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Abstract Because quartz veins are common in fault zones exhumed from earthquake nucleation
temperatures (150°C-350°C), quartz cementation may be an important mechanism of strength recovery
between earthquakes. This interpretation requires that cementation occurs within a single interseismic period.
We review slip-related processes that have been argued to allow rapid quartz precipitation in faults, including:
advection of silica-saturated fluids, coseismic pore-fluid pressure drops, frictional heating, dissolution-
precipitation creep, precipitation of amorphous phases, and variations in fluid and mineral-surface chemistry.
We assess the rate and magnitude of quartz growth that may result from each of the examined mechanisms.
We find limitations to the kinetics and mass balance of silica precipitation that emphasize two end-member
regimes. First, the mechanisms we explore, given current kinetic constraints, cannot explain mesoscale
fault-fracture vein networks developing, even incrementally, on interseismic timescales. On the other hand,
some mechanisms appear capable, isolated or in combination, of cementing micrometer-to-millimeter thick
principal slip surfaces in days to years. This does not explain extensive vein networks in fault damage zones,
but allows the involvement of quartz cements in fault healing. These end-members lead us to hypothesize
that high flux scenarios, although more important for voluminous hydrothermal mineralization, may be of
subsidiary importance to local, diffusive mass transport in low fluid-flux faults when discussing the mechanical
implications of quartz cements. A renewed emphasis on the controls on quartz cementation rates in fault
zones will, however, be integral to developing a more complete understanding of strength recovery following
earthquake rupture.

Plain Language Summary The strength of faults varies in time throughout the earthquake cycle.
We know from laboratory experiments that fault strength decreases dramatically and instantaneously during
earthquakes. Some, much, or all of that strength loss is recovered between earthquakes. This process, often
referred to as fault “healing,” is thought to influence the timing, location, and energy of future earthquakes. The
speed and mechanism of the healing process are not well known. In many fault rocks from depths of earthquake
nucleation (>10 km), seen in geological exposures, slip-related fractures and cracks are sealed with quartz
cements that formed from fluids residing within, or flowing through, the fault zone. This observation has led

to the common inference that quartz cementation exerts a major control on fault healing. This interpretation
requires that sufficient quartz grows between successive earthquakes. We review and explore a variety of
processes that have been argued to facilitate such rapid cementation. Ultimately, we find that it is difficult

for quartz to grow fast enough to heal faults on the timescale of the earthquake cycle in many circumstances.
Therefore, we call for more work on understanding whether quartz growth or alternative mechanisms can
explain healing between earthquakes.

1. Introduction

Faults recover some, all, or more of their pre-failure strength between slip events. This recovery, often referred
to as fault “healing”, is an integral component of the seismic cycle and thought to govern earthquake repeat
times (e.g., Marone, 1995; Sibson, 1992, 1995; van den Ende & Niemeijer, 2018), stress drops (e.g., Karner &
Marone, 2000; Marone, 1995), rupture propagation (e.g., Beeler & Tullis, 1996; Williams, Mozley, et al., 2019),
and seismic energy release (e.g., Kanamori & Allen, 1986; McLaskey et al., 2012). Lack of healing may also
control the propensity for stable, aseismic fault creep (e.g., Carpenter et al., 2011). Experimentally, healing has
been described as an effect of the time-dependency of the coefficient of friction (Dieterich, 1972; Marone, 1998),
and as an effect of time-dependent cohesion (Muhuri et al., 2003; Tenthorey & Cox, 2006; Van den Ende &
Niemeijer, 2019). Healing thereby occurs through a combination of mechanical and chemical processes, including
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grain rotation and/or bonding, recrystallization, and the serial processes of dissolution, diffusion, and precipita-
tion, taken together sometimes referred to as pressure solution (Rutter & Elliott, 1976). As this term technically
refers to the dissolution of material at a stressed grain boundary (Durney, 1972), we use the more explicit phrase
“dissolution-precipitation creep” to differentiate the dissolution process from the combined processes resulting
in strain. Although increases in real contact area over time can lead to recovery of frictional resistance in dry
conditions (Dieterich, 1972), it is generally accepted that fluid flow through damaged rocks enhances the healing
processes listed above (Olsen et al., 1998; Renard et al., 2000; Tenthorey et al., 2003), and in experiments and
models, fluid-driven healing along fault planes can modulate the earthquake cycle (Hooker & Fisher, 2021; Van
den Ende & Niemeijer, 2019).

In the context of fluid-enhanced healing, the cementation of fractures or cracks by deposition of minerals
precipitating from a fluid acts to increase cohesive strength (e.g., Karner & Marone, 2000; Muhuri et al., 2003;
Sibson, 1992; Tenthorey & Cox, 2006; Tenthorey et al., 2003). The common observation of mineral cements
in exhumed faults, which are commonly found in abundances that far exceed those in the surrounding protolith
(e.g., Breeding & Ague, 2002; Cox, 1995; Eichhubl et al., 2009; Faber et al., 2014; Micklethwaite & Cox, 2004;
Williams et al., 2016; Williams, Goodwin, et al., 2015), suggest that cementation may play a key role in fault heal-
ing. Quartz cements, although common throughout the continental crust, are particularly prevalent near the base
of the seismogenic zone (Bestmann et al., 2016; Boullier & Robert, 1992; Fagereng et al., 2011, 2018; Melosh
et al., 2014; Ujiie et al., 2018) where the kinetics of silica dissolution, transport, and precipitation are relatively
rapid (Lander & Laubach, 2015; Lander et al., 2008; Rimstidt & Barnes, 1980). In faults exhumed from these
temperatures and depths (i.e., ~300°C-350°C and 10-15 km in continental crust, but deeper in subduction zones;
Sibson, 1982), quartz is frequently observed cementing gouge/cataclasite along fault interfaces and/or sealing
larger dilatant fractures in the surrounding damage zones (e.g., veins and breccias; Figures 1-3). In particular,
veins and cements have been reported to fill and affect the strength of the fault core in several exhumed exam-
ples (e.g., Callahan et al., 2020; Cox, 1995; Nguyen et al., 1998), although the potential spatial extent of such
cementation is unclear, largely from the inherent scale limitations of outcrop studies. Thus, quartz cementation
likely provides a fundamental mechanism for reducing damage accrued during fault slip, and may influence the
strength, permeability, and viscosity of fault zones at the depths where most large (Mw > 6) earthquakes nucleate
(Jiang & Lapusta, 2017; Sibson, 1982). Understanding the potential role(s) of quartz cementation in this process,
however, requires balancing the rates of quartz precipitation and strain accumulation over the full range of spatial
and temporal scales relevant to the seismic cycle.

Two criteria must be met in order for fault healing by quartz cementation to have an impact on the seismic cycle.
First, for strength to recover, the volume of cement precipitated must be sufficient to at least partially close
cracks/fractures, either along the fault interface or in the surrounding damage zones. Second, the rate at which
these cements are precipitated must be fast enough for the strength and permeability of faults to be affected on
time scales shorter than their interseismic period (a few 100 years or less in active, plate-boundary fault systems;
Williams, Davis, & Goodwin, 2019). The process and efficiency of cementation, however, likely depends in some
part on hydraulic regime (Cox, 2010). A diffusive end-member likely occurs, for example, in systems where
either rock permeability and/or the prevailing hydraulic gradient prevents significant fluid flux, and cementation
procedes predominantly by local dissolution-precipitation creep (e.g., Cox, 2010; Laubach et al., 2014, 2019).
On the other hand, an advective end-member may occur where faults are episodically connected to highly over-
pressured reservoirs when fault slip results in increased permeability, leading to transient high fluid flux along
the fault (Cox, 1995; Sibson, 1992, 1995; Sibson et al., 1988). Intermediate cases are also possible, and spatial
variabilities in hydraulic regime may occur because of local differences in deformation mechanisms and perme-
ability production within individual fault zones (e.g., Caine et al., 1996). In this way, the concept of healing may
be considered relative to the two primary elements of fault zone architecture: discrete fault surfaces and their
surrounding damage zones. Deformation along individual fault surfaces largely takes the form of mechanical
wear and grain comminution during slip. The collective result of these processes is the production of very low
porosity/permeability cataclasite or fault gouge, where cementation is likely governed predominately by diffusion
in a low-flux environment. Exceptions may occur at geometrical complexities, such as fault bends and step-overs,
where fault permeability could be locally elevated (Peacock et al., 2017; Weatherley & Henley, 2013). Cemen-
tation of materials along the fault interface has direct implications for the stability and strength of faults and the
propensity for additional slip. Deformation in the surrounding damage zones, in contrast, is arguably more varia-
ble across individual fault systems, although dilatant deformation in the form of micro-to-meter-scale fracturing
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Figure 1. Schematic diagram illustrating slip-related dilation and mechanisms of fluid ingress, cementation, and sealing.
Simply stated, quartz cementation in fault zones requires a change in the relative supersaturation of silica in migrating fluids.
The slip-related mechanisms of varying silica supersaturation, and their impact on fault healing and the seismic cycle, are the
primary focus of this paper.

and brecciation is common (e.g., Caine et al., 1996; Cox, 1995; Faleiros et al., 2014; Laubach et al., 2014; Melosh
et al., 2014; Nguyen et al., 1998; Woodcock et al., 2007). Damage zone cementation may therefore also be
controlled by diffusion in low-flux environments, or alternatively by advection in high-flux environments given
the highly permeable nature of fractured/brecciated rock relative to its undeformed state. Cementation of fracture
networks in fault damage zones is unlikely to directly impact fault strength, but is likely to have ancillary impacts
on overall fault-zone permeability (including the potential to localize pore-fluid overpressures consequent to
fault weakening) and mechanical compliance and/or elasticity (with implications for seismic wave propagation).

In this paper, we explore the variety of slip-related mechanisms that have been argued to allow quartz cementation
and associated healing in faults over interseismic time scales. We consider quartz cementation to close cracks/
fractures (opening-mode or hybrid), including both aggregate cementation of microfractures or pore space in
breccias, cataclasites, or gouges along fault surfaces in addition to sealing of more discrete, mesoscale structures
in fault damage zones (Figures 2 and 3). We hereafter use the term “fracture cementation” and “sealing” to
encompass the filling of fractures with quartz cement and any associated mechanical or hydrological response.
Our goal is to leverage the existing literature to assess the rate, duration, and magnitude of cementation that may
result from each driver of quartz precipitation, and determine their potential to contribute to fault healing over
typical interseismic time scales in the seismogenic crust. In particular, we focus on processes occurring near the
base of the seismogenic crust (i.e., temperatures of 300°C-350°C; 10-15 km depth in continental crust but deeper
in subduction zones) where most large earthquakes nucleate and where the potential for fault healing facilitated
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Figure 2. Outcrop images of quartz cements in faults. (a) Meter-scale quartz vein associated with the Motherlode gold
deposits of California, USA. Person for scale. (b) Discrete quartz veins cutting metapelites in the Makimine Mélange,
Kyushu, Japan. Pencil scale. (c) Quartz slickenfibers filling centimeter-scale dilational jogs in Chrystalls Beach, New
Zealand. Finger for scale. (d) Vein filling a fault-localized fracture in the Kuiseb Schist, Kuiseb Canyon, Namibia. The person
in the bottom right of the image is approximately 1.5 m tall. (e) Vein partially filled with euhedral quartz crystals, Cape Fold
Belt, South Africa. Compass for scale.

by quartz cementation is highest. The key conclusion is that such healing by cementation, although commonly
invoked, is most easily explained in very low porosity fracture systems along fault interfaces, while cementation
of more extensive vein systems in fault zones requires conditions that are rarely achieved if currently known
empirical relations are correct.

1.1. Quartz Growth Rates in Fault Zones at Earthquake Nucleation Depths: Current Understanding of
Kinetic Constraints

The rates of silica dissolution, diffusion, and precipitation increase exponentially with temperature (e.g., Fournier
& Potter, 1982b; Rimstidt & Barnes, 1980). The greatest potential for quartz cementation to significantly affect
fault healing is therefore near the base of the seismogenic crust (i.e., the warmest part of the crust deforming
primarily by brittle deformation). In the continents, this depth is resolvable in catalogs of earthquake hypocenters
(Sibson, 1982) and likely coincides with the onset of efficient ductile deformation in quartz at ~300°C-350°C.
Unfortunately, very little is known about the rates of quartz precipitation in fault zones at these depths from
direct analysis of the rock record. Rather, the overwhelming majority of our knowledge of silica kinetics in fault
zones is inferred from laboratory experiments (e.g., Brantley et al., 1990; Rimstidt & Barnes, 1980; Tenthorey &
Cox, 2006; Tenthorey et al., 2003; Williams, Farver, et al., 2015) or theoretical models (e.g., Renard et al., 2000),
although such constraints have been applied to explain direct geological observations (Faber et al., 2014; Fisher
et al., 2019; Hooker & Fisher, 2021; Saishu et al., 2017; Ujiie et al., 2018).

Empirical constraints on the potential rates of quartz cementation (i.e., those derived from analysis of the rock
record or laboratory-synthesis experiments) are focused almost exclusively on diffusion-controlled precipitation
in low-flux environments. A large body of research has attempted to place constraints on the rates of quartz cemen-
tation in fractures in sedimentary reservoir rocks under near-equilibrium, diagenetic conditions in particular (i.e.,
<~200°C; see review by Laubach et al., 2019). For example, fluid-inclusion microthermometry of crack-seal
quartz veins in sandstone reservoirs has been used to estimate average rates of fracture opening and vein forma-
tion of ~25 pm per million years at ~100°C-175°C (Becker et al., 2010; Fall et al., 2015; Hooker et al., 2015). If
this rate is taken as synonymous with the rates of quartz precipitation in each vein (given the multiply-refractured,
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Figure 3. (a) Blocky quartz recording cementation of a large (~2 mm aperture) dilatant shear fracture. (b) Blocky quartz
recording cementation of a smaller (~500 pm) opening-mode fracture. (c) Fibrous or “stretched” quartz crystals recording
repeated (re)opening and (re)sealing of small increments. (d) Sub-parallel fluid inclusion planes delineating “crack-seal”
increments in panel (c). Opening increments are generally approximated as the average distance between fluid inclusion
planes (here ~10-30 pm). (e) Mosaic quartz cements filling pore space in a dilational breccia in mylonite. (f) “Flamboyant”
spheroids of epithermal quartz interpreted to record recrystallization from a metastable precursor phase.

crack-seal nature of the veins the rate is more accurately considered a minimum estimate of precipitation rate),
then it is generally compatible with that predicted by kinetic-rate equations developed by Lander et al. (2008),
who employ a standard Arrhenius formulation with activation energy and pre-exponential factor estimated from
observed accumulations of natural quartz cements in reservoirs rocks with known time-temperature histories.
The Lander et al. (2008) model was subsequently redeployed by Lander and Laubach (2015) to define struc-
tural-kinetic models of quartz cementation in fractures during repeated episodes of reactivation. Both of these
models predict maximum quartz precipitation rates on the order of ~1 mm per million years (10~3 pm/year) at
350°C (i.e., the base of the seismogenic crust; Figure 4). These rates imply sub-um cement accumulations over
the 100-year interseismic timescales typical of active, plate-boundary faults. It is conceivable that such modest
accumulations of cement may be capable of altering the mechanical properties of very low porosity cataclasites

WILLIAMS AND FAGERENG

50f35



~1
AGU

ADVANCING EARTH
AND SPACE SCIENCE

Reviews of Geophysics 10.1029/2021RG000768

107 10 um wide fracture in 1 yr; 1000 um wide fracture in 100 yrs

10° 10 um wide fracture in 10 yrs; 100 um wide fracture in 100 yrs

108 10 um wide fracture in 100 yrs

10*

10°

102

Precipitation Rate (um / Myr)

Temperature range of seismogenic crust

10°
100 150 200 250 300 350

Temperature (°C)

Figure 4. Plot illustrating quartz precipitation rates as a function of temperature from kinetic rate models (solid lines). Rates
predicted by Lander et al. (2008) and Lander and Laubach (2015) represent estimates for non-euhedral, c-axis-parallel (i.e.,
maximum) growth. Rates predicted by Rimstidt and Barnes (1980) incorporate effects associated with silica supersaturation
(in this case Q = 1.05), but are non-specific with respect to crystallographic orientation and euhedralism of the host grains
(explained below). Estimates from Rimstidt and Barnes (1980) are extrapolated from temperatures of 300°C to respect the
constraints of the original experimental calibration. Dashed horizontal lines indicate precipitation rates required to seal
fractures of various widths over time scales relevant to the seismic cycle (i.e., a few 100 years or less).

localized along discrete fault surfaces over the 100-year time scales typical of an interseismic period (e.g., Renard
et al., 2000; Tenthorey & Cox, 2006; Yasuhara et al., 2005), but they are certainly not capable of sealing larger
fractures (whose opening increments may range from 10s of pm to cm in scale) commonly observed in fault zones
exhumed from seismogenic depths (Figure 4). Thus, as applied to dilational deformation in fault damage zones,
the diffusion-controlled models of Lander et al. (2008) and Lander and Laubach (2015) stand in contrast to an
abundance of outcrop and microstructural evidence in exhumed fault rocks, which appear to record a seismic
cycle characterized by intermittent but numerous episodes of quartz cementation and fracture sealing between
discrete slip events (e.g., Boullier & Robert, 1992; Cox, 1995; Fagereng et al., 2011, 2018; Renard et al., 2005;
Sibson et al., 1988; Ujiie et al., 2018; Figures 2 and 3). The precipitation rates estimated by Lander et al. (2008)
and Lander and Laubach (2015), however, do not include a term for the effect of silica supersaturation (i.e., the
ratio of the concentration of silica in pore fluid to that at equilibrium):

Q = CSi0,/CSiOy_, 1

Precipitation in the Lander et al. (2008) and Lander and Laubach (2015) models is instead assumed to occur from
fluids that are near equilibrium with respect to silica concentration (i.e., Q ~ 1), consistent with the conditions
anticipated for quartz precipitation governed principally by diffusion in a low fluid flux environment. As such,
precipitation rates in the Lander et al. (2008) and Lander and Laubach (2015) models are not appreciably influ-
enced by fluid advection or dynamic changes in pressure, temperature or other variables, but rather are controlled
entirely by ambient temperature and the crystallographic nature of the quartz growth surface (i.e., fast c-axis
vs. slow a-axis growth, fast growth on anhedral surfaces vs. slow growth on euhedral terminations; see Lander
et al. (2008) for a complete discussion). The assumption of near-equilibrium conditions also implies nucleation
barriers inherent in quartz precipitation that dictate growth should occur exclusively on quartz grains within a
rock mass. Lander and Laubach (2015) showed that the collective effect of these factors results in a potential
for fracture sealing that is dependent only on temperature and the morphology and orientation of quartz grains
in the fracture walls relative to the rate of fracture opening. This model has proven effective in reproducing
the characteristics of cemented fractures inferred to have formed under near-equilibrium silica concentrations
below ~250°C (which are commonly discontinuously cemented across their extent; e.g., Becker et al., 2010; Fall
et al., 2015; Hooker et al., 2015; Laubach et al., 2014; Wang et al., 2019). It is important to note, however, that
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(Lander & Laubach, 2015) specifically recognized that the assumption of near-equilibrium silica concentrations
may be violated at depths and temperatures beyond those typical of reservoir diagenesis.

In the vicinity of active, seismogenic faults near the base of the seismogenic crust, for example, fluid flux can
vary substantially with time (e.g., Braun et al., 2003; Husen & Kissling, 2001), and fluids may experience rapid
changes in pressure, temperature, and other variables that directly or indirectly affect solubility and thus lead
to supersaturation (Cox, 1995; Saishu et al., 2017; Sibson, 1992; Ujiie et al., 2018). In fact, the microstructures
of quartz cements in many fault systems exhumed from these depths reveal a critical difference in the mecha-
nisms of cementation when compared to reservoir diagenetic examples that are well explained by the Lander and
Laubach (2015) model: inferred fracture opening increments are typically entirely sealed with quartz cement
(although exceptions may occur; e.g., Ague, 1995; Fisher & Byrne, 1990), regardless of protolith type or the
mineralogy/orientation/size of individual grains in the fracture wall (Figure 3; see examples in Cox, 1987, 1995;
Fagereng et al., 2011; Melosh et al., 2014; Saishu et al., 2017; Ujiie et al., 2018). These microstructures may
imply that the strict nucleation barriers inherent under near-equilibrium conditions (and recorded in the discon-
tinuously quartz cemented fractures of Becker et al., 2010; Fall et al., 2015; Hooker et al., 2015; Lander &
Laubach, 2015; Laubach et al., 2014; Wang et al., 2019; in addition to others) are not necessarily operative in
active faults experiencing quartz cementation near the base of the seismogenic crust. The lack of such strict nucle-
ation barriers during quartz precipitation implies increased silica supersaturation during cementation, perhaps
resulting from dynamic variations in equilibrium silica solubility throughout the seismic cycle. Indeed, it would
seem that supersaturation is required to explain the large disparity in quartz cementation rate between what is
predicted by the models of Lander et al. (2008) and Lander and Laubach (2015) and what is required to seal the
10s of pm to cm fracture opening increments observed in some exhumed faults over interseismic timescales (i.e.,
a few 100 years or less; Figure 4).

1.1.1. A Tentative Resolution for Dilatant Faults and Fractures

If laboratory constraints on silica kinetics are taken to be broadly accurate in determining the primary controls on
quartz precipitation rate, then the potential for fault healing through quartz cementation is largely dependent on
temperature, silica supersaturation, and mass flux of silica during and after fault slip. Assuming the main fluid
phase available to transport dissolved silica is H,O, silica solubility depends on the temperature, pressure, pH,
and salinity of aqueous fluids. Of these, the effects of changing temperature and pressure are well constrained
by experimental and theoretical studies, and these parameters likely experience substantial variations over the
temporal and spatial scales of the earthquake cycle. Decreases in fluid temperature, for example, may occur when
hot, silica-saturated fluids ascend inclined faults or fractures and cool at higher structural levels following rupture
and associated increases in fault permeability. Decreases in fluid pressure may similarly occur during coseismic
dilational deformation or post-seismic discharge of fluids from previously overpressured horizons—particularly
if a rupture disrupts a hydrological barrier bounding an overpressured compartment (e.g., Cox & Munroe, 2016;
Miller & Nur, 2000; Sibson, 1992). Both of these processes occur in advective regimes and result in local and
rapid decreases in the equilibrium solubility of silica in pore fluids, resulting in corresponding increases in the

degree of local supersaturation and rates of quartz precipitation (i.e., CSiO,_, in Equation 1 decreases). Experi-

2-e
mental work has shown, for example, that quartz precipitation rates at a constqant temperature vary as an approx-
imately linear function of Q-1 (Rimstidt & Barnes, 1980) (Most previous work in mineral kinetics [including
Rimstidt and Barnes (1980)] describes the departure from equilibrium concentration as (1-€2) by convention,
resulting in rates of mineral dissolution that are positive and rates of mineral precipitation that are negative.
As this work is focused on rates of precipitation, we recast the term describing the departure from equilibrium
concentration as (Q2-1), resulting in positive rates of precipitation.). Estimation of quartz growth rates using these
laboratory derived constraints, however, yields precipitation rates several orders of magnitude larger than those
provided by the naturally-parameterized models of Lander et al. (2008) and Lander and Laubach (2015). Several
factors may explain the discrepancy between the two empirical models, and between the rates determined by
Lander et al. (2008) and Lander and Laubach (2015) and the rates required by the rock record of fault-related
veins. First, although thermodynamic theory predicts a linear relationship between precipitation (or dissolution)
and Q — 1 (Lasaga, 1981; Palandri & Kharaka, 2004), experiments have shown that pronounced non-linearities
in reaction rate may exist between near-equilibrium and moderately supersaturated solutions for some minerals
(Burch et al., 1993; Nagy & Lasaga, 1992). Critically, quartz precipitation experiments are only conducted at
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moderate-to-high supersaturations to yield quantifiable growth over laboratory time scales. As such, the effects of
supersaturation on reaction rates between the near-equilibrium conditions incorporated into the pre-exponential
factor of Lander et al. (2008) and the experimentally-calibrated models of Rimstidt and Barnes (1980) are
entirely unknown from direct analysis, and quite possibly non-linear. Second, the kinetic-rate constants in Lander
et al. (2008) and Lander and Laubach's (2015) model are derived from observation of natural quartz overgrowths
in reservoir sandstones, and according to those authors inherently incorporates effects associated with “nuclea-
tion discontinuities” on the surface of detrital grains (e.g., clay or oxide coatings, organic residues, etc.). These
effects are unlikely to be important, or even present, on the surface of fresh fractures in fault zones. In fact,
SpruZeniece et al. (2021) demonstrated that natural blocky calcite veins can only be simulated numerically if
growth is faster on transgranular fractures than on intergranular surfaces. In quartz, hydrothermal experiments
on fractured detrital-quartz grains in supersaturated solutions also demonstrate this effect (Williams, Farver,
et al., 2015), and show that the rates of quartz precipitation on fresh fracture surfaces subjected to supersaturated
conditions are more consistent with those predicted by Rimstidt and Barnes (1980) than Lander et al. (2008) and
Lander and Laubach (2015).

In this paper, we use the constitutive equations of Rimstidt and Barnes (1980) to estimate the rates of quartz
cementation in fault zones in a series of generalized cases to analyze the effects of isolated parameters. Although
this is the most appropriate empirical model for post-seismic quartz precipitation available to us, we stress that
until more direct constraints on the rates of quartz precipitation in the seismogenic crust can be obtained, the
rates calculated here should be taken with caution, or perhaps even mild skepticism. In particular, we note that
the experiments of Rimstidt and Barnes (1980) were conducted in a closed system, but that they specifically
quantified variations in quartz precipitation as a function of temperature and changing silica supersaturation. The
application of these constraints to open-system scenarios in the crust is made on the assumption that such systems
provide a mechanism of increasing silica mass balance, and therefore maintaining high degrees of supersaturation
throughout crystal growth.

Rimstidt and Barnes (1980) provide a general equation for predicting the rate of accumulation (r, in m/s) of
quartz on a surface (sfc) of the following form:

Fsfe = kVoz(Q = 1) @)

Where k is a temperature-dependent rate constant (s™1), V... is the molar volume of quartz (22.55 cm?3/mol), and
Q is the degree of supersaturation (unitless; Equation 1). This formulation is directly constrained for tempera-
tures up to ~300°C (coinciding with the approximate base of the continental seismogenic crust; Sibson, 1982)
and relies on several assumptions. First, crystal nucleation and growth are assumed to occur as quartz rather than
amorphous silica or other metastable precursors. Second, the reaction is assumed to proceed under a constant
degree of supersaturation with infinite fluid and solute availability. The validity of the first assumption will be
addressed in the following section. The second implicitly assumes that fluid flux is sufficiently high to not place
limits on precipitation rate, and its validity is almost certainly variable as a function of depth and lithology in
the crust in addition to the mechanism invoked for generating the supersaturations required for precipitation
(discussed in detail below). As such, its validity will be discussed in each of the individual sections on slip-related
mechanisms leading to increased rates of quartz cementation. We recognize that the Rimstidt and Barnes (1980)
formulation is non-specific with respect to variations in quartz precipitation rate that may arise as a function of
the crystallographic nature or orientation of the substrate (i.e., fast c-axis vs. slow a-axis growth, fast growth on
anhedral surfaces vs. slow growth on euhedral terminations; see Lander et al., 2008). Given that their formula-
tion is based on experimental determination of aggregate precipitation rates in a granular mass of quartz grains,
however, it is likely that most surfaces were anhedral and all potential crystallographic axes were on some level
represented. Thus, the precipitation rates we estimate likely represent an average anhedral rate normalized across
a wide range of crystallographic axes. Finally, we recognize that this approach neglects the potential for decreases
in quartz precipitation associated with the development of euhedral terminations during fracture cementation,
and we refer the reader to the work of Lander and Laubach (2015) for a more indepth consideration of that possi-
bility. Here, we simply emphasize that such terminations are generally absent in crack-seal veins exhumed from
near the base of the seismogenic crust, and also that the neglect of precipitation rate variations due to the onset
of euhedralism implies that any quartz precipitation rates we estimate using this approach could reasonably be
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Figure 5. (Left) Surface plot showing the solubility of silica (mg SiO,/kg water, or “parts per million”) as a function of temperature and pressure in the crust.
The effect of pressure is relatively limited at temperatures below ~250°C. (Right) Color-shaded contour showing silica solubility as a function of temperature and
pressure. Dashed and solid lines show hydrostatic and lithostatic gradients, respectively, for linear geothermal gradients appropriate to continental crust (30°C/km) and

subduction zones (15°C/km).

considered maximum values (implying that any associated fracture sealing times are minima; see below for more
details).

1.1.2. Equilibrium Silica Solubility

To assess the effect of changes in the equilibrium solubility of silica on quartz precipitation rates in fault zones,
the pre- and post-failure solubility of silica must first be established. Manning (1994) provides an experimen-
tally-derived equation for estimating the solubility of silica with respect to quartz as a function of temperature
and density of water. This calibration extended previous work (cf. Fournier & Potter, 1982b) with an improved
experimental methodology, and was later validated by thermodynamic modeling of Dolej§ and Manning (2010).
The density of water, however, is not an intuitive parameter for estimating pre-failure solubility at a particular
depth in the crust. As a solution, we conducted a 3D surface fit to combined temperature, pressure, and specific
volume data obtained from the United States National Institute of Standards and Technology (NISTIR 5078). The
resulting fit equation estimates specific volume as a function of temperature and pressure with errors less than
0.02% relative to accepted values. A more complete description of this approach, and the resulting equations,
are available in Supporting Information S1. We then used this fit equation in conjunction with equations from
Manning (1994) to estimate silica solubility with respect to quartz over a range of conditions representative of the
seismogenic crust (e.g., Figure 5).

2. Quartz Precipitation in the Seismic Cycle

In this section, we examine processes that have been invoked to drive quartz cementation, and consider whether
they allow precipitation of a sufficient amount of cement fast enough to be viable mechanisms for cementation
and fracture sealing on the timescale of a typical interseismic period (i.e., a few 100 years or less). For the sake
of temporal considerations, many of the discussions below consider the time required to completely cement/
seal a discrete fracture of a specified aperture. No specificity is implied with respect to the location, orientation,
or frequency of those fractures within an overall fault zone, nor to the possibility of partial sealing. Finally, we
restrict our analyses to a temperature range of ~150°C-350°C as being generally representative of conditions
within the seismogenic crust. We place a particular emphasis on processes occurring in the deepest portions
of the seismogenic crust (i.e., ~300°C-350°C; 10-15 km in continental crust but deeper in subduction zones)
where most large earthquake nucleate (Sibson, 1982), and thus where quartz cementation and any associated
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2.1. Precipitation of Amorphous Silica

Amorphous and/or metastable silica phases may precipitate at rates well in
excess of those expected for quartz because of their decreased activation
energies and therefore faster reaction kinetics (Rimstidt & Barnes, 1980).
Recognizing this, several previous studies have proposed that initial precip-
Dissolution itation of these phases may provide a mechanism for rapidly cementing

0 100

Temperature (°C) recrystallization over relatively short time scales to become the more stable

Figure 6. Equilibrium solubility of quartz (solid line) and amorphous silica
(dashed line) in pure water as a function of temperature at vapor pressure.

faults during the seismic cycle. At temperatures consistent with much of the
200 300 seismogenic crust, amorphous phases would likely experience subsequent

quartz observed in exhumed fault rocks (Bettermann & Liebau, 1975;
Herrington & Wilkinson, 1993; Williams, Farver, et al., 2015; Yilmaz

To precipitate amorphous silica, the concentration of silica in pore-fluids et al., 2016). Rock record evidence for this mechanism of cementation
must exceed the equilibrium solubilities of both quartz and amorphous silica. is therefore inferred from the presence of stable quartz with preserved
Supersaturation with respect to quartz is therefore always achieved at lower flow banding, spherules/colloids, and accumulations of micro-to-nano

silica saturation compared to that required for precipitation of amorphous
silica. The difference in the equilibrium solubility of quartz and amorphous
silica decreases with decreasing temperature, such that amorphous silica is

scale anhedral quartz and/or hydrous crystalline and amorphous silica
in fault veins and on slip surfaces (Figure 3f; Borhara & Onasch, 2020;

more likely to precipitate in fractures at low temperature conditions, that is, at Dong et al., 1995; Faber et al., 2014; Kirkpatrick et al., 2013; Moncada
relatively shallow depths. Modified from Rimstidt and Cole (1983). et al., 2012; Onasch et al., 2010; Yilmaz et al., 2016). These examples,

however, are all a product of silica precipitation at relatively shallow depths
in the crustal seismogenic regime (<300°C).

Precipitation of amorphous silica cannot occur unless the concentration of silica in pore fluids exceeds that
of the equilibrium concentration with respect to the amorphous phase in question (Figure 6). Given that the
solubility of many of these phases is up to a factor of three larger than that of quartz under the same conditions
(Dove, 1994), supersaturation with respect to quartz must by definition be achieved before that with respect to
other amorphous and/or metastable silica phases. The potential for precipitation of amorphous or metastable
silica phases therefore depends on the rate of quartz precipitation relative to that of the rate of increases in
silica saturation. Where quartz growth rates are relatively fast, precipitation forms a negative feedback reaction
and competes with the mechanism(s) increasing silica concentration, likely preventing sufficient supersatu-
ration to precipitate the amorphous or metastable phase. The precipitation of these phases is therefore most
probable at shallow depths where the kinetics of quartz precipitation are relatively slow, and the difference
between the equilibrium solubilities of quartz and amorphous silica is relatively small. Indeed, this is consist-
ent with the rock record as outlined above, and in addition, hydrothermal experiments have shown that at
300°C, precipitation occurs directly as quartz even when the solution is in equilibrium with amorphous silica
(Williams, Farver, et al., 2015). As such, it is likely that precipitation near the base of the seismogenic crust
occurs predominately as quartz rather than a precursor, amorphous or metastable phase. This conclusion is
broadly consistent with many quartz veins observed in exhumed seismogenic faults, where common syn- and
antitaxial microstructures record a crystallographic control on the habit of cements (e.g., Figure 3c; Bons
et al., 2012; Boullier & Robert, 1992; Cox, 1987, 1995; Fagereng et al., 2011; Ujiie et al., 2018), but does not
exclude non-crystalline silica precipitation under certain special circumstances of extreme supersaturation
(e.g., Herrington & Wilkinson, 1993) or that amorphous precipitation has taken place in examples where
primary growth textures are masked by later recrystallization.

It is possible that sufficient supersaturation can be reached for amorphous or other metastable silica phases
to precipitate directly from solution in exceptional cases, such as during rapid coseismic depressurization and
fluid vaporization (e.g., Amagai et al., 2019; Weatherley & Henley, 2013). The extent to which these processes
are likely to occur in the seismogenic crust was discussed in part by Williams (2019), and is considered
further below.
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2.2. Rates of Quartz Precipitation During Fluid Advection

Variations in temperature and pressure during fluid advection influence both the reaction kinetics and equi-
librium solubility of silica. Where pore-fluid pressure gradients exceed hydrostatic values, fluids may ascend
through the crust along vertical and inclined faults following rupture- and fracture-related increases in fault-par-
allel permeability. Decreases in fluid temperature and pressure along the flow path may then lead to significant
increases in silica supersaturation. These increases in supersaturation, however, are to some extent counteracted
by exponential decreases in kinetics associated with fluid cooling along the flow path. As such, the rates of quartz
cementation and healing during fluid advection in nature are likely a complex function of fluid flux (both the
rate and volume of advection) and the length scales of transport, bearing in mind that if advection leads to silica
supersaturation and quartz precipitation then the ensuing cementation will reduce permeability, fluid flux, and
transport length scales. The silica mass contributing to cementation is also, by definition, derived externally from
the site of precipitation during advection-related cementation. The idea that the general mechanism of quartz
precipitation in faults during upward advection occurs in nature is supported by geochemical analyses that show
many fault-hosted quartz-gold deposits to have precipitated from fluids equilibrated with an external source
(Beaudoin & Pitre, 2005; Bohlke & Kistler, 1986; Nesbitt et al., 1989). Several such deposits can be interpreted
as injection-driven, where episodic injection of overpressured fluids drive swarms of relatively small (M < 5)
earthquakes in low-permeability rocks (Cox, 2005, 2016). In some scenarios, fluids may exploit fault-localized
permeability to descend to deeper crustal levels (e.g., Lin et al., 2003), potentially leading to relative increases in
fluid temperature and pressure, undersaturation, and subsequent mineral dissolution. In this discussion, we focus
on the role of upward fluid migration given its potential to facilitate quartz cementation.

Sibson (1989, 1992) was the first to describe a link between post-seismic fluid flow, cementation, and fault
healing, arguing that cements may be both cause and consequence of the seismic cycle. This influential work
prompts a number of questions regarding the magnitudes of supersaturation that may occur during post-seismic
fluid flow, the length scales required to achieve them, and changes in kinetics as temperatures decrease along the
flow path. To assess the effects of increased supersaturation on quartz precipitation rates during upward fluid
flow, we calculate the solubility change associated with vertical fluid flow over 1-5 km length scales throughout
the seismogenic crust. We then combine those supersaturations with the equations of Rimstidt and Barnes (1980)
assuming that thermal equilibrium is maintained between migrating fluids and wallrock during upward flow (i.e.,
a “package” of fluid migrating from 15 to 10 km depth has a temperature broadly consistent with the geothermal
gradient at 10 km depth on arrival). This assumption represents a maximum temperature change and therefore
maximum potential supersaturation. We also assume that fluid flux is, in effect, infinitely fast, and thus that there
is no time lag between the onset of fluid flow and cementation and no silica is lost from solution along the flow
path. Although none of these assumptions are reasonable when applied to a real physical system, they have the
effect of presenting a “best case” scenario regarding rates of quartz cementation and their ability to facilite fault
and fracture sealing. Their implications will be discussed in detail below.

Figures 7a and 7b show calculated supersaturation and quartz precipitation rates during vertical fluid flow along
faults at geothermal gradients appropriate for continental crust (~30°C/km) and subduction zones (~15°C/km),
respectively. In both cases, a pressure decrease results from upward flow along fluid pressure gradients that are
estimated to be near lithostatic (26.2 MPa/km). Supersaturations are generally less than 5 when assuming vertical
fluid flow distances of 5 km, and less than 2 assuming vertical distances of only 1 km. The effect of supersat-
uration on quartz precipitation rates is always subordinate to that of temperature, and rates generally decrease
exponentially with decreasing temperature/depth in the crust regardless of the length scale of vertical fluid flow.
At any particular depth in the crust, however, the length scale of fluid transport has a substantial effect on the
degree of supersaturation, and therefore on estimated quartz precipitation rates. At 10 km depth in continental
crust, for example, the precipitation rate expected following vertical fluid flow from 15 km depth is nearly one
order-of-magnitude larger than that expected following flow from 11 km depth. This is also true in the subduction
zone example (Figure 7b), although the magnitude of the effect is slightly smaller due to the relatively smaller
change in temperature (and therefore solubility) along the assumed flow path. Time scales of fracture healing
estimated from our calculations vary from a few weeks to hundreds of thousands of years depending on temper-
ature/depth, the length scale of fluid transport, and the assumed fracture aperture (Figures 7c and 7d). At 10 km
depth in continental crust, for example, a fracture with a 10 pm aperture may seal in as little as 2 weeks during
upward fluid flow from 15 km depth, or 4 months during fluid flow from 11 km depth. Alternatively, a fracture
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Figure 7. Plots showing estimated supersaturation and quartz precipitation rates (a and b) and fracture sealing/healing
times (c and d) during upward fluid flow along vertical faults. Plots on left provide estimates for faults in continental crust
(geothermal gradient = 30°C/km). (a) Supersaturation (red, secondary axis) and precipitation (blue, primary axis) rates
estimated for faults in continental crust (geothermal gradient = 30°C/km). Line symbology denotes estimates for fluid
flow from 1 to 5 km depth beneath a depth indicated on the x axis. Panel (b) same as panel (a), but for subduction zones
(geothermal gradient = 15°C/km). (c) Estimated time scales of closure during quartz cementation for fractures with 10 and
1,000 pm apertures in continental crust. Line symbology denotes assumed aperture and length-scale of upward fluid flow
as depicted in legend in panel(d). Panel (d) same as panel (c), but showing estimates of fracture closure time scales for
subduction zones.

with a 1 mm aperture seals over a period of ~4.5 years during fluid flow from 15 km depth, or ~35 years during
fluid flow from 11 km depth. Predicted sealing times increase exponentially with decreasing depth in the crust,
such that sealing a 1 mm aperture fracture becomes unrealistic over typical interseismic intervals at depths shal-
lower than ~5 and 10 km in continental crust and subduction zones, respectively.

2.2.1. Limitation and Caveats

Our calculations make several assumptions in estimating potential rates of quartz precipitation during upward
fluid flow. One of the most fundamental is that the estimated length scales of fluid flow can be initiated and main-
tained indefinitely at all depths in the seismogenic crust. Upward fluid flow over multi-kilometer scales has been
demonstrated in faults previously (e.g., Boles et al., 2015; Eichhubl & Boles, 2000; Newell et al., 2015; Williams,
Beard, et al., 2019; Williams, Goodwin, et al., 2015), but most of these studies were focused on faults in the
uppermost few kilometers of the crust. At these depths, brittle deformation leads to substantial increases in fault-
zone permeability relative to protolith (e.g., Caine et al., 1996; Evans et al., 1997; Sibson, 1996), and provides
the potential for significant mass flux that may not be possible at greater depths. As such, substantial volumes of
fluid involved in large-scale advection are far more likely within networks of discrete fractures in fault damage
zones than in cataclasites or other low-permeability materials localized along fault surfaces. Also, precipitation
rates are slow at shallow depths, and permeability is therefore easier to maintain. Near the base of the seismo-
genic crust, however, upward fluid movement over multi-kilometer scales would by definition require substantial
volumes of fluid derived from, and transported through, low-permeability rocks and shear zones in the underlying
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ductile crust while maintaining said permeability. Large scale upward fluid migration from near the base of
the seismogenic zone was inferred from geophysical observations immediately after the Mw 8.0 Antofagasta
earthquake of 1995 (Husen & Kissling, 2001), but the amount of resultant quartz precipitation (if any) cannot
be determined from these data. Although mass balance constraints from shear-zone-hosted ore deposits indicate
that fluid transport over long distances is possible during ductile deformation (Cox, 2005), the rates and volumes
of fluid movement are likely modest over interseismic time scales as fractures close. We note, however, that the
syndeformational permeability of ductile shear zones may be larger than that measured in outcrop if permeability
generation occurs by creep cavitation during local viscous grain boundary sliding (Fusseis et al., 2009; Menegon
et al., 2015), or where interconnected, transgranular microcracks form at low effective stress (as demonstrated
experimentally by Zhang et al., 1994). Regardless, low fluid-flow velocities imply that the time scales required
to establish multi-kilometer-scale flow pathways at the base of the seismogenic crust likely exceed hundreds of
years, broadly equivalent to the length of typical interseismic periods observed in many active faults. In this way,
there may be a significant time lag between fault rupture and the onset of advection-related cementation, and it
is therefore reasonable to treat the estimated time scales of fracture sealing in Figure 7c as minimum values. In
particular, values estimated for near the seismic-aseismic transition, assuming upward fluid flow over several km,
are likely to greatly underestimate the time scales of quartz cementation if fluid flux is limited by low permeabil-
ity and limited fluid reservoirs. Some exceptions may occur locally within faults where, for example, injection of
overpressured pore fluids leads to fluid-driven fracturing and faulting dominated by dilation (Cox, 2016). In the
specific example of the European Union's Enhanced Geothermal System test site near Soultz-sous-Foréts, France,
where fluids were injected into granite at 3.5 km depth, permeability increased from 10~'7 to 1074 m? (Evans
et al., 2005), leading to fluid flow rates approaching meters per second (Cox, 2016).

In addition to considerations of the spatial and temporal scales of fluid transport, it is also important to recog-
nize that our calculation does not account for potential changes in the concentration of SiO, in solution due to
precipitation along the inferred flow path. Rimstidt and Barnes (1980) estimate that quartz precipitation rates
likely reach a maximum value when solutions are cooled by ~50°C, corresponding to vertical length scales of
only ~1.5 km in continental crust. Changes in fluid SiO, concentrations due to precipitation over a multi-kilom-
eter vertical flow path are therefore expected, and indeed form the basis of the silica pore-fluid geothermometer
(Fournier & Potter, 1982a). Thus, the silica supersaturations (and thereby quartz precipitation rates) estimated
in Figures 7a and 7b are maximum values leading to minimum estimates for sealing time in Figures 7c and 7d,
particularly at greater depths in the seismogenic crust where reaction kinetics are comparatively fast. A related
factor not accounted for in our calculations concerns the availability of SiO,-supersaturated fluids throughout
the seismic cycle. In most crustal environments, it is unlikely that the concentration of dissolved SiO, exceeds
10° mg/kg water (Dolej§ & Manning, 2010; Manning, 1994). Thus, the mass of SiO, dissolved in any unit volume
of water is relatively small, and the maximum amount of quartz that can precipitate is limited to the difference
between the concentration of SiO, in solution and that expected at equilibrium. Recognizing these facts, several
previous efforts have estimated the fluid-rock mass ratios during quartz vein formation to be on the order of
103-10* or higher (Cox et al., 1991; Vrolijk, 1987a). As such, even small fractures with micron-scale apertures
would require 10s of cubic meters of fluid to seal completely. It is worth noting, however, that many hydrothermal
vein systems hosted in relatively small faults (i.e., displacement <1 km) inferred to have formed during fluid-
driven earthquake swarms are highly localized. Recent calculations by Cox (2016), for example, imply total fluid
volumes of 107'-10° km? over the 10*-10° year lifespan of a fault-hosted quartz-gold deposit. Assuming repeat
times between swarms of ~100 years, these estimates indicate fluid volumes of 10° m? per slip event, which
are generally compatible with fluid production in magmatic or prograde metamorphic hydrothermal systems
(Cox, 2016; Pitcairn et al., 2014). Sealing of larger faults typified by tectonically-driven, mainshock-aftershock
sequences, however, would require larger fluid volumes to be distributed over a wider fault area than what is seen
in relatively localized gold-quartz deposits. Thus, substantial volumes of fluid are required to facilitate quartz
cementation over broad areas in plate-boundary faults, implying that post-seismic flow regimes must be main-
tained over periods of months, if not decades or hundreds of years in those systems. Some direct and theoretical
constraints have demonstrated that post-seismic fluid discharge may indeed be maintained over these time scales
(e.g., Braun et al., 2003; Williams, Beard, et al., 2019). It is likely, however, that in the case of maintained flow,
the fluid pressure gradient over the full cementation period may be less than lithostatic, meaning that pressure
changes during flow are smaller than those estimated in Figure 7. Similarly, rapid rates of fluid ascent along fault
zones may lead to fault-localized thermal anomalies that reduce the magnitude of temperature decrease along
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the flow path (e.g., Louis et al., 2019). These factors indicate again that the sealing times estimates presented in
Figures 7c and 7d are necessarily minimum values that are only conceivable in high-flux, localized, hydrothermal
systems.

Finally, it should also be noted, that if upward fluid flow is a requirement for quartz cementation and healing in
faults, then comparatively rapid cementation at greater depths in the seismogenic crust may preclude significant
cementation at higher structural levels by effectively destroying the permeability of the flow path during fracture
sealing. Thus, the availability of SiO,-supersaturated fluids may result in discontinuous sealing with depth in
faults.

2.3. Rates of Quartz Precipitation Following a Decrease in Fluid Pressure

Decreases in pore-fluid pressure leading to silica supersaturation are also possible in the absence of upward fluid
advection where fault deformation leads to dilation and permeability increase in overpressured sections of the
crust. A critical difference between decreases in pore-fluid pressure due to advection and those due to dilation is
that the latter may occur under isothermal conditions given the thermal mass and surface area of the surround-
ing wall rock (Weatherley & Henley, 2013). Thus, silica supersaturations may increase during slip without the
corresponding decrease in the kinetic rate constant experienced during upward advection and cooling. In this
scenario, quartz precipitation rates are governed principally by temperature and the magnitude of pore-fluid pres-
sure drop. Much previous work has examined these processes as they relate to the precipitation of quartz cements
in faults (e.g., Amagai et al., 2019; Nishiyama et al., 2020; Saishu et al., 2017; Sibson, 1982; Ujiie et al., 2018;
Williams, 2019).

Two different mechanisms leading to coseismic decreases in fluid pressure have been discussed in the literature.
The first considers the effect of coseismic increases in fault-zone permeability that lead to the re-establishment of
hydraulic connectivity between an overpressured domain and the overlying hydrostatic crust (e.g., Sibson, 1992).
In this case, the decrease in pore-fluid pressure during slip is limited to the difference between the lithostatic
and hydrostatic pressures for a given depth (hereafter referred to as AP,_,,). This assumes that fluid overpres-
sures consistent with the lithostatic load can be contained before slip, which is more likely in thrust/reverse fault
settings where the least stress is vertical, than in strike-slip or normal faulting settings where the least stress is
horizontal (Sibson, 2003). When assuming lithostatic and hydrostatic gradients of 26.2 and 9.8 MPa/km, respec-
tively, AP, _,, can exceed several 100 MPa near the base of the seismogenic crust. It is likely, however, that this
decrease is transient, as the re-establishment of hydraulic connectivity with the hydrostatic crust along faults
will result in fault-localized, upward fluid advection and establishment of a more uniform pressure gradient.
Decreases in pressure achieved in this way are therefore difficult to deconvolve from the effects of fluid advection
discussed above. The remainder of this discussion will focus on coseismic decreases in fluid pressure induced by
isolated dilational deformation and corresponding fluid decompression.

Dilational deformation can occur in isolated patches along faults during slip, caused by geometrical irregularities
(e.g., Figure 1) and leading to highly localized fluid pressure decrease (e.g., Brantut, 2020; Sibson, 1987; Weath-
erley & Henley, 2013). As such, coseismic decreases in fluid pressure may occur without re-establishing hydrau-
lic connectivity between overpressured horizons and the overlying hydrostatic crust. In this case, precipitation
triggered by depressurization will occur from locally-derived fluids, in contrast to advection where fluids may be
transported a substantial distance prior to precipitation. Thus, the magnitude of pressure change may, potentially,
exceed AP, _,,. Theoretical and experimental constraints, for example, have shown that pore-fluid pressures may
decrease from near-lithostatic to sub-MPa levels during coseismic dilational deformation along faults (e.g., Bran-
tut, 2020; Weatherley & Henley, 2013). Pressure changes of this magnitude may result in local vaporization of
pore fluids (i.e., “coseismic boiling”) and potentially rapid precipitation of amorphous silica or other phases (e.g.,
Amagai et al., 2019). Recent work by Williams (2019), however, demonstrated that the mass of pore fluid that
can be vaporized by slip-induced dilation is limited by rapid equilibration of vapor pressures (i.e., the pressure
at which liquid and vapor phases are in equilibrium at a given temperature). The vaporized mass is too small for
associated silica precipitation to seal more than 0.005% of the dilational volume with quartz.

To assess and isolate the effects of increased supersaturation on quartz precipitation rates during slip-induced
dilation, we calculate the solubility change associated with sudden isothermal drop in fluid pressures at depths
throughout the seismogenic crust. As in the previous section, we then combine those supersaturations with the
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Figure 8. Plots showing estimated supersaturation and quartz precipitation rates (a and b) and fracture sealing/healing

times (c and d) during coseismic decreases in pore-fluid pressure at a constant temperature. Plots on left provide estimates

for faults in continental crust (geothermal gradient = 30°C/km). (a) Supersaturation (red, secondary axis) and precipitation
(blue, primary axis) rates estimated for faults in continental crust (geothermal gradient = 30°C/km). Line symbology denotes
simulated pressure drop magnitude as a factor of AP, _,, (the difference between the lithostatic and hydrostatic pressure at

a given depth). Panel (b) same as panel (a), but for subduction zones (geothermal gradient = 15°C/km). (c) Estimated time
scales of closure during quartz cementation for fractures with 10 and 1,000 pm apertures in continental crust. Line symbology
denotes assumed aperture and pressure drop magnitude as depicted in legend in panel (d). Panel (d) same as panel (c), but
showing estimates of fracture closure time scales for subduction zones.

equations of Rimstidt and Barnes (1980) to estimate rates of quartz precipitation. We consider slip-induced pres-

sure decreases across a range of values above and below AP, ,, but none that are sufficiently large to result in

L-H>
coseismic boiling as the volume precipitated during boiling is necessarily limited, as shown by Williams (2019).
Although theoretical constraints indicate that meter-scale dilational volumes are required to induce pore-fluid
pressure decreases large enough to appreciably impact silica solubility, more recent work has shown that these
decreases may also be achieved during microfracturing in centimeter-scale deformation experiments (Bran-
tut, 2020). As such, variations in supersaturation in response to coseismic decreases in pore-fluid pressure may
potentially contribute to cementation of cataclasites and other low-permeability materials along fault interfaces

as well as cementation of larger, discrete fractures in the surrounding damage zones.

Figures 8a and 8b show the results of supersaturation and quartz precipitation rate calculations for slip-induced
dilation and associated decreases in pore-fluid pressure along continental and subduction zone thermal gradients,
respectively. In both cases, pre-failure pore-fluid pressures are estimated to be near lithostatic (26.2 MPa/km).
Decreases in fluid pressure during failure are then calculated as a factor of AP, ,, for a given depth assuming
lithostatic and hydrostatic gradients of 26.2 MPa/km and 9.8 MPa/km, respectively. Supersaturations are generally

less than 3 throughout most of the seismogenic crust when assuming a coseismic pressure drop of AP, _,,, and less

—H>°
than 1.5 when considering a smaller pressure drop of 0.5AP, _,,. Larger pressure drops of 1.5AP, _,, may produce
supersaturations up to 3.5 or 6 in continental crust and subduction zones, respectively. The effect of depressuri-

zation on supersaturation and quartz precipitation rates, however, decreases with decreasing depth/temperature
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in the crust, a result of the decreased role of fluid pressure in determining silica solubility at low temperatures
(e.g., Figure 5). The effect is also generally larger in subduction zones, owing to the reduced geothermal gradient
and therefore larger pre-failure fluid pressures (and therefore AP, _,,) at seismogenic depths. Similar to the results
of fluid advection calculations, estimated time scales of fracture healing during coseismic depressurization vary
from a few days to hundreds of thousands of years depending on temperature/depth, magnitude of pressure
decrease, and the assumed fracture aperture. At 10 km depth in continental crust, for example, a fracture with a

10 pm aperture may seal in as little as 4 weeks following a pressure drop of 1.5AP, ,, or 1 year following a pres-

L-H>
sure drop of 0.25AP,_,,. Alternatively, a fracture with a 1 mm aperture seals over a period of 9 years following
a pressure drop of 1.5AP,_,,, or 100 years following a pressure drop of 0.25AP,_,,. Also similar to results of our
fluid advection calculations, sealing times increase exponentially with decreasing depth in the crust, such that
sealing a 1 mm aperture fracture becomes unrealistic over typical interseismic intervals at depths shallower than

7 and 16 km depth in continental crust and subduction zones, respectively.
2.3.1. Limitations and Caveats

The above calculations depend on several assumptions which are unlikely to be satisfied in nature. The most
basic of these assumptions is that the estimated pressure drop magnitudes are reasonable during faulting. Theo-
retical constraints indicate that coseismic decreases in fluid pressure may locally exceed several 100 MPa (e.g.,
Weatherley & Henley, 2013). There is, however, relatively little direct evidence to indicate that pressure drops of
this magnitude actually occur during earthquakes in the crust. Parry and Bruhn (1990) examined CO,-rich fluid
inclusions in quartz from the Wasatch fault, USA and inferred pressure transients of 125 MPa near the base of
the continental seismogenic crust (0.75AP,_,,). Ujiie et al. (2018) inferred coseismic decreases in fluid pressure
of up to 235 MPa during micro-slip events based on observations of fluid inclusions in quartz slickenfibers from
the exhumed Makimine accretionary complex, Japan. Broadly similar pressure drops were inferred on the basis
of fluid inclusion studies by Vrolijk (1987b) in the Kodiak accretionary complex, Alaska, USA. Other direct
support for coseismic decreases in pore-fluid pressure more generally is available in the form of “implosion”
breccia observed within some exhumed fault jogs. These breccia, however, require a tensile normal stress to
develop along the fault, and as such they may be a rare occurrence restricted to faults that have sufficient cohe-
sion for substantial fluid overpressures to develop before fault reactivation occurs (Sibson, 1986). More recent
research by Fisher et al. (2019) argued that coseismic pressure drops in microfractures are on the order of no more
than a few 10s of MPa, because they are limited by the tensile strength of the wall rock. Similarly, geophysical
observations of Vp/Vs ratio before and after large earthquakes and episodic tremor and slip events indicate only
modest variations in pore-fluid pressure (a few 10s of MPa) following rupture (Gosselin et al., 2020; Husen &
Kissling, 2001). The lack of support for coseismic decreases in pore-fluid pressure in the seismological record,
however, could result from depressurization of local volumes below the resolution of seismological observation
(a few 10's of m), which is consistent with theoretical and experimental data (e.g., Brantut, 2020; Weatherley &
Henley, 2013). A related assumption implicit within our calculations is that the estimated pressure drop magni-
tudes (if achievable) are sustainable over the time scales required to seal faults and fractures with quartz cements.
Few data are available to estimate the time scales of pressure recovery following slip-induced dilation in the
crust, although they are likely proportional to the magnitude of initial pressure decrease, the total volume of the
depressurized zone, and the permeability of the surrounding wall rocks. For cm3-scale dilational volumes, recent
experimental results show that pore-fluid pressures may recover to pre-failure levels within a matter of minutes
(Brantut, 2020). Additional constraints are required to estimate the longevity of low pressure regions within fault
zones following earthquake rupture.

A more fundamental limitation to the rate and volume of quartz cements formed in response to coseismic
decreases in pore-fluid pressure concerns the hydrology and mass balance implied by the mechanism of depres-
surization. Williams (2019) argued that coseismic decreases in pore-fluid pressure resulting from dilational
deformation alone (as opposed to those caused by re-establishment of hydraulic connectivity between the previ-
ously overpressured volume and the overlying hydrostatic crust) result in highly underpressured volumes within
fault zones. These underpressured volumes are by definition surrounded by wallrocks with pore-fluid pressures
comparable to pre-failure values. Thus, the hydraulic gradient is uniformly directed inward toward the underpres-
sured volume(s), and the maximum volume of fluid that can be moved across that gradient is the amount required
to (re)fill and (re)pressurize the dilational space. Stated alternatively, large decreases in pore-fluid pressure that
are during coseismic dilational deformation cannot occur in conjunction with fluid transport over distances
much farther than the length scales of the dilational volumes. As discussed in the previous section, however, the
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fluid-rock mass ratios required during quartz precipitation are likely on the order of 10 or higher, suggesting that
coseismic decreases in pore-fluid pressure alone are likely not be capable of producing appreciable volumes of
quartz cement.

Given the above considerations, the volume of quartz cement that may form in response to depressurization
can be represented as a percentage of the dilational volume by calculating the amount of quartz that forms per
unit volume of depressurized water. At 10 km depth in continental crust under lithostatic pore-fluid pressure
conditions (pre-failure conditions ~300°C and ~260 MPa), for example, a large coseismic pressure decrease of
1.5AP,_,, results in a decrease in the solubility of SiO, from ~775 mg SiO,/kg water to ~320 mg SiO,/kg water
(Figure 5; Manning, 1994). The maximum mass of quartz that can form in response to this change is therefore
~450 mg/kg of depressurized water. It is important to note that this estimate is necessarily a maximum value,
as precipitation rates will asymptotically approach zero during precipitation in a closed system (see equations
above). Assuming a quartz density of 2.65 g/cm?, 450 mg of SiO, precipitated as quartz occupies a volume of
0.2 cm?. At 300°C and <50 MPa fluid pressure, the specific volume of water is ~775 kg/m>. A coseismic pressure
drop of 1.5AP,_,, near the base of the seismogenic continental crust may therefore produce ~155 cm?® of quartz
cement per m® of water depressurized. Given that the maximum fluid flux possible into an underpressured dila-
tional volume is broadly comparable to that volume, this calculation also provides an estimate of the amount of
quartz that may form per m? of coseismic dilation within faults. Thus, coseismic decreases in pore-fluid pressure
near the base of the seismogenic continental crust are unlikely to result in sealing of more than 0.02% of the dila-
tional volume formed during slip. When this same calculation is applied to failure in a subduction zones at 24 km
depth, we find that coseismic decreases in pore-fluid pressure may seal up to 0.05% of the dilational volume.
When assuming dilational sites that are completely filled with fluid, our calculations are effectively normalized
to the dilational volume formed during slip. As such, they apply equally to nm-to-um-scale microfractures in cata-
clasites lining fault surfaces as they are to larger mm-to-m scale fractures and breccia in fault damage zones (or
meter-scale dilational jogs along fault surfaces; i.e., Weatherley & Henley, 2013). In summary, the rates of quartz
precipitation associated with coseismic decreases in pore-fluid pressure may be substantial when the pressure
change is sufficiently large, but the overall volume of quartz precipitated is unlikely to seal fractures and affect
fault mechanics. This limitation is an effect of the relatively small amount of silica that can be dissolved in water
prior to failure, and the need for a local silica source for rapid precipitation in response to depressurization. In
advective systems, this limitation is less relevant, but instead, fault-parallel fluid flow will cause recovery of fluid
pressure in dilatant sites, and negate the supersaturation effect of co-seismic pressure drops.

2.4. Frictional Heating

Frictional heating during shear at coseismic slip rates can result in temperature transients capable of melting rocks
along a fault interface (i.e., pseudotachylytes; e.g., Goodwin, 1999; Kirkpatrick et al., 2012; Rowe et al., 2018;
Sibson et al., 1975). These transients, although profound, are highly localized to a volume immediately adjacent
to the fault surface, and generally decay to pre-failure levels through thermal diffusion over time scales of hours
to a few days (Cardwell et al., 1978; Lachenbruch, 1986). Thus, it is reasonable to assume that SiO, solubility
and kinetics are greatly affected over similar spatial and temporal scales. In this section, we focus on the effects
of frictional heating that potentially lead to quartz cementation, although it is likely that other mechanisms such
as sintering or dissolution-precipitation creep would also contribute significantly to healing at high temperatures
following slip.

As mentioned previously, SiO, solubility is dependent on both temperature and the specific volume of water
(Manning, 1994), the latter depending on both temperature and pressure (Wagner & Kretzschmar, 2008). Assum-
ing a constant pressure, increasing temperature results in an increase in the solubility of SiO, up to a local maxi-
mum where the effects of increasing specific volume begin to counteract temperature in increasing solubility. In
practice, increasing specific volume will be counteracted during frictional heating, as temperature and pressure
likely rise in concert due to the effects of thermal expansion and pressurization during coseismic slip (O’Hara
et al., 2006; Rempel & Rice, 2006; Wibberley & Shimamoto, 2005). Solubility should therefore increase directly
with frictional heating up to the melting point of the fault rocks. The exponential dependence of SiO, kinetics on
temperature also suggests that frictional heating is likely accompanied by rapid, localized dissolution along the
fault interface and perhaps in the immediately adjacent damage zone during thermal diffusion. Subsequent cool-
ing to pre-failure temperatures may then lead to supersaturation and increased rates of quartz precipitation. As an
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Figure 9. (Left) Profiles of temperature change above pre-failure (300°C) values as a function of distance from the fault center. (Right) Profiles displaying change
in on-fault temperature (blue, left) and SiO, supersaturation (red, right) as a function of time following failure assuming SiO, equilibrium is achieved during peak

temperatures immediately following slip.

example, we consider the magnitude of SiO, solubility change associated with isobaric frictional heating during
a seismic (i.e., m/s) slip event. Using the equations of (Lachenbruch, 1986), we assume a coseismic displacement
of 1 m occurring over a duration of 1 s on a shear zone 5 cm in thickness at 10 km depth in continental crust (i.e.,
pre-failure conditions ~300°C and 260 MPa). Fault normal stress is assumed to be ~50 MPa, and the density
and heat capacity of the fault rocks are assumed to be 2.65 g/cm? and 0.95 J g~!°C~!, respectively. Using this
formulation, on-fault temperatures immediately after rupture approach ~700°C, but fall to ~400°C within the
first hour post-failure (Figure 9). On-fault temperatures are estimated to be within 20°C of pre-failure values after
24 br. Assuming equilibrium is achieved quickly at maximum temperature due to increased SiO, kinetics and
thereby rates of dissolution (e.g., Dove & Rimstidt, 1994), the concentration of SiO, in solution prior to post-slip
cooling would be ~3 x 10° mg/kg (Manning, 1994). The equilibrium concentration of SiO,, however, decreases
rapidly as temperatures dissipate, resulting in supersaturations in excess of three within the first 8 hr post-failure.
The limited temperature range of the (Rimstidt & Barnes, 1980) calibration prevents us from estimating quartz
precipitation rates throughout post-seismic cooling. It does appear, however, that coseismic frictional heating
and subsequent cooling is likely capable of producing supersaturations and quartz precipitation rates in excess of
those experienced during km-scale fluid advection or coseismic decreases in pore-fluid pressure, but with a silica
source that is limited to less than ~10 cm from the fault and therefore very small.

Experiments reported by Rowe et al. (2019) show frictional heating at coseismic slip rates may also produce
significant quantities of amorphous silica lining the slip surfaces in quartz-rich fault rocks. The production of
these phases is not attributed to direct precipitation from solution, but rather a combination of frictional heating,
mechanical wear, and the availability of fluids hydrating the surface of comminuted particles. As discussed by
Rowe et al. (2019), post-seismic dehydration reactions in hydrous amorphous silica phases may contribute to
fault healing through a process akin to recrystallization. This process likely occurs over time scales of a few years
at temperatures reflective of the seismogenic crust (Bettermann & Liebau, 1975). Other experimental work by
Williams, Farver, et al. (2015), however, demonstrates that 10 pm microfractures in quartz grains adjacent to an
amorphous silica layer may heal in as little as 1 week at 300°C. Raman spectrometry also revealed that healing in
the Williams, Farver, et al. (2015) experiments was driven by dissolution of the amorphous silica and subsequent
reprecipitation as a-quartz in microfractures, suggesting that these combined reactions may result in sealing of
thin, discrete fault surfaces over time scales considerably faster than those anticipated for recrystallization alone.

2.4.1. Limitations and Caveats

Quartz cementation resulting from frictional heating and subsequent cooling suffers from a significant mass
balance limitation. The maximum volume of quartz precipitated during cooling cannot exceed that originally
dissolved during heating (i.e., no SiO, mass is added to the fault zone locally). Thus, quartz precipitation driven by
frictional heating and subsequent cooling is highly localized both spatially and temporally, and cannot contribute
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to large abundances of quartz-cemented veins observed in the damage zones of some faults (e.g., Figures 2 and 3).
Despite this limitation, cementation induced by frictional heating and subsequent cooling still has the potential
to significantly alter fault strength by effectively mobilizing and redistributing silica in the immediate vicinity of
the slip surface, potentially rebonding broken grains and increasing fault strength. This process can explain thin
silica cements sealing some limited segments of natural faults (Faber et al., 2014; Kirkpatrick et al., 2013). Stated
alternatively, it is likely that this mechanism yields a limited volume of quartz cement, but those cements are also
likely to precipitate on the primary slip surface where they would have the most dramatic effect on mechanics.
Moreover, the effect of this redistribution on fault mechanics may be augmented when acting in conjunction with
dissolution-precipitation creep and/or sintering at peak temperatures during frictional heating (e.g., Curewitz &
Karson, 1999; Hirono et al., 2020; Tenthorey & Cox, 2006; Tenthorey et al., 2003).

The potential for quartz cementation to occur due to dissolution and reprecipitation of amorphous silica phases
produced during frictional heating appears promising, particularly as experimental work has already validated
the general mechanisms (e.g., Rowe et al., 2019; Williams, Farver, et al., 2015). A key parameter governing the
efficacy of this process is the volume of amorphous silica produced during slip. Experiments conducted by Rowe
et al. (2019) show that slip at coseismic velocities in quartz-rich materials consistently produced a 5-30 pm thick
layer of amorphous silica. The volume of amorphous silica formed, however, increases with faster slip velocity
for experiments of equal displacement. Thus, the potential for quartz cementation due to dissolution and reprecip-
itation of amorphous wear products is greatest following larger earthquake ruptures. Regardless of rupture size,
however, the total volume of amorphous silica produced is unlikely to exceed a few 10s of pm thickness along
the slip surface.

2.5. Dissolution-Precipitation Creep

Silica solubility and reaction kinetics may also vary at much more local (e.g., pm to sub-um) scales than those
documented above. For example, dissolution-precipitation creep is a well documented phenomenon in faults
and other rocks whereby increased normal stress at grain-to-grain contacts results in a local increase in silica
solubility and dissolution (Elias & Hajash, 1992; Rutter, 1983). Reprecipitation of quartz cements may then
occur following diffusive mass transfer, typically in a fluid phase, to sites of relatively low normal stress and
low solubility (i.e., precipitation occurs under slightly supersaturated conditions; Mullis, 1991). Unlike many of
the mechanisms described above, the potential for cementation associated with dissolution-precipitation creep
is influenced by a large variety of factors in addition to temperature and pressure. These may include the pres-
ence of phyllosilicates; fluid chemistry; grain-size, shape, and spatial configuration; and gradients in effective
fault-normal stress (Bos & Spiers, 2000; Elias & Hajash, 1992; Giger et al., 2008; Houseknecht, 1984; Kanagawa
et al., 2000; Niemeijer et al., 2008; Renard et al., 2000; Yasuhara et al., 2005), implying that dissolution-precip-
itation creep may contribute to quartz cementation both in nm-to-um-scale microfractures in cataclasites (e.g.,
Tenthorey & Cox, 2006; Tenthorey et al., 2003) localized along fault surfaces and in cementation of larger, more
discrete fractures and/or breccia in fault damage zones (e.g., Fisher et al., 2019). Many of these factors cannot
be easily constrained, in part because they are likely to vary significantly as a function of depth, lithology, and
stress state in the crust. Moreover, the effects of dissolution-precipitation creep on fault-rock healing extend
beyond those associated with cementation, as dissolution at grain-to-grain contacts also results in an increase
in real contact area between comminuted grains (e.g., Niemeijer et al., 2008; Yasuhara et al., 2005) and loss of
permeability (e.g., Giger et al., 2007). Notably, Fisher et al. (2019) conducted a theoretical analysis incorporat-
ing these effects and suggested that dissolution-precipitation creep of quartz cements in nearby fractures may
provide an effective mechanism for healing fault rocks over decadal time scales in subduction zones. The nature
of their analysis, however, implies that the results are highly specific to the assumed lithologies (particularly grain
size) and tectonic setting. The magnitude of healing due to dissolution-precipitation creep in quartz-rich rocks
was explored by Tenthorey et al. (2003) and Tenthorey and Cox (2006), who showed experimentally that the
combined effects of local dissolution and precipitation on fault-rock strength are profound, potentially recovering
up to 75% of pre-failure strength over a period of only 6 hr in combined deformation and hydrothermal reac-
tion experiments. These experiments, however, were conducted at temperatures in excess of 900°C to promote
reaction at laboratory time scales. The fact that this process has proven difficult to reproduce in other laboratory
experiments (e.g., Rutter, 1983) at lower temperatures suggests that at conditions typical of the seismogenic
crust, healing related to dissolution-precipitation creep may occur over much longer time scales, perhaps on
par with those concluded by (Fisher et al., 2019), or potentially longer. That dissolution-precipitation creep at

WILLIAMS AND FAGERENG

19 of 35



~1
AGU

ADVANCING EARTH
AND SPACE SCIENCE

Reviews of Geophysics 10.1029/2021RG000768

seismogenic temperatures is slow relative to high temperature experiments, but applicable at interseismic times-
cales, is supported by extrapolation of the results of Tenthorey et al. (2003) and Tenthorey and Cox (2006), which
shows that as much as 100 MPa of cohesive strength recovery occurs in less than 10 years at 300°C. We also note
that even without extrapolation, the original experimental conditions and rates utilized by Tenthorey et al. (2003)
and Tenthorey and Cox (2006) are entirely reasonable for those that may be encountered during frictional heating,
as described in the previous section.

2.5.1. Limitations and Caveats

Given that little is known about the absolute rates and efficacy of fault-healing related to dissolution-precipita-
tion creep in nature, similarly little may be inferred regarding its limitations. One aspect of this process that is
constrainable, however, suggests that similar to the effects of coseismic pressure drops and frictional heating,
quartz cementation associated with pressure solution is unlikely to result in a net increase in the SiO, content of
a fault zone. The diffusive mobility of silica is limited over interseismic timescales at conditions typical of the
seismogenic crust (Watson & Wark, 1997). Moreover, microstructural and theoretical considerations of disso-
lution-precipitation creep suggest that reprecipitation commonly occurs in the immediate vicinity of dissolution
(e.g., Gratier et al., 2013). As such, cementation associated with pressure solution suffers from a significant
mass balance limitation, and likely cannot explain cementation of extensively cemented, quartz-vein rich damage
zones observed in some faults (or at least not over interseismic timescales). Similar to the effects of frictional
heating, however, pressure solution may act specifically in the vicinity of slip surfaces, suggesting that although
associated cementation and contact-area spreading may be limited in magnitude, they may still exert a substantial
control on the time-dependent strength of faults (Tenthorey & Cox, 2006; Tenthorey et al., 2003; Van den Ende &
Niemeijer, 2019). Ultimately, more long term experiments may be required to improve our understanding of the
rates of dissolution-precipitation creep and their impact on fault strength under seismogenic conditions.

2.6. Quartz Precipitation Driven by Variations in Fluid and Surface Chemistry

Variations in the chemistry of subsurface fluids and mineral-precipitation surfaces may also affect quartz precip-
itation rates during faulting. The mechanism by which these factors regulate quartz precipitation rates can gener-
ally be divided into two categories: variations associated with changing the equilibrium solubility of SiO, in solu-
tion (thermodynamic effects), and those associated with catalyzing reactions on mineral surfaces (kinetic effects).

In addition to temperature and pressure, the solubility of SiO, in aqueous fluids is also partially controlled by
fluid pH, salinity, and composition (e.g., mixed phase H,0-CO,-CH,-etc. fluids). Variations in these param-
eters during faulting may therefore result in increased supersaturation and associated quartz precipitation. Of
these, the effects of pH and salinity on SiO, solubility are arguably the most well constrained. It is important
to note, however, that the pH of water in contact with quartz-rich rocks is buffered to a maximum of ~9.8 due
to changes in the dissolved form of SiO, at larger values (Dove & Rimstidt, 1994). At this value, the solubility
of Si0O, is increased by a factor of ~2 relative to that expected for a neutral solution at the same temperature
and pressure. Salinity also exerts a control on SiO, solubility, but these effects are generally smaller than those
associated with changes in pH. For example, the effect of NaCl concentration on SiO, solubility is comparatively
negligible at temperatures less than 350°C for NaCl concentrations up to ~10 wt% (a factor of ~1.5; Newton &
Manning, 2000). In solution with NaCl concentrations in excess of 10 wt%, the solubility of SiO, decreases with
increasing salinity due to marked changes in the activity of water (a behavior sometimes referred to as “salting
out”). Experiments have demonstrated that similar effects may decrease the solubility of SiO, in solutions with
large fractions of dissolved volatiles such as CO, or CH, (Newton & Manning, 2000) which has been inferred to
affect the propensity for quartz cementation and healing in some faults (e.g., Cook et al., 2006). Changes in SiO,
solubility due to variations in the surface chemistry of solids have also been predicted on a theoretical basis and
confirmed experimentally. For example, the solubility of SiO, experiences a marked decrease near crack tips and
within nano-scale pores (Dove & Rimstidt, 1994; Wang et al., 2003), suggesting that precipitation rates at those
scales may depart from those predicted based on the chemistry and supersaturation characteristics of the bulk
fluid phase.

Variations in fluid chemistry may also have a catalytic effect on rates of quartz dissolution and precipitation even
in the absence of significant variations in SiO, solubility. Unfortunately, the overwhelming majority of research
in this area has focused on variations in the rates of quartz dissolution, largely due to difficulties in measuring
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quartz precipitation over reasonable laboratory time scales. Thus, these effects can be only cautiously applied to
processes occurring during quartz precipitation. In either case, the catalytic mechanisms affecting reaction kinet-
ics are difficult to deconvolve from variations in SiO, solubility that share a similar origin. Fluid pH, for example,
has been shown to increase the rates of quartz dissolution in both acidic and basic solutions. In the former, this
rate increase may be caused in part by catalytic effects of pH change, or alternatively to larger undersaturations
associated with increased SiO, solubility at relatively high pH. For acidic solutions, however, it is likely that
this increased rate arises from catalysis alone, as the solubility of SiO, experiences negligible variations in this
pH range (Fleming & Crerar, 1982). The catalytic effects of electrolytes are more clear, where NaCl in solution
increases the rates of quartz dissolution and precipitation despite having a negligible (or negative) effect on SiO,
solubility (Newton & Manning, 2000). Interestingly, catalysis of quartz dissolution and precipitation also exhibits
a cation dependence, where the effects of Na are similar to those of K, which are greater than Li and Mg (Dove
& Crerar, 1990; Hosaka & Taki, 1981). Of particular relevance to cementation in faults, recent experiments
(Williams, Farver, et al., 2015) and comparisons of vein microstructures to numerical models of crystal growth
(SpruZeniece et al., 2021) have shown that surface chemistry effects may result in order-of-magnitude variations
in quartz precipitation rates on freshly fractured surfaces when compared to the original grain boundaries. This
effect is likely the result of fracturing producing precipitation sites that are anhedral and largely free of nuclea-
tion discontinuities such as phyllosilicates (Lander & Laubach, 2015; Lander et al., 2008). In this way, fractures
that have apertures of sufficient width to allow for the formation of euhedrally-terminated quartz cements may
experience a decrease in cementation rate during sealing (Lander & Laubach, 2015). This process, however, is
unlikely to affect the cementation of microfractures in cataclasites, given the limited apertures observed in those
structures (e.g., Milliken et al., 2005). Collectively, what is known about the controls of fluid and surface chem-
istry on quartz solubility and kinetics suggests that variations in these properties could result in both substantial
increases and decreases in precipitation rate relative to those predicted above. In certain circumstances, these
effects may result in discontinuous partial sealing or “bridging” of fractures with cement along their lengths,
such as that documented in some faults at relatively shallow depths (Laubach et al., 2014), and in different vein
populations at a range of depths (Fisher & Byrne, 1990). We note that the mechanical implications for such
variations in vein-cement morphology (i.e., variations from open, to partially bridged, to completely sealed) are
insufficiently described, largely unknown from a quantitative perspective, and likely represent a fruitful avenue
for future experimental research. For a more complete discussion of fluid and surface chemistry effects, the
reader is referred to the review by Dove and Rimstidt (1994).

2.6.1. Limitations and Caveats

The magnitude of variations in rates of dissolution caused by fluid and/or surface chemistry are up to an order of
magnitude in scale and well constrained by experimental studies. How these parameters affect quartz precipitation
rates are comparatively poorly understood. This paucity of empirical data is a source of substantial uncertainty
and moreover, it is likely that the potential for these factors to influence rates of quartz dissolution or precipita-
tion are dependent on the dynamics of fluid-fault interactions throughout the seismic cycle. For example, large
variations in fluid chemistry are most likely where fluids from hydrologically and geochemically distinct aquifers
experience mixing during fluid advection. Thus, variations in fluid chemistry may offer partial explanation for
abundant quartz cements observed in mineral deposits related to anomalously high fluid fluxes in dilatant faults,
such as in the Motherlode quartz-gold deposits in California, USA (Weir & Kerrick, 1987). Such examples of
vein-rich fault zones are, however, not unique to mineralized systems, but can also occur in dilatant fault segments
in non-mineralized settings (de Ronde et al., 2001; Eichhubl & Boles, 2000; Sibson, 1994, 2017). Ultimately, a
substantial amount of additional empirical data are required before these effects can be fully understood, which
may be obtained from a combination of laboratory experiments and detailed analysis of hydrothermal ore depos-
its and other high fluid flux, vein-rich fault systems.

3. Discussion

The above review of quartz cementation processes, rates, and limitations highlights that no single, currently
understood mechanism can explain both aggregate quartz cementation of cataclasites along fault surfaces and
sealing of larger, more discrete fractures in the surrounding fault damage zones over interseismic time scales
(Table 1). The conclusions we can draw from the calculations do, however, vary with tectonic setting, and we
will briefly discuss this—recognizing that some of this discussion was anticipated by Sibson (2003) and Sibson
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Table 1

Summary of Potential Slip-Related Mechanisms for Increasing Silica Supersaturation, Supporting Evidence of Action in the Crust, and Efficacy With Respect to Fault

Healing Over Interseismic Time Scales

Geological evidence

Potential to seal veins fast enough to
affect seismic cycle?

Potential to provide sufficient volumes of
quartz to fill open faults and fractures?

Precipitation of metastable phases

Post-seismic fluid advection

Co-seismic depressurization

Frictional heating

Pressure solution

Variations in fluid/surface chemistry

Preserved microstructures of
metastable precursors (e.g., flow
banding, spherules, amorphous
silica)

Geochemical signatures of external
fluids

Fluid inclusions in conjunction with
geochemical signatures of local
fluids

Presence of pseudotachylytes

Local dissolution and precipitation
microstructures

Only at shallow depths or during
boiling/rapid depressurization

Yes, if sufficient supersaturated fluids
are introduced—requires multi-km
vertical transport at temperatures
near the base of the seismogenic
zone

Yes, at temperatures near the base of
the seismogenic zone

Yes, but only for a short period
following slip

Possibly, depending on temperature and
diffusive time scales—more likely
if associated with frictional heating

Only at shallow depths or during boiling/
rapid depressurization

Only if fluid flow and supersaturation
can be maintained untill fractures are
sealed

Generally no. May be feasible when
acting in conjunction with advection
to improve mass balance

Likely only sufficient to seal very small
dilational sites with very local
re-precipitation. Cannot explain large
vein systems

Depends on diffusive distance, but likely
to seal only very small dilational
sites with local reprecipitation. Can

explain large vein systems, but only
over time scales much longer than
typical interseismic periods

Possibly—dependent on fluid chemistry
and supply

Fluid inclusions, vein chemistry Possibly—difficult to define and

calculate

and Rowland (2003), and that cementation processes evolve with time and depend on pressure, temperature, and
salinity (Monecke et al., 2018). We then attempt to reconcile our limited understanding of quartz cementation
with its implications for fault-related processes on earthquake cycle time scales, followed by recommendations
for future research.

3.1. The Role of Tectonic Setting

The potential for each of the above processes to control rates of quartz cementation and healing is dictated in part
by tectonic setting, kinematics of faulting, and the orientations of the principal compressive stresses (see more
complete discussion by Blenkinsop, 2008; Cox, 2010; Sibson & Rowland, 2003). For example, our calculations
indicate that substantial volumes of fluid must migrate over kilometer-scales through faults in order for quartz to
seal fractures more than a few pm thick over interseismic time scales during fluid advection (Figure 7). Obser-
vation of modern post-seismic fluid flow, however, suggests that at least at relatively shallow depths, these flow
regimes are most readily achieved in seismogenic normal faults, where discharge volumes at the surface are up
to 10 times greater than those resulting from similarly sized earthquakes in strike-slip or reverse systems (Muir-
wood & King, 1993). Little is known, however, about discharge volumes at greater depths in seismogenic faults,
where host rock permeability is lower and the faults themselves may have transiently high permeability and be
connected to overpressured reservoirs, parameters that may allow local and transient high flux flow. Previous
geochemical analysis of fault-localized vein systems in a seismogenic normal fault indicate that the length scales
of post-seismic fluid transport may exceed ~20 km in some circumstances (Williams, Beard, et al., 2019). Thus,
it is likely that post-seismic fluid flow along normal faults involves significant changes in fluid temperature and
pressure, in addition to maximizing the potential for mixing reactions that may influence fluid chemistry and
precipitation. The former is promoted by the generally steep orientation of normal fault systems when compared
to those observed in subduction thrust environments (Figure 10). Large changes in fluid temperatures would also
be promoted during sub-vertical fluid flow through relatively high thermal gradients in rifts and other extensional
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Figure 10. Schematic diagram illustrating contrasting fluid-advection and coseismic-pressure drop potential in subduction thrusts (left) and normal faults (right).
Shaded ellipses depict areas of suprahydrostatic pore-fluid pressures at depth, which are inferred to be limited in magnitude to that of the least principle-compressive
stress. Schematic fracture networks are those expected for the principle stress directions and magnitudes for each of the tectonic environments. The figure is inspired by

Sibson (2003).

systems. We note that although these observations suggest that normal faults may be relatively favorable to quartz
precipitation induced by fluid advection, similar processes are also likely in the vicinity of dilational jogs in
strike-slip settings (e.g., Sibson, 1987), and advective flow may be promoted in any tectonic setting during tran-
sient flow coupled to failure driven by injected overpressured fluids (e.g., Cox, 2016). Ultimately, more empirical
constraints are required to test these hypotheses.

Our calculations also show that coseismic variations in pore-fluid pressure may substantially affect rates of
quartz cementation in faults, particularly where those variations are large in magnitude (Figure 8). It is reasona-
ble then to conclude that the potential for quartz cementation due to pore-fluid pressure change is greatest where
pre-failure pressures are largest (near the base of the seismogenic zone). As such, fluid pressure drops may be a
particularly important mechanism of driving quartz precipitation in subduction zones, where earthquake nucle-
ation depths routinely exceed 10s of km due to locally decreased geothermal gradients and the corresponding
deepending of the base of the seismogenic zone. Moreover, maximum pore-fluid pressure is generally limited
to the magnitude of the least principal stress at the time of failure, given the low tensile strength of rocks and
assuming hydrofracture conditions can be achieved. As such, cementation driven by pressure drops is most likely
to occur in reverse/thrust faults where the least principal stress is equal to the lithostatic load (Sibson, 2003). For
example, several previous studies examining quartz vein systems in thrust settings have inferred a role for large
coseismic variations in pore-fluid pressure in quartz precipitation in subduction zones (e.g., Fisher et al., 2019;
Saishu et al., 2017; Ujiie et al., 2018; Vrolijk, 1987b), although similar claims have also been made for some
normal faults in extensional settings (Parry & Bruhn, 1990). The relatively high pore-fluid pressure gradients
achievable in reverse/thrust faults also suggest a potential for particularly fast rates of post-seismic fluid flow
where rupture re-establishes hydraulic connectivity with the overlying hydrostatic crust or deeper overpressured
fluid reservoirs. The typical low-angle orientation and depressed geothermal gradient of these systems, however,
suggests that flow even over kilometer length scales would produce only limited vertical ascent, and therefore
limited changes in fluid temperature and pressure when compared to transport through steeper normal or strike-
slip faults at higher geothermal gradients. This limitation may be avoided in the case of high-angle reverse
faults, where large pore-fluid pressure gradients likely lead to substantial rates of fluid ascent following rupture
(Sibson, 1990).
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The magnitude and rate of slip may also dictate a variety of factors we infer to control quartz cementation in faults.
For example, the potential for kilometer-scale fluid migration may be dependent in part on earthquake magnitude
as deformation-related increases in permeability should be preferentially localized within the rupture area, and
larger magnitudes imply larger rupture areas (Kanamori & Anderson, 1975). Weatherley and Henley (2013) also
showed that the magnitude of pore-fluid pressure variations during earthquakes is proportional to slip magnitude
and the length scale of dilational asperities. Little is known, however, regarding the slip rates required to produce
large variations in pore-fluid pressure, other than that they must be sufficiently fast to preclude diffusive recov-
ery of pressure from the wallrock. Similarly, the roughness of faults at depth, and associated potential for local
dilation, is not easily measured. The magnitude of frictional heating is also directly proportional to slip rates
(among other factors). Thus, although the various mechanisms we infer as potential controls on quartz cemen-
tation may occur in faults in any setting, it is likely that many of the processes will be enhanced in faults that
experience large (meter scale) coseismic displacements during earthquakes. We also recognize that in some loca-
tions, smaller faults that are poorly oriented for slip are vein-rich, whereas larger faults that are well oriented for
slip are relatively barren of hydrothermal mineralization (e.g., Robert et al., 1995; Sibson & Scott, 1998; Sibson
et al., 1988), although this is not a universal observation and vein-rich segments can also occur on well-oriented
faults, typically concentrated in bends or step-overs (Cox & Ruming, 2004; Micklethwaite & Cox, 2004; Nguyen
et al., 1998). Therefore, although there may be minimum length-scales for effective fluid flow and precipitation,
it is not necessarily the largest faults that are most prone to substantial quartz cementation—sufficiently large
faults that are also steeply dipping and poorly oriented, enhancing the size of pressure drops, thermal gradient,
and potential advective flow, could be where quartz cementation rates are fastest. In our context of cementation
within interseismic timescales, we also note that fault segments with minor cements may lack substantial vein
systems because rapid healing down dip prevented further fluid flow and cementation.

Finally, interseismic fault healing implies that fault-localized damage heals faster than it is produced by time-av-
eraged slip. As such, regional strain rates may also dictate the potential for quartz cementation to affect fault
healing and the seismic cycle. In intraplate faults, for example, relatively low strain rates lead to recurrence
intervals that may be several orders of magnitude longer than those typical of plate-boundary faults (Williams,
Davis, & Goodwin, 2019). We speculate that some mechanisms leading to fault-localized quartz precipitation,
particularly post-seismic fluid migration, may be more effective in facilitating fault healing in faults with longer
recurrence intervals simply because the rate of damage production in these systems is slower. We also realize,
however, that fluid reservoirs may be smaller in relatively stable interplate regions devoid of tectonically-driven,
prograde metamorphism. There is therefore a trade-off between recurrence time and availability of supersaturated
fluid, and lack of fluid production may not support the potential for more quartz precipitation that longer time
allows. Also note that in systems where earthquake swarms are driven by fluid injection rather than tectonic
loading, post-seismic fluid pressure gradients may dissipate quickly following individual swarms, and the length
of the interseismic period is then controlled by recovery of fluid overpressure (Cox, 2016). In these settings, the
tectonic loading rate has little effect on the potential for cementation, while the effect of fluid production rates
may be more important.

3.2. Implications for the Seismic Cycle

Many of the mechanisms we examined for facilitating rapid quartz cementation are difficult to reconcile with
sealing of pm-cm wide spaces typical of dilational fault damage zones over interseismic timescales. Those that
are on some level reconcilable tend to require specific and extreme circumstances, which may not be consistent
with the physical realities of fluid flow, mass transport, and pore-fluid pressure changes in the crust. For exam-
ple, our calculations show that fluid migration involving multi-kilometer vertical transport may produce quartz
precipitation rates capable of sealing damage zone fractures over decadal or shorter time scales, but only at depths
where temperatures exceed ~300°C. We recognize that highly dilatant faults are cemented rapidly in epithermal
systems at temperatures <300°C, but shallow fluid boiling is generally required to explain these deposits (e.g.,
Micklethwaite, 2009; Moncada et al., 2012; Rowland & Simmons, 2012; Sanchez-Alfaro et al., 2016). Coseismic
boiling has also been suggested as a mechanism for cement precipitation at greater depths/temperatures (e.g.,
Weatherley & Henley, 2013), but the establishment of vapor pressure in rapidly dilating fractures likely limits the
volume of fluid that is vaporized, resulting in only negligible quartz precipitation and sealing (Williams, 2019).
Moreover, cementation of anything more than sub-um thick increments during advection near the base of the seis-
mogenic crust requires substantial volumes of fluid derived from, and transported through, the ductile lower crust,
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where estimated fluid flow rates are typically slow relative to interseismic time scales. These limitations may be
alleviated in part by locally increased permeability and fluid flow rates within shear zones during cavitation creep
(Fusseis et al., 2009; Menegon et al., 2015) or fluid-driven microcracking (Cox, 2016; Zhang et al., 1994). The
temporal and spatial scales of such flow could be a fruitful avenue for future work, as the presence of fault-hosted
hydrothermal ore deposits formed at temperatures greater than 300°C requires a mechanism of high flux fluid
flow between faults and reservoirs at and below the base of the seismogenic zone (Cox, 1995; Cox et al., 1991;
Goldfarb et al., 1991; Sibson & Scott, 1998).

Increased rates of quartz precipitation are also expected in response to large coseismic decreases in pore-fluid
pressure, but the extent to which these decreases actually occur in response to earthquakes in the crust is still
debatable, as is their spatial scale. Moreover, even if fluid pressure drops as large as a few 100 MPa are assumed,
mass balance constraints indicate that only negligible volumes of cement will form in response (i.e., the fracture
volumes remain almost entirely unsealed). This process could be sufficient to heal 10-100 pm wide, fault-related
cracks in weeks to months, when accompanied by simultaneous fluid advection, as argued by (Ujiie et al., 2018),
but it is less likely to heal damage caused by moderate-to-large magnitude earthquakes given the larger mass
balance requirements for fluid and silica volumes supplied by fluid advection. Many of the other mechanisms
discussed above (i.e., frictional heating; pressure solution; fluid and surface chemistry effects) are much more
difficult to constrain in terms of the rate and amount of associated quartz cementation, and represent a funda-
mental gap in our quantitative understanding of fault healing/sealing associated with quartz cementation. We
note, however, that frictional heating and pressure solution are local processes that likely occur preferentially
in the immediate vicinity of an earthquake's principal slip surface. As such, these processes may exert a signifi-
cant influence on overall fault mechanics even if mass balance is limited and the absolute volume of associated
cementation is relatively small. Moreover, frictional melting can also locally lead to near-instantaneous cohesive
strength recovery as the melt freezes (Hayward & Cox, 2017; Mitchell et al., 2016).

From the above discussion we conclude that the mechanisms we have explored, given current Kinetic constraints,
cannot explain cementation and sealing of mesoscale fracture networks, even incrementally, over interseismic
timescales. Precipitation of mesoscale vein networks, however, may represent a high fluid flux end-member of
fault cementation and healing/sealing. For the other end-member of low porosity, low fluid flux, diffusion-dom-
inated systems, recovery of cohesive strength due to cementation has been shown to be possible on 100-year (or
faster) timescales in experiments (e.g., Kanagawa et al., 2000; Tenthorey & Cox, 2006) and numerical models
(e.g., Hooker & Fisher, 2021 using kinetic-rate parameters from Lander et al., 2008). In such systems, which
may be typical of cataclasites or other low-permeability materials localized along fault interfaces, thin (nm-um)
fractures and/or dilational sites could be healed/sealed within days to years. These limited volumes of cement
may form within mass balance limitations that restrict formation of larger veins, and although relatively small
may significantly impact mechanical and hydrological properties. For example, it may be possible that within
fault zones, slip occurs selectively on partially open fractures, after some other fractures have healed completely.
This highlights the contrasting permeability regimes and mechanisms of cementation within fault zones, and the
possibility of spatially heterogeneous healing and slip. The existence and characteristics of these advective and
diffusive end-members remain speculative, but at the first order indicate that high flux scenarios, although more
important for voluminous hydrothermal mineralization, may be of subsidiary importance to local, diffusive mass
transport in low fluid-flux faults when discussing the mechanical implications of quartz cements in the seismic
cycle. We recognize, however, that much of the above discussion focuses on isolated and specific slip-related
processes that may lead to quartz cementation and fault healing. These processes are discussed in isolation for
clarity and ease of quantification, along with process-specific limitations of the available empirical and theoret-
ical data. It is likely, however, that multiple drivers of quartz precipitation will be active following any moderate
to large earthquake event in the crust. As such, we emphasize that many of the discussed mechanisms suffer from
fundamental mass balance or other limitations, but we remain open to the possibility of emergent mechanisms of
rapid and extensive quartz cementation arising from their interaction.

It is important to recognize that a preponderance of studies have documented fault-localized, cross-cutting
vein systems in addition to microstructural evidence of repeated (re)opening and (re)cementation in individ-
ual fractures with pm to cm-scale, and frequently larger, opening increments (e.g., Figures 3¢ and 3d; Boul-
lier & Robert, 1992; Cox, 1987, 1995; Fagereng et al., 2011; Kolb et al., 2004; Laubach et al., 2014; Nguyen
et al., 1998; Saishu et al., 2017; Sibson, 1996; Ujiie et al., 2018). Veins in exhumed fault systems also typically
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record crystal microstructures indicating that cementation and sealing occurred rapidly relative to the rates of
fracture opening and/or collapse (Bons et al., 2012). Although these observations can only strictly be interpreted
to record intermittent fracture opening and quartz cementation through time, or temporal variations in fluid
chemistry or quartz solubility (Okamoto & Sekine, 2011; Saishu et al., 2014), a link between those processes and
recurrent fault slip is certainly permissible, if not probable, particularly where crack-seal structures are observed
(Ramsay, 1980). It is at least conceivable, however, that individual crack-seal increments could record more than
one interseismic period, in which case the apparent discrepancy between quartz cementation rates and typical
interseismic timescales may be reduced. Regardless, the rock record of hydrothermal vein systems seems unam-
biguous in its support of a seismic cycle influenced by quartz cementation and healing at a wide range of spatial
scales (including mesoscale fracture networks in fault damage zones), particularly at hypocentral depths at the
base of the brittle crust. When combined with the constraints outlined in this review, we may speculate that the
rock record is selective and skewed, and increased preservation potential of extensively cemented, vein-rich faults
means that they are over-represented and actually more rare than the geological data imply. They could then
represent special conditions of silica kinetics that are rarely achieved. Or alternatively, a lack of understanding
and empirical constraints on processes of silica precipitation may mean that we are missing critical components
of fault healing mechanisms required to explain the rock record. In either case, a more complete understanding
of fault mechanics depends on determining whether cements heal/seal fault rocks over time scales of a few
weeks or many decades and whether relatively fast interseismic healing is limited to sub-um scale deposits along
fault interfaces or also cements larger fractures in the surrounding damage zones. It is also unclear whether the
cementation that occurs happens immediately following rupture or later in the interseismic period, whether it is
discontinuous or can cover large areas, and how fractures at different stages in the healing process interact. The
answer to these questions may aid in the development of more mechanistic models describing seismic hazards,
where temporal variations in fault strength are paramount to estimating the probability of impending rupture. In
this way, our current lack of understanding regarding the mechanisms and rates of quartz cementation in fault
zones is of significant societal and scientific importance.

4. Recommendations for Future Research

To address the questions posed above, we end with several recommendations for future research in this area that
may be fruitful in increasing our understanding of the mechanisms and rates of quartz cementation in fault zones:

1. Hydrothermal Experiments. Hydrothermal quartz growth experiments are uniquely situated to elucidate the
controls on quartz precipitation kinetics. These experiments, although once common, have arguably fallen out
of favor with geoscientists in the last few decades, in part due to difficulties associated with growing appreci-
able volumes of quartz under realistic temperatures over laboratory time scales. Many previous experiments,
however, were focused on understanding isotopic fractionation or the effect of various growth substrates on
overall precipitation habit and rates (Lander et al., 2008; Pollington et al., 2016). We contend that experiments
focused on understanding the potential for quartz-cement-related healing need not grow large volumes of
cements to be fruitful. Rather, these experiments need only achieve a minimum growth rate resolution as to
assess the potential for fracture sealing over interseismic time scales. For example, sealing a 100 pm aperture
fracture over 10 years requires a growth rate of 5 pm/yr (assuming growth inward from both fracture walls).
This rate implies quartz accumulations of ~1 pm normal to the growth surface over a 2 month experiment,
which are easily resolvable via modern electron microscopy. In this way, when minimum growth-rate resolu-
tions are known, experiments yielding unresolvable volumes of quartz still yield useful information regarding
the potential for interseismic cementation over a specific time scales under the imposed experimental condi-
tions. Previous work has already shown that such experiments are useful for understanding the effects of
mineral surface chemistry and the presence of amorphous silica (e.g., Williams, Farver, et al., 2015) in addi-
tion to pressure solution (e.g., Tenthorey & Cox, 2006; Tenthorey et al., 2003) and crystallographic effects
(e.g., Lander et al., 2008). We argue that additional work in this area is similarly likely to yield the critical,
empirical, kinetic constraints necessary to better interpret the rock record of quartz-cementation in exhumed
faults.

2. Direct Constraints on Quartz Precipitation Rates in Nature. The rock record of exhumed fault zones is ulti-
mately the only source of directly assessing the rates of fault-localized quartz cementation. Recent advances
in geochronology have permitted reconstruction of the rates and timescales of cementation/mineralization in
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faults other mineral systems (i.e., calcite, hematite, clays; Ault, 2020; Ault et al., 2016; Mottram et al., 2020;
Roberts et al., 2020; Scheiber et al., 2019; Uysal et al., 2011; Williams, Mozley, et al., 2019). Unfortunately,
quartz is generally not amenable to currently available geochronological techniques. We suggest, however,
that there are still several avenues along which quartz-precipitation rates may be obtained in the rock record.
First, although cements precipitated directly as quartz are unlikely to be dateable, this is not true of other meta-
stable silica phases, even following recrystallization to a more stable polymorphs. Recent work, for example,
has illustrated the utility of U-Pb dating of silica veins to reconstruct fault-zone fluid flow histories in the
Eastern California Shear Zone (Nuriel et al., 2019). Moreover, even in situations where quartz is not dateable,
crack-seal growth increments in fractures may be lined by phyllosilicate or other inclusion bands (e.g., Ujiie
et al., 2018), which may be amenable to geochronology depending on their age, mineralogy, and origin with
respect to fault activity. Finally, previous work has been successful in providing constraints on quartz precip-
itation rates in fractures in sedimentary basins by combining paleothermometeric analysis of quartz veins
with well-defined thermochronologic data of the surrounding rocks (Becker et al., 2010; Fall et al., 2015;
Hooker et al., 2015). Given that crystalline rocks are generally more amenable than sedimentary units to ther-
mochronologic approaches, we contend that similar strategies may provide insight into quartz precipitation
rates in more deeply exhumed systems. Some more recent work has also demonstrated the utility of Li isotope
diffusion studies in estimating rates of crystal growth in fractures (Taetz et al., 2018).

. Fluid Flow and Mass Transport Deep in Seismogenic Faults. Geochemical examination of fault zone cements

have proven useful for quantifying the source of mineralizing fluids, which when examined within a robust
structural and tectonic framework allows reconstruction of fault permeability structures and mechanisms of
mass transport (e.g., Beaudoin & Pitre, 2005; Bohlke & Kistler, 1986; Boles et al., 2015; Nesbitt et al., 1989;
Smeraglia et al., 2016; Stenvall et al., 2020; Taetz et al., 2018; Williams, Beard, et al., 2019; Williams,
Goodwin, et al., 2015). Critically, however, many of the recent advances in this area of research have been
focused on exposures exhumed from the uppermost few kilometers of the seismogenic crust. We suggest
that the application of similar studies to quartz cementation in fault rocks exhumed from hypocentral depths
(10-15 km or greater) near the brittle-ductile transition may yield important insights into the mechanisms
driving quartz cementation. Although not direct constraints of cementation rates, knowing the driving mecha-
nisms of cementation is critical to constrain models and design experiments. For example, the documentation
of mineralizing fluids equilibrated external to the site of precipitation must imply some role for fluid advec-
tion. Evidence of fluids equilibrated with the local wall rock could either imply external fluids that have a
rock-buffered chemistry, or locally-sourced fluids. The latter implies a diffusive mass-transport regime, which
may be most consistent with coseismic variations in pore-fluid pressure, pressure solution, or growth driven
by frictional heating. Analytical limitations and a lack of systematic understanding of many isotopic systems
have largely limited studies of quartz growth to oxygen isotope analysis. Recent work in other mineral systems
(i.e., calcite, hematite, and clays), and expanded use of other isotopic systems (i.e., Li, Si, Sr, Pb, Nd, etc.)
and rare-earth element analysis, have shown increased ability to differentiate fluid sources and mass transport
pathways (e.g., Eichhubl & Boles, 2000; Taetz et al., 2018; Williams, Beard, et al., 2019). Although these
elements are found in limited concentration in quartz (with the exception of Si), it is likely that modern mass
spectrometry approaches will allow their quantification, and that these new approaches expand the potential
for delineating fluid and mass transport pathways during quartz cementation deep in the seismogenic crust,
including spatiotemporal variation in flow and cementation within single fault zones.

. Interdisciplinary Research. All of the above recommendations require a renewed focus on holistic analyses of

fault zones and fault processes, which can only be accomplished via truly interdisciplinary research. Examples
of interdisciplinary studies that could be attempted with existing technology include: (a) combining detailed
field and geochemical studies of vein systems with numerical models that track fluid and vein chemistry, and
can therefore directly compare models with nature; (b) hydrothermal experiments that constrain precipitation
rates being coupled to field observations that constrain boundary conditions and calibrate numerical models
that aid extrapolation across temporal and spatial scales; and (c) deformation experiments that quantify the
role of cements, of different geometry and microstructure, in determining the strength of faults. We argue that
these and similar interdisciplinary approaches, while here designed to better constrain fluid-fault interactions,
invariably produce additional, emergent discoveries that cannot be anticipated. As such, increased efforts in
this area are required to improve our understanding of quartz cementation and fault healing, but will likely
result in additional research endeavors far beyond the scope of those discussed here.

WILLIAMS AND FAGERENG

27 of 35



~1
AGU

ADVANCING EARTH
AND SPACE SCIENCE

Reviews of Geophysics 10.1029/2021RG000768

5. Conclusions

We critically review and present both quantitative and qualitative constraints on the rates of quartz precipitation and
associated healing in faults and fractures in the brittle crust. We find that many of the mechanisms we examined for
facilitating rapid quartz cementation (i.e., over the 100-year time scales typical of an interseismic period) and heal-
ing, although commonly invoked, are difficult to reconcile with the timescales of the seismic cycle and spatial scale
of fault-related vein systems exhumed from conditions where 200°C < T < 350°C. Upward fluid discharge along
faults following rupture, for example, may facilitate fracture cementation and sealing over interseismic timescales,
but can only fill pm-cm aperture fractures if the vertical component of fluid transport is multi-kilometer in scale.
The rates of likely fluid transport near the base of the seismogenic crust, however, imply significant time lags
between rupture and the onset of cementation at a particular depth. Another popular mechanism argued to facilitate
cementation in faults—coseismic dilational deformation and associated fluid decompression—suffers from signif-
icant mass balance limitations. These limitations indicate that no magnitude of coseismic pressure decrease can
be expected to drive sealing of fractures in the absence of large-scale fluid advection. Other mechanisms that may
facilitate local quartz supersaturation and fault cementation, such as frictional heating and pressure solution, may
provide more realistic mechanisms of fault healing local to the principal slip surface(s), but these cannot explain
the abundance of cement commonly observed in veins in the surrounding damage zones. Collectively, these calcu-
lations contrast starkly with rock-record observations, which suggest a seismic cycle linked to permeability varia-
tions that allow episodic fluid flow and vein precipitation in fault and damage zone vein networks.

The limitations to the kinetics and mass balance of silica precipitation that we have presented here lead us to empha-
size two end-member regimes. On the one hand, the mechanisms we have explored, given current kinetic constraints,
cannot explain mesoscale fault and fracture vein networks developing, even incrementally, on interseismic timescales.
Two interpretations can explain this contradiction. The first is that extensively quartz-cemented, vein-rich faults are
over-represented in the rock record and actually form less frequently than the geological observations imply. The
second is that we are missing critical components of the cementation mechanisms required to explain the rock record,
because we lack understanding and empirical constraints on processes of silica precipitation. It may also be that these
dilatant, potentially high fluid flux fracture systems do not typically close over interseismic periods, but are instead
at least partially open and maybe, episodically, isolated from fluid reservoirs. On the other hand, the mechanisms we
explored appear capable, isolated or in combination, to cement thin (nm-um) fractures and/or dilational sites (e.g.,
those in cataclasites lining slip surface), which could allow mechanical and hydrological sealing of principal slip
surfaces within days, weeks, or years after a rupture. This does not explain the vein networks commonly developed
in fault damage zones, but allows the involvement of quartz cements in fault healing, and highlights the contrasting
permeability regimes and mechanisms of cementation within fault zones. These end-members may imply, perhaps
surprisingly, that high-flux faults dominated by advective transport are more difficult to heal quickly than low-flux
faults dominated by diffusive transport, because of kinetic and mass balance challenges in healing the larger fracture
volumes that facilitate high-flux flow. The presence of extensive vein systems in the rock record, however, implies
that sealing during high fluid flux is achieved at least under some conditions, potentially between discrete slip events.
The existence and characteristics of these end-members, and their relative importance in hydrothermal precipitation
and fault mechanics, remain speculative. We hypothesize that high flux scenarios, although more important for
voluminous hydrothermal mineralization, may be of subsidiary importance to local, diffusive mass transport in low
fluid-flux faults when discussing the mechanical implications of quartz cements. A renewed emphasis on research
examining the controls on the rates of quartz cementation in fault zones will, however, be integral to developing a
more complete understanding of the mechanisms and timescales of strength recovery following earthquake rupture.

Glossary

Cementation Precipitation of minerals or other solid phases from fluids within the interstitial
space of a rock mass. Cementation typically acts to decrease permeability whilst
simultaneously increase mechanical strength.

Seismic/Earthquake Cycle  The time period during which faults accumulate elastic strain due to plate motion,
and/or frictional resistance decreases as fluid pressure builds up, and accumu-
lated strain is rapidly released during earthquakes. Here, we consider a single
seismic cycle to encompass inter-seismic, co-seismic, and post-seismic periods
between two successive earthquakes on the same fault segment.
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Coseismic
Post-seismic

Interseismic

Seismogenic Crust/Zone

Healing

Lithostatic Pressure

Hydrostatic Pressure

Overpressure

Equilibrium Solubility

Supersaturation

Amorphous or Metastable Phases

Kinetics

The period of time during earthquake rupture.

A time period of transient deformation following an earthquake rupture
and before the onset of steady interseismic elastic strain accumulation.
The period of time between successive earthquake ruptures. Also
referred to as “repeat time” or “recurrence interval.” The interseismic
period includes the post-seismic period by definition. The interseismic
period is typically a few 100 years or less in active, plate-boundary
faults.

The depth range in the crust where earthquakes typically nucleate. The
base of the seismogenic crust/zone in continents is generally thought to
coincide with the onset of crystal-plastic/ductile behavior in quartz at
temperatures of about 300°C-350°C. This is, however, not a sharp tran-
sition and an intermediate regime involving frictional-viscous behavior
and/or frictional creep can separate the dominantly frictional and crys-
tal-plastic regimes.

The phenomenon of time-dependent increases in the strength of faults
and fault rocks following slip. This process likely encompasses a variety
of physical and chemical mechanisms that differ at varying depths in the
crust.

Pressure exerted on a rock mass by the weight of the overlying material.
Sometimes referred to as “overburden” pressure. Lithostatic pressure is
commonly considered to be an upper bound on pore-fluid pressure in the
crust, as pore-fluid pressures in excess of the least compressive stress
(which is less than or equal to the lithostatic pressure) likely lead to
hydrofracturing and pressure release. The lithostatic gradient as a func-
tion of depth varies with rock type, but a value of ~26.2 MPa/km is
considered typical.

Pressure exerted at any point in an interconnected water column that
results from the weight of the overlying water. Hydrostatic conditions
are typically considered to be a lower bound on pore-fluid pressure in
the crust, although exceptions exist, for example, where sub-hydrostatic
conditions are created through fluid-consumption by metamorphic reac-
tions or after burial of relatively dry, highly impermeable rocks. The
hydrostatic gradient as a function of depth is 9.8 MPa/km.

A condition where pore-fluid pressures at a point in the crust exceed
hydrostatic values.

The concentration of a mineral phase in solution at equilibrium condi-
tions, typically controlled by in situ temperature and pressure. In this
paper, equilibrium solubility may be considered synonymous with
“pre-failure” or “pre-slip” solubility. Fluids that have achieved equilib-
rium solubility with respect to a particular dissolved mineral phase are
considered to be “saturated.”

A condition where the actual concentration of a dissolved mineral in
solution exceeds the equilibrium solubility, leading to precipitation of
the solid form. For the purposes of this paper, supersaturation occurs
when the concentration of silica in solution at some time and place
of interest (CSiO,) exceeds the equilibrium solubility (CSiOz_eq) (.e.,
heg > -

Non- or poorly-crystalline phases that are typically unstable and there-

supersaturation is achieved when Q = CSi0O,/CSiO

fore highly reactive. For silica, these phases typically have lower acti-
vation energies for precipitation than quartz, and thus can precipitate at
faster rates under equal conditions.
A description of the rates of chemical reactions and their controls. Often
strongly dependent on temperature.
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Pressure Solution A process by which solubility of a mineral phase is enhanced at high-

stress, grain-to-grain contacts leading to localized dissolution. Reprecip-
itation may (or may not) then occur at sites of relatively lower stress.

Dissolution-Precipitation Creep The collective process of dissolution by pressure solution, transport in a

stationary or moving fluid phase, and re-precipitation at a lower-stress
site.
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