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Abstract The evolution of a fault's frictional strength during the interseismic period is a critical component
of the earthquake cycle, yet there have been relatively few studies that examine the time-dependent evolution
of strength at conditions representative of seismogenic depths. Using a simulated fault in Westerly granite, we
examined how frictional strength evolves under hydrothermal conditions up to 250°C during slide-hold-slide
experiments. At temperatures <100°C, frictional strength generally increases with hold duration but, at 200
and 250°C, an initial increase in strength transitions to rapid time-dependent weakening for holds longer than
14 hr. Forward modeling of long hold periods at 250°C using the rate and state friction constitutive equations
requires a second, strongly negative, state variable with a long evolution distance. This implies that significant
hydrothermal alteration is occurring at 250°C, consistent with microstructural observations of dissolution and
secondary mineral precipitation.

Plain Language Summary A fault can regain strength following an earthquake. The rates,
conditions, and mechanisms by which this recovery of strength occurs are not well understood but they are
critical to understanding earthquake recurrence and induced seismicity. By conducting a series of experiments
in which a simulated fault alternates between shear displacement and quasi-stationary hold periods, we
examine how fault strength evolves with time at temperatures up to 250°C. At elevated temperatures the fault
initially strengthens but then weakens over long timescales. This weakening appears to be due to hydrothermal
alteration, potentially including the precipitation of secondary minerals in the fault. Relating this observed
weakening behavior and associated mechanisms to constitutive equations will facilitate modeling earthquake
behavior in different materials and at variety of environmental conditions.

1. Introduction

Earthquakes are known to reoccur on the same fault at semi-regular intervals (Bakun & Lindh, 1985; Uchida &
Biirgmann, 2019). When an earthquake occurs, the fault weakens, followed by a protracted period of strength
recovery (i.e., healing) before another large earthquake can occur. Identifying the mechanisms and associated
conditions that contribute to fault healing is a crucial part of understanding earthquake recurrence and has impli-
cations for both natural earthquakes and induced seismicity.

While it is widely accepted that hydrothermal reactions can change the strength and behavior of fault zones,
studies examining the time-dependence of frictional strength in faults have been conducted predominantly at
room temperature and often under nominally dry conditions (e.g., Carpenter et al., 2016; Dieterich, 1972; Tesei
etal., 2012). Experiments examining at hydrothermal conditions have primarily focused on monomineralic quartz
systems (Jeppson, Lockner, Beeler, & Hickman, 2023; Karner et al., 1997; Nakatani & Scholz, 2004; Tenthorey
et al., 2003). In these studies on quartz, frictional strength increases with contact time. However, when mixtures
of quartz and labradorite were examined, no time-dependent strengthening was observed (Olsen et al., 1998).
Additionally, experiments examining the slip-rate dependence of frictional strength in Westerly granite at hydro-
thermal conditions revealed a complex relation among frictional strength, temperature, and slip rate (Blanpied
etal., 1995, 1998). In polymineralic systems, greater chemical complexity may facilitate reactions that can impact
the evolution of strength in complicated ways (e.g., Hickman & Evans, 1995; Meyer et al., 2006).

This study seeks to elucidate the process of strength evolution in a polymineralic natural fault system at hydro-
thermal conditions by conducting slide-hold-slide (SHS) experiments on samples of Westerly granite at inter-
mediate temperatures associated with the upper seismogenic zone and the transition from aseismic to seismic
slip. Contrary to expected behavior, we find that fault surfaces weaken during extended holds at temperatures
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>200°C. This weakening appears to be the result of a solution-transfer mechanism that is temperature dependent
and chemically complex.

2. Methods

Laboratory SHS tests consist of alternating periods of induced fault slip and quasi-static holds during which
time-dependent strength recovery occurs. We express strength changes in terms of secant friction, 4 = 7/(c, — P,),
where 7 and o, are shear and normal stress resolved on the fault surface and P, is pore pressure. The magnitude of
restrengthening (4u) is quantified as the difference between the peak failure strength upon resumption of slip and
the steady-state sliding strength preceding the hold. Triaxial SHS experiments were conducted at temperatures
from 22 to 250°C (Table S1 in Supporting Information S1) on cylindrical (2.54 cm diameter) Westerly granite
samples containing saw-cuts inclined at 30°. Simulated fault surfaces were roughened with #240 grit sandpaper
to attain similar starting surfaces with RMS roughness of 5-10 pm. Tests were run at constant confining and pore
pressures of 30 and 10 MPa, respectively. Deionized water was used as pore fluid and a 2.4 mm diameter borehole
provided fluid access to the fault surface. A 24-hr thermal equilibration period preceded each experiment to allow
the pore fluid and rock to approach chemical equilibrium.

The experiments began with 1 mm slip during whichh a thin (~5 pm) layer of ultrafine gouge developed. Multiple
hold periods were then employed, separated by 250 pm of axial displacement at 0.1 pm/s. Hold durations ranged
from 100 to 5 X 10° s and experiments were designed to repeat each hold duration up to three times. Mechanical
data were corrected for elastic deformation of the loading system, jacket strength, the confining-pressure-de-
pendence of piston seal friction, and the reduction in contact area during deformation as explained in Tembe
et al. (2010). Further details of our experimental methodology can be found in Supporting Information S1
(Text S1).

3. Results
3.1. Friction Data

Sliding was stable at 22, 100, and 250°C (Figure 1; Figure S1 in Supporting Information S1) but oscillatory
at 200°C where failure upon reloading was often associated with large stress drops (Figure 1c), consistent
with previous studies on the frictional properties of Westerly granite at hydrothermal conditions (Blanpied
etal., 1991, 1995). Due to the tendency for unstable slip, steady-state sliding friction at 200°C had to be extrapo-
lated (Text S2 in Supporting Information S1). When stable sliding was observed it generally followed a consistent
strain hardening trend (Figure 1; Figures S1 and S2 in Supporting Information S1). However, there are some
exceptions. At 250°C, following holds >5,000 s, the sliding friction was initially less than the frictional strength
preceding the hold period and the magnitude of the decrease in sliding friction increased with hold duration
(Figure 1). The magnitude of strain hardening following hold periods longer than 50,000 s was noticeably greater
than strain hardening following shorter holds (Figure S2 in Supporting Information S1) so that friction would
presumably return to the pre-hold value, but this often required more than the alotted 250 um of slip. Reductions
in post-hold sliding friction, exceeding expected variation, were also seen at 100 and 200°C after 500,000 s holds
(Figures 1f and 1g).

At temperatures from 22 to 200°C failure strength increased initially in proportion to the logarithm of hold
duration (Figure 2), as reported in many previous studies for a variety of materials (e.g., Carpenter et al., 2016;
Dieterich, 1972; Mitchell et al., 2013). Failure strength did not vary systematically with displacement (Figure S3
in Supporting Information S1). However, at 200°C for holds longer than 50,000 s the failure strength decreased
with hold duration (Figure 2). This weakening behavior was observed at 250°C for holds longer than 1,000 s, and
little to no strengthening was seen for shorter hold periods. At 250°C the failure strength was often less than the
sliding frictional strength measured before the hold period (Figure 1h). This resulted in negative values of Au.

The creep rate at the start of all hold periods was 0.1 pm/s which decayed rapidly so the average creep rate meas-
ured for 100 s holds at all temperatures clustered around 102 um/s. The average creep rate decreased with hold
duration but remains similar at all temperatures for holds <1,000 s. For holds longer than 1,000 s a clear increase
in both the amount of creep and the associated average creep rate during the hold period is observed at 250°C
(Figure 1h; Figure S4 in Supporting Information S1). For 500,000 s holds, the average creep rate at temperatures
of 22-200°C clusters around 10> um/s but is 10~ pm/s at 250°C for the same hold duration.
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Figure 1. Evolution of coefficient of friction. Coefficient of friction () versus displacement resolved on the fault surface for selected experiments on water-saturated
samples run at temperatures of (a) 22°C, (b) 100°C, (c) 200°C, and (d) 250°C. Steady-state sliding secant friction is indicated by the red dashed lines. Hold periods
are indicated by gray dashed lines with hold duration indicated. Dark gray boxes highlight the 500,000 s (315,000 s at 22°C) hold periods shown in e-h. The amount of
creep that occurred during the hold period (AS) and change in friction (4u) are shown. Full curves for all experiments examined in this study are provided in Figure S1

in Supporting Information S1.

3.2. Microstructural Observations

The sawcut surfaces of several samples that had undergone slide and hold periods were characterized using a
scanning electron microscope (SEM) (Figure 3). Each of these specimens was removed from the pressure vessel
at the end of an extended hold period (~100,000 s). For samples E34 (22°C) and E36 (250°C) the final hold
period was preceded by a sequence of slides and holds reaching a cumulative displacement of 7 and 6.7 mm,
respectively. E30 (200°C) had only experienced ~1 mm of shear displacement followed by a 109,000 s hold with
no additional shearing.

In all three samples, abrasive wear features were apparent including slickenlines, grooved surfaces (Figures 3a
and 3d), and gouge development (Figure 3b). At 200 and 250°C there was evidence of dissolution in the form of
curved grain boundaries and possible pitting (Figures 3¢ and 3d). Additionally, at 250°C there was widespread
evidence of secondary mineral precipitation (Figures 3e and 3f). Clusters of fibrous minerals were concentrated
near the fluid borehole but were also seen in other areas. Secondary mineral development was not observed in
the lower temperature experiments. Energy-dispersive X-ray measurements using the SEM indicated that some
of the fibrous deposits contained Na, S, Ca, and Al (Figure 3e) while in other places they were enriched in Fe,
Cr, Ni Cu, Zn, and Mg (Figure 3f).
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Figure 2. Time-dependent evolution of friction. (a) Changes in frictional strength (4 ), defined as the difference between failure strength and sliding friction preceding
the hold period. Unfilled symbols indicate the data used to determine the initial restrengthening rates using Equation 1. Fits of Equations 1 and 2 are indicated by the
dashed lines. The dependence of the resulting (b) healing (3,) and weakening (j3,) rates and (c) cutoff times on temperature. The gray dashed line shows the fit of the
Arrhenius type relation used to predict #, and Tc, at 250°C (indicated by x's). Error bars indicate 2o standard error determined using jackknife resampling. If error bars
are not visible, uncertainty is less than the marker size.

4. Discussion
4.1. Time-Dependent Friction

Previous studies have described SHS experiments on Westerly and other granitic samples. Most of these studies
were conducted at room temperature and nominally dry conditions (Beeler et al., 1994; Dieterich, 1972; Ryan
et al., 2018) with some work done on water-saturated samples (Carpenter et al., 2016). To the best of our knowl-
edge SHS tests on granite at elevated temperatures (up to 600°C) have only been conducted in the presence of
water vapor (Mitchell et al., 2013, 2016). These studies all reported time-dependent increases in Au. An empirical
expression can be used to quantify the rate of restrengthening:

Ay:ﬂm<%+l)

c

)]

where f defines the time-dependent rate of restrengthening, #, is the duration of the hold period, and ¢, is the char-
acteristic time delay beyond which the logarithmic dependence on time is observed (Dieterich, 1978; Nakatani
& Scholz, 2004). At room temperature, healing rates for granitic rock determined from published data range
from 0.003 per e-fold increase in hold time for a water-saturated, 2.6-mm-thick layer of Westerly granite gouge
(Carpenter et al., 2016) to an average of 0.01 + 0.001 per e-fold for initially bare-surface granite rock under nomi-
nally dry conditions (Beeler et al., 1994; Dieterich, 1972; Mitchell et al., 2013). In heated, nominally dry tests,
is 0.009 per e-fold at 100 and 200°C and 0.007 at 250°C (Mitchell et al., 2013). In all cases the cutoff time #, is
on the order of 1 s or less. Fitting Equation 1 to our experiments, using only data from hold periods where sliding
friction was constant before and after the hold and Au increases with time, yields healing rates of 0.005, 0.006,
and 0.008 per e-fold at 22, 100, and 200°C, respectively, with cutoff times on the order 1-10 s (Figure 2). This is
generally consistent with previous work, suggesting the increase in strength with time occurs due to the growth
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Figure 3. Backscattered electron images of the sawcut surfaces after an ~1 x 103 s hold period following shearing. (a) Slickenlines and grooves result from slip on the

sawcut surface (E34, 22°C). White arrows show direction of slip. (b) A fine-grained gouge developed between the sawcut surfaces (E30, 200°C). (c) Rounded edges on

cleavage planes in a biotite (Bt) crystal may result from dissolution (E36, 250°C). (d) Possible dissolution pits around a groove left by a dragging asperity (E36, 250°C).
(e) Feathery growths of a secondary mineral enriched in Na, S, Ca, and Al on quartz (Qz) (E36, 250°C). (f) Abundant development of a secondary mineral deposit on a
plagioclase (P1) grain (E36, 250°C). The secondary mineral is enriched in Fe, Cr, Ni, Cu, Zn, and Mg.

of real contact area caused by mainly mechanical processes such as subcritical crack growth (e.g., Dieterich &
Kilgore, 1994). We do not fit the short #, data at 250°C since a period of initial restrengthening is not clearly
observed.

A transition to time-dependent weakening has not previously been reported for granite at room temperature
under either saturated or nominally dry conditions, or at elevated temperatures under nominally dry condi-
tions. We conclude that the higher-temperature weakening behavior is caused by a different mechanism that
is temperature-dependent and requires the presence of liquid-phase water. Hydrothermal SHS tests have been
conducted on materials other than granite. In experiments on initially bare-surface quartz (Jeppson, Lockner,
Beeler, & Hickman, 2023) and 3 mm thick layers of pure quartz gouge (>63 um diameter) (Nakatani &
Scholz, 2004) at temperatures up to 200°C only time-dependent increases in Ay were observed. Olsen et al. (1998)
conducted SHS tests on gouge layers composed of a mixture of quartz and labradorite sand at temperatures of
200 and 250°C (Olsen et al., 1998). While they did not observe time-dependent weakening they did not observe
time-dependent strengthening either. This suggests that mineralogy is important to the underlying weakening
mechanism.

Assuming the mechanisms controlling the observed strengthening and weakening are operating in parallel, Equa-
tion 1 can be expanded to capture the time-dependent evolution of friction observed in our data:

Au=p 1n(’—"+1>+ﬂ21n<’—”+1> ?)

fe1 ter
where f, and ¢, relate to the initial restrengthening behavior and $, and ¢, relate to the subsequent weakening
behavior. Between 22 and 200°C we have sufficient data to constrain §, and ., but the process controlling 3,
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and ¢, appears to be too sluggish to be constrained in the hold times available. At 250°C the weakening process
dominates, masking any strengthening that occurs at short timescales. However, assuming that the strengthening
mechanism is an Arrhenius process, as is expected, for example, for subcritical crack growth (Lawn, 1993), we
extrapolate that §, and 7, at 250°C are 0.008 and 9 s, respectively (Figures 2b and 2c). We note that Mitchell
et al. (2013) identified a similar rate (0.007) for nominally dry Westerly granite at 250°C. This is consistent
with a mechanism such as subcritical crack growth, that occurs in the presence of both liquid and gaseous water.
Applying these constraints and fitting Equation 2 to the 250°C data yields , = —0.02 per e-fold and 7, = 346 s
Equation 2 was also fit to the 200°C experiment, but due to the limited observations of weakening at this lower
temperature 3, and ¢, are poorly constrained. The data do indicate that the cutoff time of the weakening mecha-
nism scales with temperature, consistent with an Arrhenius relation.

The significance of these rates and cutoff times is limited, as the parameters are interdependent, and none are
well constrained. This empirical relation could be improved with additional measurements to define the under-
lying mechanisms and inclusion of expected rates for those mechanisms (e.g., Barbot, 2022). It is apparent that
in polymineralic hydrothermal systems the evolution of frictional strength with time and temperature is complex
because of the interactions among multiple mechanisms. Potentially competing mechanisms include pressure
solution enhanced by the presence of phyllosilicates (e.g., Anzalone et al., 2006; Hickman & Evans, 1995; Meyer
et al., 2006; Rutter & Wanten, 2000), chemical leaching, preferential dissolution of mechanically strong contacts,
fabric development (Jordan, 1987), and secondary-mineral precipitation. We find clear evidence of secondary
mineral phases developing at 250°C. Some mineral growths, like those shown in Figure 3f contain Cr, Fe, Ni,
and Cu, suggesting they formed as a result of pore fluid reacting with the 17-4 steel end caps used in the sample
assembly. These parts are located outside of the high temperature zone and should have limited effect on fault
chemistry. Other secondary minerals lack these metals (e.g., Figure 3e). Weak secondary mineral phases could
result in reduced friction (e.g., Bomberger, 2013; Carpenter et al., 2016; Morrow et al., 2017; Shreedharan
et al., 2023), even at low concentrations, if they form preferentially at load-bearing contacts.

4.2. Rate and State Friction

Inrate-stepping tests, Blanpied et al. (1995) observed areduction in the frictional sliding strength of water-saturated
samples at temperatures above 300°C. The temperature at which weakening is first observed increases with slip
rate (their Figure 6). We observed that during 500,000 s hold periods at 250°C the average creep rate drops as low
as 1 x 10~* pmy/s, significantly less than the slowest slip velocity (0.01 pm/s) examined by Blanpied et al. (1995).
The same mechanisms that caused weakening in Blanpied et al.'s rate-stepping tests may also be responsible for
weakening in our SHS experiments. Due to the very low creep rates attained during our extended hold periods,
we are able to observe the weakening at temperatures as low as 200°C.

At temperatures above 350°C, rate-and-state (RS) modeling of Blanpied et al.'s (1995) rate-stepping tests required
the addition of a second state variable (Blanpied et al., 1998). At 400°C, the scaling parameter for the first state
variable, b;, was positive and increased with temperature, whereas the parameter for the second state variable,
b,, was negative and became more negative with increasing temperature. While the rate constant (f) examined in
this paper is not the same as the state variable scaling parameter (b), it is expected that b ~ g (Ikari et al., 2016;
Marone, 1998; Paterson & Wong, 2005), so a negative f implies that the corresponding b, would also be negative.
Further, Blanpied et al. (1998) found that b, was associated with a large characteristic displacement (Dc) that
was positively correlated with temperature, consistent with the prolonged evolution of sliding friction at 250°C
in our SHS tests.

To further characterize the strength evolution in SHS tests we consider constraints on the RS friction parameters
from the sequence of holds between 100 and 500,000 s at 250°C (Figure 1d). Strengthening during the hold is
resolved only for holds greater than 500 s and less than 5,000 s (Figure 1d; Figure 2a). Figure 4a shows an RS
simulation of a 1,000 s SHS hold using parameters comparable to those inferred by Blanpied et al. (1998) for rate
stepping tests at 250°C (a = 0.0125, b, = 0.005, Dc, = 0.25 pm, b, = 0.013, Dc, = 5 pm). Blanpied et al. did not
observe weakening at this temperature, requiring both b, and b, to be positive. The primary difference in parame-
ter values used in simulations in Figure 4a lies in the values of Dc. Dc, is slightly outside of the uncertainty asso-
ciated with the 1.6-8.6 pm range of Blanpied et al. (1998). The smaller Dc, is necessary to produce the post-peak
slip event with stress drop following the 1,000 s hold (Figure 4a). Dc, is much smaller than the 560-908 pm
range of Blanpied et al. (1998). Our data lack evidence for an equivalently long weakening distance following
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Figure 4. Slide-hold-slide simulations. RS slider block simulations of (a) 1,000 s and (b) 500,000 s holds at 250°C. Simulated loading velocity was 0.1 pm/s with

a stiffness of 0.149 MPa/pum. Data from experiment E36 at 250°C are shown in dark gray. Simulations with RS parameters show blue curves using a = 0.0125,

b, =0.005, Dc, = 0.25 pm, b, = 0.013, Dc, = 5 pm and red curves using a = 0.0125, b, = 0.0025, Dc, =2 pm, b, = —0.07, D, = 190 pm, respectively. Light-gray
dashed line indicates the start of the hold period. In this case, blue model parameters fit the short hold data while red parameters provide better fit to the long hold data
and indicate that time-stationary RS parameters are insufficient to represent the observations.

short hold periods. Otherwise, the parameters are within the published ranges. The data could also be reasonably
well represented by an RS simulation with a single positive state variable. In contrast, for holds greater than
1,000 s the fault shows net strength losses over each SHS sequence by amounts that increase with hold duration
(Figures 1d and 2a). These strength losses require significantly different RS parameters to adequately represent
the weakening as shown in Figure 4b (a = 0.0125, b, = 0.0025, D¢, = 2 pym, b, = —0.07, Dc, = 190 pm). The
largest change in parameters is a strongly negative b, with a long evolution distance Dc,. The large negative b,
is consistent with values inferred by Blanpied et al. (1998) at much higher temperatures (b, ranges from —0.03
to —0.14 at temperatures of 400-600°C). An extended description of the simulations is included in Supporting
Information S1 (Text S3).

The parameters used to simulate the 1,000 s hold are comparable to those used for lower temperature experiments
(Blanpied et al., 1998) whereas the parameters used for long hold times are dramatically different. This implies
that significant hydrothermal alteration occurs in these 250°C experiments. The underlying mechanism appears
to be a function of time, not slip, as is indicated by the dependence of the weakening behavior on hold duration
and the change in creep rate after 1,000 s (Figure S4 in Supporting Information S1). Most formulations of the RS
friction constitutive equations cannot accommodate time-dependent changes, as they lack a term that is repre-
sentative of the 7, parameter present in Equation 2. Capturing the time-dependent weakening behavior would
require reformulation of the RS friction equations to incorporate the characteristic time delay, possibly due to the
strain-rate sensitivity of plastic yielding (e.g., Brechet & Estrin, 1994) or the reaction rate of a chemical process
(e.g., Rimstidt & Barnes, 1980).

5. Conclusions

Frictional weakening is consistently observed at temperatures >200°C in hydrothermal SHS experiments and at
temperatures >300°C in rate-stepping tests on Westerly granite (Blanpied et al., 1995). Rate and state friction
simulations of long-duration holds at 250°C can only be represented using a two-state-variable RS friction model
in which the second state variable is negative and associated with a large characteristic displacement (>100 pm).
This negative state variable is not required to simulate shorter hold periods or lower temperatures, suggesting
that significant hydrothermal alteration is occurring at 250°C. While the underlying mechanisms that control
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the frictional behavior cannot be positively identified at this time, it is evident that the mechanisms must be
water-assisted, temperature-dependent, and chemically complex with a characteristic time delay on the order of
1,000 s. This indicates that the observed frictional weakening is the product of a solution-transfer process. An
understanding of the processes that control frictional behavior at hydrothermal conditions and how they relate to
and can be incorporated in the RS friction equations will help us better understand and model earthquake behav-
ior in a variety of materials and over a range of environmental conditions.

Data Availability Statement

The data presented in this paper can be found in Jeppson, Lockner, Beeler, and Moore (2023).
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