some cases,
the expelled water moves upwards out of the BDT, en-
abling wholesale strengthening of the shear zone (e.g.,
Dolan and Meade, 2017), and causing deformation to be-
come concentrated in an entirely different shear zone.
This marks the start of a period of relatively slow slip,
during which the relatively dry, strong grains deform
by microcracking. This, in turn, enables the influx
of water into the grain interiors (Stiinitz et al., 2017,
Palazzin et al., 2018), which once again weakens the
grains and heralds the start of a fast, weak period.
The duration of these slow and fast periods will de-
pend on how long it takes to strengthen the shear zone
through dynamic recrystallization-driven grain dehy-
dration and/or weaken it by microcracking-driven re-
hydration, and on the strength threshold that must be
reached for displacement to switch from one shear zone
to another. Note that this scenario applies to non-
reactive rocks that are in equilibrium with the fluid.
We suggest that most shear zones are non-reactive, af-
ter their initial formation and potential weakening dur-
ing early reactive fluid flow and hydration, because the
resulting hydrous mineral assemblage will remain sta-
ble unless metamorphic conditions change (see Section
3.1).

Therefore, fluids may contribute to the observed vari-
ations in fault slip rates, with dynamic recrystalliza-
tion during fast periods (enhanced by abundant fluid
inclusions within the grains) driving grain dehydra-
tion and shear zone strengthening, and micro-cracking
(enhanced because the grains are anhydrous and thus
strong) and diffusion during slow periods allowing re-
hydration and weakening of the grains and thus the
shear zone. Fluids may thus be responsible for the ob-
served ~20 - 25 m-scale variations in fault slip rates,
but only if they are taken up and expelled by shear
zones over the correct length- and time-scale. Fluids
may be supplied in pulses that last hundreds to thou-
sands of years. Such pulses may be related to porosity
waves (e.g., Connolly, 2010), or some other process that
episodically supplies fluids from depth.

5.2 Hydrothermal cementation and fabric
development/microstructural weaken-
ing

During the interseismic period, crystal plastic deforma-

tion in the BDT leads to progressive weakening of the

rock by fabric development. Even once the rock has
developed a tectonic fabric (foliation, cleavage, com-

positional banding), ongoing deformation drives mi-

crostructural weakening processes, such as the devel-

opment of viscous anisotropy and interconnected weak
layers, and grain size reduction by dynamic recrystal-
lization (aided by cataclasis and pseudotachylite forma-
tion during co-seismic deep penetration of brittle frac-
tures), further weakening the shear zone.

However, if hydrothermal fluids with sufficient dis-
solved solutes are present, these weakening processes
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may be counteracted by the strengthening effect of hy-
drothermal cementation (e.g., Woodcock et al., 2007).
Strengthening by hydrothermal cementation requires
fluid ingress and mineral precipitation. In epithermal
and orogenic gold deposits, it has long been recognized
that co-seismic dilation of faults or fractures leads to
a rapid pressure drop, causing fluid boiling (flash va-
porization), supersaturation of dissolved material, and
rapid crystal nucleation and growth, with relatively
slower mineral precipitation during the following inter-
seismic period (Sibson, 1987; Sibson et al., 1988; Weath-
erley and Henley, 2013; Sanchez-Alfaro et al., 2016; Gii-
lyiizetal., 2018; Rhys et al., 2020). However, recent work
shows that only negligible amounts of hydrothermal ce-
ment (~0.02% of the dilational volume, for quartz and a
1.5 times difference between lithostatic and hydrostatic
pressure) can be precipitated by co-seismic dilation and
flash vaporization, due to the limited amount of fluid
available in the closed system represented by the dila-
tional volume (Williams and Fagereng, 2022). Precipita-
tion is similarly negligible if fluid is allowed to flow in
from along the fault, because fluid pressure in the di-
latant site is rapidly recovered (Williams and Fagereng,
2022). These authors found that significantly more ma-
terial may be precipitated by the advection of large vol-
umes of fluids upwards through the shear zone over
time, and Woodcock et al. (2007) show that significant
volumes of carbonate cement may be precipitated dur-
ing interseismic periods.

Hydrothermal cementation is thus unlikely to cause
significant strengthening during a single seismic cycle
(Williams and Fagereng, 2022). However, the cumula-
tive build-up of hydrothermal veins and/or hydrother-
mally cemented material over a number of seismic cy-
cles, and including the volumes precipitated during
inter-seismic periods, can add up to a significant vol-
ume of material, which will have a significant effect on
the shear zone strength. Studies using modern geother-
mal systems and numerical modelling show that earth-
quakes as small as My, < 2 can trigger boiling and ep-
ithermal quartz-gold deposition, with numerous earth-
quakes required to build up an economic mineral de-
posit (Sanchez-Alfaro et al., 2016; Rhys et al., 2020).
Such seismic events, each creating fractures or faults
and driving the hydrothermal cementation that heals
them, repeated over thousands of years, can deposit
large volumes of quartz and carbonate along with the
ore minerals (Sibson, 1987; Sibson et al., 1988; Goldfarb
et al., 2005; Rhys et al., 2020), resulting in significant
shear zone strengthening. For example, Giilyiiz et al.
(2018) describe mineralized quartz veins up to 13.6 m
wide, with a strike length of 240 m. Veins in orogenic
gold deposits typically vary from meters to tens of me-
ters in width, and deposits comprising multiple veins
may be wider than 1 km and extend 1 - 3 km vertically,
and in notable cases extend 5 - 8 km along strike (Gold-
farb et al., 2005). By applying “*Ar/*’Ar dating to adu-
laria in a Pleistocene low-sulfidation epithermal gold
deposit, Sanematsu et al. (2006) showed that the min-
eralized quartz-adularia-smectite Hosen-1 vein, 1 - 3m
wide and 300 - 400 m in strike length, formed episodi-
cally by fracturing and subsequent vein infilling over ca.
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(2008); and references therein.

260,000 years, with individual bands of the vein sepa-
rated by 30,000 - 110,000 years. Mineral textures within
each band are consistent with rapid precipitation due to
boiling (Sanematsu et al., 2006).

Co-seismic rupturing in both the BDT and brittle
upper crust thus creates permeability, weakening the
shear zone, but also enables fluid ingress and hy-
drothermal cementation that destroys the permeabil-
ity and strengthens the shear zone (Sibson, 1987; Gii-
lyiiz et al., 2018). This weakening/strengthening oc-
curs during each earthquake cycle. However, the pro-
gressive buildup of hydrothermal mineralization over
many earthquake cycles can create large volumes of
massive, coarse-grained material that strengthens the
shear zone over a longer timescale, possibly compara-
ble to the 260,000-year timescale required to form the
Hosen-1 epithermal vein (Sanematsu et al., 2006).

Strengthening due to hydrothermal cementation is
likely to be most effective during periods of relatively
fast fault slip, when abundant earthquakes drive regular
fluid pressure fluctuations and thus hydrothermal min-
eral precipitation (Fig. 4). Although fabric development
and microstructural evolution likely operate through
both fast- and slow periods, their weakening effects may
be swamped during the fast periods by the strengthen-
ing effects of hydrothermal cementation. Less-frequent
earthquakes during the slow periods allow for longer in-
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terseismic periods, and thus more time for the predom-
inantly ductile fabric-forming mechanisms to operate,
which weaken the shear zone.

These paired weakening and strengthening mecha-
nisms may therefore drive the inferred variations in
shear zone strength. The estimated time required to
form the Hosen-1 vein epithermal deposit (ca. 260,000
years, Sanematsu et al., 2006) provides an approxima-
tion of the time required to precipitate a significant vol-
ume of hydrothermal cement. This is notably longer
than the hundreds- to thousands of years typically ob-
served between fast/slow cycles on faults (Fig. 3; e.g.,
Weldon et al., 2004; Dolan et al., 2024), suggesting either
that less hydrothermal cementation is needed to signif-
icantly strengthen a fault, or that hydrothermal cemen-
tation operates too slowly to account for the observed
fault behavior. We note, however, that cementation is
likely a function of slip rate, such that significant vol-
umes of hydrothermal material may accumulate faster
in fault systems with a faster slip rate.

5.3 Microstructural strain hardening and re-
covery

As suggested by Dolan et al. (2007), microstructural
strain hardening during fast periods may result in
shear zone strengthening and slowing, allowing strain-
hardened grains to then undergo microstructural recov-
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ery (“anneal”), again weakening the shear zone and trig-
gering another fast period.

Initially weak, unstrained grains will deform easily
by dislocation glide, especially in the high-stress, low-
temperature conditions prevalent at the BDT (Ashby
and Verall, 1978), and at some strain rate, the rate of
dislocation creation will be balanced by the rate of dis-
location loss (by dislocation climb and other recovery
mechanisms, Passchier and Trouw, 2005). During the
higher strain rates of a fast period, however, dislocation
glide may not keep up with the rate at which new dislo-
cations are formed, resulting in an increase in disloca-
tion density and an accumulation of dislocation tangles
in the crystal lattice, and thus strain hardening (Pass-
chier and Trouw, 2005; Dolan et al., 2007; Wallis et al.,
2018). When the shear zone is strengthened to the point
at which the bulk of the deformation shifts to a mechan-
ically complementary but weaker fault, the shear zone
enters a slow period. This slower strain rate allows the
rate of dislocation climb to outpace the rate of disloca-
tion creation, resulting in recovery, and thus weakening
(Dolan et al., 2007).

As noted for other mechanisms, the duration of these
alternating fast and slow periods will depend on how
long it takes to strengthen and weaken the shear zone
by strain hardening and recovery respectively, and on
the strength threshold required for the shear zone to be
temporarily, partially abandoned.

5.4 Folding and rotational weakening

The paired mechanisms of strengthening the shear
zone during shear folding (Melosh et al., 2018) and rota-
tional weakening (Cobbold, 1977) may account for the
inferred variations in shear zone strengths, because
shear folding is likely to be enhanced when the shear
zone is weak and slipping rapidly and acts to strengthen
it, whereas rotational weakening is likely to be dom-
inant when the fault is strong and slow, and acts to
weaken it (thus fulfilling Criterion 2). The two processes
counteract one another, fulfilling Criterion 1 (reversibil-
ity), and both are active within the BDT, fulfilling Crite-
rion 4.

During periods of relatively fast fault slip, deep pene-
tration of large earthquakes creates brittle faults, veins,
and pseudotachylites in the mylonites and ultramy-
lonites of the typically ductile BDT (Fig. 4). The result-
ing competency (viscosity) contrasts create flow pertur-
bations, which grow into active shear folds by buckling
(Carreras et al., 2005) and strengthen the shear zone
(Melosh et al., 2018). For a shear zone that is 30 m
wide at the BDT (such as the Pofadder Shear Zone, South
Africa, Melosh et al., 2018), and that comprises inter-
banded layers of ultramylonite and mylonite with strain
rates of 3x10* and 3x103 s°! respectively (Melosh et al.,
2018), ~1 - 2 m-scale buckle folds can form in ~15 to 455
years as stronger, more slowly deforming layers buckle
adjacent to weaker layers with higher strain rates. For
an overall slip rate of ~15 - 90 mm/year (like the San An-
dreas fault; Weldon et al., 2004; Salisbury et al., 2018),
buckle folds will reach these amplitudes (~1 - 2 m) after
~0.2 - 41 m of slip (depending on their position within
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the shear zone), which is comparable to the ~20 - 25
m of slip recorded during fast periods on various faults
(Dolan et al., 2024). Importantly, buckle folds like these
can strengthen the bulk rheology by 27% when their ax-
ial planes are at a high angle to the shear zone bound-
aries (see Fig. 9 in Melosh et al., 2018).

Although rotational weakening is ongoing during
these fast periods, its weakening effect is swamped by
the strengthening effect of the numerous, continuously
produced shear folds. In addition, the folds themselves
create local stress concentrations, focusing deforma-
tion and leading to higher strain rates that result in brit-
tle failure (creating pseudotachylites or cataclasites) or
enhanced ductile deformation. Both result in grain size
reduction and local weakening (Melosh et al., 2018), but
also enhance viscosity contrasts that can then generate
new folds. Indeed, new folds are observed to form on
the limbs of older shear folds as the limbs are progres-
sively rotated (Ghosh and Sengupta, 1984). Eventually,
however, the shear zone reaches the critical strength at
which itisnolonger the favorable structure, and most of
the imposed displacement is transferred to another, me-
chanically complementary but currently weaker fault.
This heralds the onset of a relatively slow slip period,
characterized by slower ductile deformation, long in-
terseismic periods, and few deep-penetrating ruptures.
This results in a slower production rate of shear folds,
allowing the effect of rotational weakening to become
dominant, whereby ongoing simple shear rotates the
fold axial planes into parallelism with the shear plane,
removing their strengthening effect (Cobbold, 1977,
Carreras et al., 2005; Melosh et al., 2018). Based on
the relationship between shear strain and displacement
(tangent of the shear strain equals displacement divided
by distance across the shear zone), for folds near the
center of a 30 m wide shear zone, ~175 m of slip is
needed to rotate the axial plane by 85° (i.e., to rotate
the fold into near parallelism with the shear plane). For
folds near the shear zone edge, only ~11.5 m of slip is
required.

6 Conclusions: Generalized model

The scenarios discussed above can be incorporated
into a speculative generalized model to explain peri-
odic strengthening and weakening of shear zones, sum-
marized in Figure 4. It is important to note, however,
that faults are complex natural systems with significant
heterogeneity between and within individual examples,
and that numerous possible feedbacks exist between
the weakening and strengthening mechanisms we de-
scribe. Itis therefore likely that a combination of mech-
anisms is active in any one shear zone at any one time,
and that the specific combination of mechanisms at
play will vary with tectonic setting, lithology, and time.
Also note that we describe an inherently cyclic process,
with conditions during periods of slow slip automati-
cally preparing the shear zone for fast slip, and vice
versa.

As a fault enters a slow period, it is initially relatively
strong, dry, and slow. Strain rates in the underlying duc-
tile shear zone are lower, slip rates on the overlying brit-
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tle fault are slower, and large earthquakes are rare. Min-
eral grains are initially dry and strong, making them
more susceptible to microcracking and enhancing the
penetration of water. Water is also able to diffuse into
grains, without being continuously expelled by dynamic
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recrystallization (e.g., Kronenberg et al., 2020). This re-
sults in hydrolytic weakening and enhances easy glide
(Griggs and Blacic, 1965).

During this time, ductile deformation predominates
in the BDT, allowing the development of new tectonic
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fabrics, viscous anisotropy, interconnected weak lay-
ers, and areas of phase mixing (Passchier and Trouw,
2005), all of which have a weakening effect. The lack of
abundant new veins and pseudotachylites means fewer
shear folds form, and existing folds are progressively
smeared out by rotational weakening, resulting in an in-
creasingly planar, weakened fabric (Cobbold, 1977). In
mylonites and ultramylonites, the lower strain rate en-
ables static recrystallization and recovery, and allows
easy glide and thus the sweeping out of dislocation tan-
gles (Passchier and Trouw, 2005; Dolan et al., 2007).

Slow ductile slip and few deep seismic ruptures there-
fore enable several weakening mechanisms, includ-
ing fabric development and microstructural evolution,
rotational weakening, easy dislocation glide without
strain hardening, and hydrolytic weakening. This pro-
gressively weakens the shear zone, such that when
its mechanically complementary partner is inevitably
strengthened, our shear zone can again take up the ma-
jority of the imposed displacement and enter another
fast period.

This period of relatively fast slip sees the fault experi-
ence a number of large earthquakes, resulting in deep
rupture penetration and embrittlement of the BDT (e.g.,
Ellis and Stockhert, 2004). These deep brittle failures
each result in the precipitation of hydrothermal veins
and cements, driven by the co-seismic pressure drops
and the enhanced shear zone permeability that allows
large-scale fluid advection (e.g., Williams and Fagereng,
2022). Over multiple earthquake cycles, significant vol-
umes of massive hydrothermal material accumulate
(e.g., Sanematsu et al., 2006). This strengthens the fault
by cementing porosity and fractures, and by destroy-
ing tectonic fabrics and microstructures. In addition,
the fractures, veins, and pseudotachylites formed in the
BDT during large ruptures create major viscosity con-
trasts with the existing, interseismic mylonites and ul-
tramylonites. These rheological contrasts provide nu-
cleation points for the formation of shear folds, which
also contribute to shear zone strengthening (Melosh
et al., 2018). Furthermore, elevated strain rates in vis-
cously deforming rock drive dislocation creep and dy-
namic recrystallization in the previously weakened, hy-
drous mineral grains. This dynamic recrystallization
expels intracrystalline water (Palazzin et al., 2018; Kro-
nenberg et al., 2020), removing the effect of hydrolytic
weakening and thus strengthening the grains. This de-
hydration and strengthening also suppresses disloca-
tion climb (Tullis and Yund, 1989; Palazzin et al., 2018;
Pongrac et al., 2022), enhancing the development of dis-
location tangles and resulting in strain hardening (Pass-
chier and Trouw, 2005).

Fast ductile strain rates and numerous large earth-
quakes therefore enhance the occurrence of several
strengthening mechanisms, including hydrothermal
cementation, the destruction of tectonic fabrics and mi-
crostructures, the development of shear folds, strain
hardening, and intragranular dehydration. After 10? -
10® years / 20 - 25 m of slip, the shear zone becomes
strengthened to the point where it is no longer the most
favorable structure for failure, and most of the imposed
plate displacement shifts over to a different, mechani-
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cally complementary but currently weaker shear zone,
starting the cycle anew.
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