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GEOPHYSICS

Rapid fault healing from cementation controls the
dynamics of deep slow slip and tremor

Amanda M. Thomas'*t, James M. Watkins't, Nicholas Beeler?, Melodie E. French?,

Whitney M. Behr?, Mark H. Reed®

Despite its status as one of the most important discoveries in geophysics, the physical mechanism(s) responsible
for slow slip events (SSEs) are not well understood. Here, we synthesize observations of deep SSEs in the Cascadia
Subduction Zone and argue that rapid, cohesive fault strengthening may control the dynamics of deep SSEs. Co-
hesive strength is frequently ignored in constitutive laws used to describe fault rheology in numerical simulations
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of earthquakes and SSEs alike. To demonstrate its importance, we perform and analyze a suite of petrological ex-
periments that simulate fault healing under representative pressure and temperature conditions. We show that
significant cohesive strength recovery caused by dissolution-precipitation processes occurs on timescales of just
a few hours. Together, our experimental and observational results support the idea that cohesion is a key compo-
nent of fault strength under SSE conditions and highlight the need for its inclusion in both future experiments and

numerical models of fault slip.

INTRODUCTION

Faults globally accommodate tectonic loading at different slip speeds
controlled by differing fault mechanical properties. Slow slip events
(SSEs) are a type of slow, transient fault slip during which the slip
rate accelerates to speeds that are only one or two orders of magni-
tude faster than the background tectonic loading rate [e.g., (1, 2)].
SSEs occur in subduction zones around the world and, unlike tra-
ditional earthquakes, generate weak or no discernable seismic
waves. High-quality, densely spaced seismic networks, such as
the one on Southern Vancouver Island in the Cascadia Subduction
Zone (Fig. 1A), are required to observe the rich seismic manifesta-
tion of slow earthquakes. During SSEs in Cascadia, recorded seis-
mograms become enriched in frequencies between 1 and 10 Hz
(Fig. 1B) (3, 4). Data mining techniques applied to these anomalous
seismograms identify low-frequency earthquakes (LFEs; Fig. 1C),
defined as earthquakes that are depleted in high-frequency content
and have longer durations than shallow earthquakes of similar mag-
nitude (5, 6). When superimposed in time, LFEs make up the tec-
tonic tremor signal that commonly accompanies SSEs (5). LFEs can
be grouped into families on the basis of waveform similarity; each
instance of an LFE within a family reflects slip at the same or nearly
the same location (5, 7). LFEs likely reflect largely aseismic fault slip
and provide a unique opportunity to study the spatial and temporal
evolution of slip during SSEs (8).

Secondary slip fronts

Analysis of the space and time progression of LFEs during SSEs sug-
gests that SSEs in Cascadia contain many smaller-scale, secondary
slip fronts that can propagate in a variety of directions, on a variety
of length and timescales [e.g., (9-14)]. For example, Fig. 2A
shows the space and time progression of LFEs during a large SSE
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that occurred in September 2012 beneath Southern Vancouver
Island (Fig. 1A). Each LFE family occupies a constant y position
(i.e., distance along strike), and each occurrence of that LFE is indi-
cated by a dot color coded by magnitude. The main SSE front first
manifests in the north (40 km) around 6 September and propagates
southward over 80 km along strike in 11 days or ~10 km/day. With-
in a given LFE family (e.g., family 141 shown in Fig. 2B), the event
rate is generally high early in the SSE (the first few hours) and de-
creases as the SSE progresses (11). However, this decrease is not
uniform—it contains many LFEs occurring in rapid succession
punctuated by quiescent periods that can last one or more days be-
fore additional LFEs occur (Fig. 2B) (7, 11). This later LFE activity
has the largest LFE-derived moment rates of the entire SSE (Fig. 2A)
(7). Given that LFEs are thought to reflect surrounding fault slip,
these bursts represent slip distinct from the main front. They also
progress coherently in space beginning near the main front, mi-
grating back along strike (e.g., Fig. 2C) and activating the same LFE
families that recently slipped in the main SSE front (7). Similar ob-
servations have been reported in Japan (15, 16), Mexico (17), and
Parkfield, US (18), suggesting that secondary fronts are a ubiquitous
feature of deep slow slip.

The largest and most distinct secondary fronts—referred to as
rapid tremor reversals by Houston et al. (10)—are observed in both
tremor and LFE datasets (Fig. 2A). These fronts typically initiate
within 1 to 10 km of the main front, propagate 10 to 40 times faster,
and span durations of 2 to 6 hours. They rerupture fault segments
that hosted LFEs in the preceding days (Fig. 2C) (11). Measure-
ments of surface strain indicate that these events have average mag-
nitudes of My, (moment magnitude) ~ 5.1, whereas the daily moment
release in large SSEs is equivalent to a My, = 5.6 (19). The large sec-
ondary fronts release a median of 8 kPa of shear stress, ~50% of the
stress drop of typical large-magnitude SSEs in Cascadia (19). It is
worth noting that there is significant scatter on these estimates, with
most secondary fronts releasing 10 to 100% of the stress drop in the
SSE, but they remain the best available. They are also broadly con-
sistent with the LFE-derived moment release in individual families.
For example, family 141 shown in Fig. 2B accommodates only about
40% of the cumulative moment release in the main front before
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Fig. 1. Southern Vancouver Island LFE locations and waveforms. (A) Map of southern Vancouver Island LFEs from Bostock et al. (7). LFE locations are indicated by circles
color coded by depth. Stations used in the Bostock et al. (7) study are shown as triangles. Stations used in (B) are annotated with station names. The inset shows global
context. (B) Twenty minutes of high-frequency waveforms recorded at annotated stations shown in (A). Each detection of LFE family 254 in this time window is color
coded by station. (C) LFE waveforms with 8-s durations recorded at stations annotated in (A).
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Fig. 2. Spatial and temporal evolution of the 2012 SSE. (A) LFEs from the Bostock et al. (7) catalog are plotted as a function of date and along-strike distance (Fig. 1A)
color coded by magnitude. Gray circles indicate tremor locations from the catalog of Wech and Creager (3). The main front propagates southward at ~5 km/day, and sec-
ondary fronts manifest as vertically oriented groups of events closely spaced in time (four are marked with arrows). The direction of propagation of the main front and the
along-strike location of LFE 141 are marked. The horizontal and vertical gray boxes outline the regions shown in (B) and (C), respectively. hr, hour. (B) LFEs in family 141
plotted as a function of time and magnitude. The gray line shows cumulative moment in newton-meters. (C) Zoom-in of the region outlined by the yellow box in (A) show-
ing a secondary front illuminated by both LFEs and tremor on 14 September that propagates at a speed of ~12 km/hour.
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12 September. The remaining 60% of moment release occurs in six
secondary fronts that occur between 12 September and 16 September.

Tidal stresses and elevated pore fluid pressure
Several studies have shown that LFEs are sensitive to small-magnitude
tidal stresses (5, 20-24). In Cascadia, increases in slip-encouraging
shear stress of only ~2 kPa in magnitude (13, 23) result in increased
LFE or tremor rates. LFEs are far less sensitive to tidal normal stress
variations that are significantly larger than tidally induced shear
stress variations (13, 25). Sensitivity to tidal shear stress is not con-
stant throughout the SSE. The early LFEs that occur as part of the
main front are not significantly influenced by the tides. Later in the
SSE, the less-frequent, larger-scale discrete bursts of LFEs that signal
secondary fronts, like those shown in Fig. 2C, correlate with tides
and are almost always tidally triggered [e.g., (12, 13, 23, 26)].
Multiple lines of evidence indicate that pressurized pore fluids
are present in the SSE source region and likely are required for slow
slip to occur. First, seismic imaging constraints reveal that elevated
Poisson ratios are pervasive in the SSE source region [e.g., (27-32)].
Second, the observed sensitivity of LFEs and tremor to small-
magnitude tidal shear stress changes resolved on the fault is most
easily explained by appealing to nearly lithostatic pore fluid pres-
sures [e.g., (13, 21, 22, 25, 33)]. Third, analysis of exhumed sub-
duction complexes thought to reflect deformation mechanisms and
conditions present in SSE environs shows pervasive evidence for
fluids in the form of veins (2, 34, 35). Last, analysis of the ther-
mal and petrologic environment in warm subduction zones
that host SSEs reveals that the presence of fluids is expected (36).
At ~500°C and confining pressures near 1 GPa, pressurized fluids
introduced via prograde metamorphic dehydration reactions and
retained by low-porosity and low-permeability fabrics are expected
[e.g., (32,37, 38)].

Cementation/cohesion and secondary fronts

The occurrence of large-scale secondary fronts is enigmatic. Assum-
ing that both SSE and secondary fronts occur on the same fault sur-
face and that SSEs arise from frictional slip [e.g., (33)], shear stress
on the fault should increase until it exceeds the fault strength and
frictional sliding commences (39). Secondary fronts occur hours af-
ter the passage of the main front, slipping the same section of fault,
and relieve a significant fraction (i.e., ~50%) of the stress released in
the main front. This raises the question as to why; if the fault has ad-
ditional stress to relieve, it is not accommodated during the main
SSE front. The observations of tidal triggering described in the pre-
vious section indicate that tidal stresses play a key role in the gen-
eration of the late occurring secondary fronts by reloading the fault
on short (i.e., hourly) timescales. We note that in some cases, chang-
es in tidal shear stresses of ~2 kPa cannot supply the entire stress
drop (8 kPa on average) for the secondary fronts. So, either contin-
ued stress transfer from the main front [e.g., (16)], a reduction of
fault strength owing to migrating pore fluid pressure pulses [e.g.,
(40)], or some other mechanism must also contribute.

Applying shear stress to a fault with no strength will simply cause
the fault to creep. Generating slip fronts like those observed requires
a corresponding increase in fault strength on similarly short times-
cales. Rate-and-state friction is often invoked in numerical models
of SSEs and describes how the slip rate and conditions on the fault
surface influence the frictional resistance experienced during slip.
In this framework, fault strengthening results from time-dependent
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increases in fault contact area as a result of creep at asperity contacts
and/or time-dependent increases in the strength of asperity con-
tacts (41). Secondary fronts arise frequently in simulations that
incorporate tidal loading on a fault obeying rate-and-state friction,
but the modeled fronts are not representative of actual secondary
fronts because they do not repeatedly rupture the same section of
fault and because the simulated fronts have slower propagation
speeds than the observed fronts. Matching the observed propaga-
tion speeds requires stress drops that are comparable to those of the
main front (11, 16, 42); hence, a source of additional fault strength
is needed. Follow-up studies have explored the role of heterogeneity
and fluids in producing secondary fronts with some success (40, 43),
but it is unclear how tuned the parameters must be to reproduce
representative fronts.

Observations of natural faults, including those exhumed from
conditions similar to modern deep SSE environs, indicate that fluid
mass transport may strongly influence fault properties (34, 44-49).
Mineral cements and vein fill, typically composed primarily of quartz,
are frequently observed on natural faults, including those exhumed
from both seismogenic depths and from conditions similar to mod-
ern deep SSE environs [e.g., (2, 34, 35, 48, 50)], suggesting that ce-
mentation, or precipitation of a binding material dissolved in the pore
fluid, plays an important role in fault deformation processes.

During SSEs, we envisage the fracture of asperity contacts, redis-
tribution of stresses, and increased connectivity of fluid-filled pore
spaces. Once slip ceases, the fault surface contains numerous strong
asperity contacts that behave frictionally. At the same time, newly
formed gradients in stress, surface energy, fluid pressure, and/or tem-
perature can generate differences in chemical potential. These gradi-
ents drive mineral dissolution, transport in solution, and subsequent
precipitation, forming cements around the asperity contacts (51, 52).
Such cementation has important implications for fault mechanics.
It contributes to fault strength recovery—or healing—because the
precipitated minerals have intrinsic strength and promote increased
contact area over time (53). This form of healing is distinct from
frictional healing, which is often invoked to explain restrengthening
in the seismogenic zone and in some shallow SSEs (54). In this mod-
el, grain angularity and high curvature are reintroduced during each
SSE through cataclastic deformation and fracture of previously ce-
mented contacts, effectively resetting the microstructure and allow-
ing the healing cycle to repeat.

Fault strength is described by the Mohr-Coulomb criterion

‘c=c+p(o—p) (1)

The shear strength of the fault T includes contributions from co-
hesion ¢, defined as the shear strength at zero normal stress, and
frictional strength, which is a function of the coefficient of friction
M, the normal stress o, and the pore fluid pressure p. Although the
growth rates of mineral cements depend on pressure, temperature,
and fluid composition, the resulting cementation can contribute to
fault strength even in the absence of normal stress and is commonly
quantified using the cohesion term c in Eq. 1. This definition of co-
hesion reflects shear resistance at zero effective normal stress and
does not necessarily imply that cohesion is independent of all stress
history. Rather, ¢ is used here to capture bonding strength that
may persist as a result of cementation even when normal stress
is low or zero, as distinct from frictional strength that scales di-
rectly with effective normal stress. Although cementation is widely
acknowledged to be an important process affecting faults, with some
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exceptions [e.g., (55)], cohesion is not regularly incorporated into
numerical models of fault slip such as earthquake cycle simulations
because the experimental data are limited, and the resulting strength
is not well constrained (56). This may be a good assumption on shal-
lower faults given that the effective normal stress, 6 — p, is likely
large, making frictional strength the dominant term in Eq. 1, and
because temperatures are lower, so cementation reactions are slow-
er. Significantly elevated pore fluid pressures, like those inferred in
SSE environs, diminish the contribution of friction to the overall
fault strength; hence, cohesion may become important or even
dominant because it provides a source of strength at vanishingly
small effective normal stress (53, 57).

RESULTS

Simulating fault healing under SSE conditions with
petrologic experiments

Whether rapid cementation and resulting cohesion play a role in
generating the secondary fronts discussed above requires determin-
ing both the rates of cementation and the cohesive strength of ce-
ment under deep SSE conditions in Cascadia. To explore fault
healing under these conditions, we perform a suite of petrologic
experiments designed to simulate the fault zone immediately after
an SSE has occurred. These conditions are characterized by pore flu-
ids at nearly lithostatic pressures within a matrix of rock with newly
formed surfaces owing to the breaking of contacts and, potentially,
comminution (58) as well as heterogeneous stress distributions at
the grain scale that begin to reequilibrate. For our experiments, we
evaluate the cementation of crushed and sieved (104 to 125 pm)
quartz containing saline or deionized pore water, which serves as
simplified analogs for silicate rock and subduction zone fluid, re-
spectively. To produce cementation, the quartz and fluid are loaded
into a silver capsule, welded shut, heated, and pressurized to SSE
conditions (i.e., temperatures of ~500°C and confining pressures of
~1 GPa) for time periods between 0 and 24 hours. After each ex-
periment, we evaluate the processes and effects of cementation us-
ing scanning electron microscope (SEM) imaging and measuring
the seismic velocities of the run products, respectively (see Materials
and Methods for more details).

Although pore pressure is not directly measured in these experi-
ments, we assume that sealed pore fluids reach nearly lithostatic
pressure because of porosity collapse during compaction. Quartz
aggregates at these temperatures and water contents are expected to
compact through grain crushing and crystal plasticity, reducing po-
rosity until internal fluid pressure equilibrates with the confining
pressure. This assumption is consistent with prior high-pressure de-
formation studies of water-rich quartz systems, which either esti-
mate nearly lithostatic conditions from final porosity [e.g., (59, 60)]
or explicitly adopt this assumption for interpreting mechanical be-
havior [e.g., (61)].

The starting crushed quartz is characterized by angular edges
and conchoidal fracture (Fig. 3, A and B). After 6 hours at elevated
pressure and temperature, quartz fragments have rounded grain
edges, interlocked crystals, protofacets, and growth of small grains
that were not present in the starting material (see Fig. 3, C and D,
versus Fig. 3B) and are diagnostic of dissolution and precipitation
processes (Fig. 3, C and D). The white ellipses in Fig. 3D show ex-
amples of healed grain boundary contacts. In some cases, these con-
tacts also contain fluid inclusions, which are evidence of mineral

Thomas et al., Sci. Adv. 11, eadz2832 (2025) 19 November 2025
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Fig. 3. 3D and 2D SEM images of starting, 6-hour, and 24-hour experiments.
Each panel has a 500-um scale bar. (A) SEM image of the quartz starting material.
(B) SEM image of a polished grain mount of quartz starting material. The black
background represents epoxy. (C and D) SEM images of the 6-hour experiment.
(E and F) SEM images of the 24-hour experiment. White ellipses in (D) and (F) high-
light a few (of many) examples of healed grain contacts and, in some cases, fluid
inclusions. The inset in (F) shows an enlarged region of the background image with
clear facets.

precipitation along grain contacts. At longer timescales (24 hours),
dissolution and precipitation of quartz are even more apparent, with
well-developed facets and many fully healed grain boundaries per-
vading the sample (Fig. 3, E and F).

On natural faults, laboratory-derived estimates of quartz precipi-
tation rates are often used to characterize timescales of fault healing
[e.g., (52, 62, 63)]. We do not apply these frameworks here because
the initial fluids in our experiments do not contain dissolved silica
and are not supersaturated with respect to quartz, suggesting that
bulk chemical supersaturation is not driving the sample evolution
shown in Fig. 3. Instead, the dissolution-precipitation processes we
observe in our experiments are likely driven by gradients in surface
energy or pressure. For example, Beeler and Hickman (51) conducted
a set of contact overgrowth experiments where they documented
dissolution in high-energy, low-curvature pore walls, diffusive trans-
port through the fluid, and precipitation in the low-energy, high-
curvature contact periphery, resulting in cementation and overall
contact growth. Alternatively, gradients in pressure can cause dis-
solution at grain-to-grain contacts, diffusive transfer to the pore
space, and precipitation at the grain surface [e.g., (64)]. Kinetic rate
laws do not fully capture either of these processes.

Measuring the cohesive strength as a function of healing time is
an experimental challenge owing to the small sample sizes and cap-
sule jacket. We are actively developing new experimental capa-
bilities to make such measurements. An alternative way to obtain
estimates of cohesive strength is by measuring wave speeds of each
experimental capsule. Increases in the strength of grain-to-grain
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contacts and the closure of microcracks—whether through the
dissolution-precipitation processes evident in Fig. 3 or grain bond-
ing more generally—stiffen the rock and increase its elastic moduli.
Because seismic wave speeds depend directly on these moduli, such
microstructural changes can be indirectly linked to changes in seis-
mic velocity. P-wave travel times are recorded using a compressive
wave transducer, and sample lengths are measured using a caliper-
style micrometer (see Materials and Methods). There is a clear in-
crease in wave speed as a function of experiment duration (Fig. 4A).
To evaluate the strength reflected by this increase in wave velocity,
we apply two different empirical velocity-strength relationships to
convert the measured wave speeds to estimates of change in cohe-
sion, assuming an internal angle of friction of 35° (see Methods and
Materials) (65, 66). The results, shown in Fig. 4B, corroborate the
SEM images and demonstrate that significant healing can occur
on tidal timescales. For example, the McNally (65) and Fjer et al.
(66) conversions predict 2.59 and 0.97 MPa of cohesion for the
12-hourexperiment, respectively. We note here that the estimates
presented in Fig. 4B should be regarded as first-order estimates, as
the McNally (65) and Fjeer et al. (66) conversions were calibrated us-
ing sandstones and may not be applicable to our experimental sam-
ples. Nevertheless, the timescales and amplitudes reported in Fig. 4B
are similar to values reported in other experimental studies that
have attempted to measure timescales and amplitudes of cohesive
strengthening or hydrothermal permeability reduction (67-73).

We note that the experiments shown in Fig. 3 were conducted
with a saline solution matching seawater composition, while those
in Fig. 4 used deionized water. Saline fluids can enhance the kinetics
of interface-controlled healing processes, so the cohesion increases
reported in Fig. 4 may represent a lower bound on healing rates. We
initially used saline water to simulate subduction zone fluid compo-
sitions but switched to deionized water to simplify interpretation
and eliminate salt crystallization observed in early SEM images. Fu-
ture experiments will systematically explore the role of fluid compo-
sition in healing kinetics.

Cohesion on natural faults
To extend these experimental results to natural faults, we define ¢
from Eq. 1 as

c=1,A.t) (2)

where 7, is the cohesive strength of the cemented material, and A (¢)
is the fractional contact area of the cement as a function of time.
Our experiments provide a minimum bound on T, between 1.45
and 3.97 MPa from the McNally (65) and Fjer et al. (66) conver-
sions, respectively. If we take a representative value of 7. of 2 MPa
and combine this with fractional contact area growth rates parame-
terized by Beeler (53), we find that cementation can contribute
20, 26, and 35 kPa of cohesion to the overall fault strength after 6,
12, and 24 hours, respectively. These fault strengths can easily
accommodate stress drops more than the median 8 kPa estimated
by Hawthorne ef al. (19). In addition, Royer et al. (13) estimate an
effective normal stress (i.e., 6 — p) of 0.2 MPa. When combined with
estimated friction coefficient of <=0.1 from Houston (23), the con-
tribution of friction to the overall fault strength is <=20 kPa, similar
in magnitude to our estimates of cohesion.

DISCUSSION

While cementation processes likely generate cohesion on all
faults, the high temperatures, high pressures, and pervasiveness of
fluids at nearly lithostatic pressure thought to exist in the environ-
ment of deep SSEs in Cascadia promote rapid cementation. Further-
more, the nearly lithostatic pore fluid pressures diminish the role of
frictional strength (see Eq. 1), making cohesion an important, po-
tentially dominant component of fault strength. As such, secondary
slip fronts may reflect the interplay between fault healing and tidal
loading, occurring when the fault has regained enough strength
to accommodate an additional stress drop and the tides reload the
fault beyond this threshold. In addition to the representative tem-
perature, pressure, and pore fluid pressures we explore here, grain

® From wave speed, McNally et al. (65)
12 ---- Power law fit, McNally et al. (65)
41 —— Natural log fit, McNally et al. (65) ®
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Fig. 4. Wave speed and cohesion versus duration. (A) Fractional change in measured wave speeds relative to 0-hour experiment as a function of experiment duration
with best-fitting power law and natural log functional forms. The best-fitting natural log fit has parameters so = 3001.8 m/s, s; = 121.1 m/s, and t. = 1.72 hours. The best-
fitting power law fit has parameters so = 2983.5 m/s, s1 = 165.6 m/s, t. = 4.00 hours, and n = 0.42. (B) Change in cohesion as a function of experiment duration. The change
in cohesion is computed from the measured wave speeds using the empirical relationships by McNally (65) and Fjzer et al. (66).
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size, grain composition, fluid composition, and fluid/rock ratios
likely also significantly affect cementation rates and strengths.

Rapid and significant cohesive restrengthening addresses sev-
eral challenges posed by friction-based models of deep SSEs. First,
although frictional slip can produce slow slip [e.g., (33, 74, 75)],
experimental evidence shows that many fault materials become
rate-strengthening at the high temperatures typical of deep SSE
conditions. This makes them incapable of sustaining unstable slip
(75-79). Cohesion, in contrast, enables stick-slip behavior even
in rate-strengthening materials. Second, while most SSE models
emphasize large-scale creep, SSEs are frequently accompanied by
small-scale radiative failures such as tremor and LFEs. The low ef-
fective stresses inferred at these depths make it difficult to explain
how such seismic events nucleate, given that the critical nucleation
dimension is inversely related to effective stress (80). Cohesion helps
resolve this issue by allowing both distributed creep and localized
seismic failure (53). Third, mechanisms often invoked to limit slip
speed in SSE models—such as dilatancy hardening (81), transitions
from velocity-weakening to velocity-strengthening friction (42), or
frictional-viscous mixtures (82, 83)—can inhibit the rapid slip need-
ed to generate tremor and LFEs. This is problematic because LFEs
and tremor appear to slip much faster than the SSEs they accompany
[e.g., (6)]. Fourth, adding cohesion increases the overall fault strength
and allows for larger stress drops, which may enable secondary
fronts to propagate at speeds consistent with those observed (42).
Last, although this study emphasizes cohesion as a time-dependent
strengthening mechanism, we note that variations in fault geometry
may also contribute to shear resistance under near-zero effective
stress conditions. We view cohesion and fault zone heterogeneity as
complementary mechanisms that can together help explain the ob-
served complexity and variability in slow slip behavior.

While this work specifically focuses on SSEs, cohesion could also
be an important component of fault strength within the seismogen-
ic zone. Experiments that explore the role of temperature in asperity
contact overgrowths find that the volumetric growth rates change by
a factor of 16 per 100°C (42). Using these constraints, the asperity
contact growth that takes place at 500°C during the typical 1-year
recurrence interval of northern Cascadia SSEs would take 70 years
at 350°C (the base of the seismogenic zone). Seventy years is far less
than the average 500-year recurrence interval of great megathrust
earthquakes in Cascadia, so the temperature difference between
the seismogenic zone and deeper SSEs does not prohibit significant
strengthening in the seismogenic zone. Additional support for this
idea comes from hydrogeologic observations at shallow depths,
which also suggest rapid fault healing over timescales of days follow-
ing large earthquakes, perhaps driven by similar mechanisms [e.g.,
(84, 85)]. However, the elevated effective stresses thought to be present
may limit the contribution of cohesion to the overall fault strength.
Nevertheless, the observations and experimental results we present
here provide strong motivation for reconsidering and better charac-
terizing the role of cementation and resulting cohesion in SSEs and
earthquakes in general.

MATERIALS AND METHODS

Motivation for experimental setup

While quartz aggregate itself is not a likely analog for slow earth-
quakes in nature, our experimental design was intentionally sim-
plified to isolate the fundamental mechanisms of fluid-assisted
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healing following SSEs. Specifically, we used an aggregate of angu-
lar quartz grains rather than more compositionally complex natural
rock assemblages. While natural rocks may more closely approxi-
mate subduction zone fault materials (e.g., talc-bearing blueschists
or mélanges), they introduce substantial experimental challenges
that hinder equilibration and interpretation.

Quartz was chosen as the experimental phase for two main rea-
sons. First, in natural settings, fluid and mineral assemblages are
likely in chemical equilibrium before slow slip. Reproducing this
condition in the lab is critical. However, achieving chemical equi-
librium in multiphase rocks at 500°C would require the simultane-
ous reaction of multiple minerals governed by poorly constrained
kinetic parameters. Preequilibrating such assemblages would likely
require static runs of weeks to months and introduce an additional
uncertainty. Second, quartz is a single phase with well-documented
dissolution-precipitation kinetics. Data from Rimstidt and Barnes
(62) allow for quantitative estimation of chemical equilibration
times. At 500°C, equilibration of 100-pm grains is expected to oc-
cur in ~10 min, providing the desired initial condition of fluid-
rock equilibrium.

By using a quartz aggregate, we were able to achieve chemical
and microstructural equilibration before deformation and thus sim-
ulate disequilibrium driven by mechanical effects such as stress gra-
dients and curvature. This setup enables a clean investigation of
grain-scale healing processes, particularly cementation and cohe-
sion development, under controlled and interpretable conditions.

Piston-cylinder experiments

Our piston-cylinder experiments are split into two categories: small-
capsule experiments for imaging and characterization and large-
capsule experiments for wave speed measurements. Small-capsule
experiments were run using a !/,-inch (1.27 cm)-diameter as-
sembly with MgO-CaF, crushable materials (fig. S1). Silver or
silver-palladium capsules (10-mm length, 3.0-mm outer diameter,
and 0.15-mm wall thickness) were annealed at 900°C, then crimped,
and welded at one end before loading with ~30 to 40 mg of crushed
synthetic quartz (180 to 350 pm, dry-sieved) and 10 pl of “subduc-
tion fluid” ([Na*] = 400 mM; [Ca**] = 30 mM; [K*] = 15 mM;
[CI"] = 460 mM), which is similar to seawater without Mg2+ [com-
pare (86)]. After loading, the capsules were crimped and welded,
weighed, stored in an oven at >110°C, and reweighed to ensure
that they retained fluid. Large-capsule experiments were run using a
3/4-inch (1.905 cm)-diameter assembly with MgO-NaCl crushable
materials (fig. S1). Silver capsules (6.4-mm outer diameter and
0.7-mm wall thickness) and garbage can-shaped lids (0.5-mm
thickness) were annealed at 900°C. For each experiment, the lid was
welded at one end before the capsule was loaded with ~175 mg of
crushed quartz (104 to 125 pm, wet-sieved) and 50 pl of deionized
water. After loading, a lid was welded to the open end, and the cap-
sule was weighed, stored in an oven at >110°C, and reweighed to
ensure that it retained fluid.

In the piston-cylinder apparatus, sample assemblies were cold
pressurized to about 1 GPa and then heated to 500°C at a ramp rate
of ~150°C/min. During the ramp, the sample pressure decreased to
nearly 1 GPa and was adjusted manually, as necessary, during the
run. The hydraulic oil pressure applied to the sample was measured
with a Heise-Bourdon tube pressure gauge (serial no. CM107-526)
and converted to the pressure exerted on the sample without ap-
plying any friction corrections. The temperature was controlled
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to within 5°C using type C thermocouples (W,sRe-W¢Re) and
Eurotherm proportional-integral-derivative controllers. Each ex-
periment was quenched within seconds by shutting off power. After
each small-capsule experiment, the run products were retrieved by
cutting capsules open using a Bico diamond wafer saw. Upon in-
spection, we found no clear evidence for textural changes arising
from the quench (e.g., cracking or precipitation of SiO, quench
spheres) (87), which we attribute to the low solubility of SiO, at
500°C [~8 ppm (parts per million)] (88).

The small- and large-capsule experiments differ in capsule size,
grain size distribution, and pore fluid composition. These differ-
ences reflect the staged development of the project and were made
to improve imaging quality, simplify interpretation, and reduce
experimental uncertainty. The small-capsule experiments—used for
SEM imaging—were conducted using a wider grain size distribution
(180 to 350 pm, dry-sieved) and a synthetic brine (“subduction
fluid”) that approximates chloride concentrations expected in sub-
duction zone fluids. These conditions were chosen at the outset to
maximize the chances of observing any microstructural changes on
short timescales.

The promising results from these early experiments motivated
the development of large-capsule experiments to allow ultrasonic
wave speed measurements. In scaling up, we made three changes: (i)
We switched to deionized water to avoid salt precipitation artifacts
in recovered samples; (ii) we narrowed the grain size to 104 to 125 pm
and removed fines by wet sieving to reduce complexity in inter-
pretation; and (iii) we increased the sample size to enable non-
destructive wave speed measurements. Each of these changes was
intended to simplify analysis or improve data quality. Notably, the
changes to fluid composition and grain size are likely to result in
slower healing kinetics, making the velocity-derived estimates of co-
hesion in the large-capsule experiments conservative. Although the
two sets of experiments differ in design, the agreement between in-
dependent indicators—microstructure and wave speed—strengthens
the conclusion that rapid cohesive healing occurs on timescales of
hours under subduction-relevant P-T conditions.

SEM imaging

Crystals were imaged and analyzed at the Center for Advanced Ma-
terials Characterization in Oregon at the University of Oregon on a
Thermo Fisher Scientific Apreo 2 S SEM at 10 or 15 keV with a
beam current of 1.6 nA. All images presented herein were ob-
tained using a concentric backscattered detector in low-vacuum
mode. The “three-dimensional” (3D) images are taken, looking into
the capsule without any sample preparation. The “2D” images are of
polished sections that are mounted in epoxy.

Wave speed measurements

The ends of the recovered samples from large-capsule experiments
were ground flat with 240-grit silica carbide on a glass plate. The
removed material was primarily remnant confining media adhered
to the silver jackets as well as a small amount of the peripheral cap-
sule welds. The resulting ground end interfaces consist of an outer
rim of silver corresponding to the welded closure of the capsule and,
interior to the rim, a circular region of confining media (fig. S2). The
sample length and travel times reported are measurements across
the sample and small amounts of silver jacket and confining media
at each of the ends. While approximately flat, the two sample ends
are typically not exactly parallel.
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The sample lengths were measured with a spring-loaded caliper-
style micrometer with 0.00005” (1.27 pm) precision. Four successive
length measurements were made on each sample following ~70° ro-
tations about its axis. The sample length measurements have a frac-
tional variability of less than 0.4%.

Single-period, 5-V peak-to-peak amplitude, 1-MHz frequency
sine waves were sent every 0.1 s from one sample end using a '/,"
active diameter Panametrics V103 compressive wave transducer. A
second identical transducer records the received wave at the other
sample end (fig. S3). The sent waveform represents a positive voltage
pulse to the transmitting transducer, which produces an outward
deflection (compression), while the wave arriving at the receiving
transducer causes an inward deflection (also compression), result-
ing in an output voltage with an opposite sign. The transducers were
coupled to the sample ends using a highly viscous ultrasonic cou-
plant (Echo Ultrasonics Shear Wave). The received waves are am-
plified 1000x (60 dB) using a Panametrics model 5800 pulser/
receiver/amplifier. Both the sent and received waveforms were
passively monitored with an oscilloscope and recorded at 100 MHz
by a National Instruments NI PXIe-5122 data acquisition scope
with a 14-bit digitizer. One thousand sent and received waveforms,
corresponding to 100 s of measurement time, were recorded. The
sample was then rotated about its axis by ~70°, and the above proce-
dure was repeated. There were three rotations; thus, reported travel
times are from four measurements on each sample.

Because our experimental samples are small relative to the ultra-
sonic wavelength and the active diameter of the transducers, we
evaluated the potential impact of sample size on wave speed accu-
racy. The sample length-to-wavelength ratios in our experiments
approach or fall below typical thresholds recommended in Ameri-
can Society for Testing and Materials/ American National Standards
Institute standards (e.g., D2845), raising a concern that the
transducer-sample size mismatch might introduce measurement ar-
tifacts. Although we initially considered using smaller-diameter
transducers (~'/4") to better match sample dimensions, this intro-
duced alignment difficulties and poor acoustic coupling that ulti-
mately reduced measurement reliability.

To empirically assess the accuracy of our setup, we conducted
tests using silica glass rods with known, homogeneous elastic prop-
erties. These rods had diameters of 13, 6.4, and 3 mm (~0.5", 0.25",
and 0.12", respectively) and lengths comparable to those of the
experimental samples (~0.3"). The wave speeds measured in these
rods were consistent with 1%, with uncertainties of 0.4 to 2%, de-
spite the rods being from different manufacturing batches. The
6.4- and 13-mm diameters bracket the range of both our sample
diameters (0.26"” to 0.29") and the active diameter of the trans-
ducers. The close agreement between their measured wave speeds
confirms that the sensor-to-sample diameter mismatch does not
significantly bias our results. The received waveforms in smaller-
diameter rods (6.4 and 3 mm) exhibited greater complexity, like the
experimental samples, while the larger 13-mm rods produced sim-
pler waveforms. Despite increased complexity, the first arrivals
remained sharp and repeatable, even in the 3-mm-diameter rods,
where the length-to-wavelength ratio was as low as ~1.25. These
tests demonstrate that meaningful arrival times can be extracted re-
liably under such conditions, even though they fall outside American
Society for Testing and Materials—specified geometries.

Additional care was taken throughout to ensure accurate wave
speed determination, including verification of signal polarity,
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avoidance of capsule-related precursors, identification of sharp initial
peaks, and careful transducer placement to minimize side reflec-
tions. These precautions, along with our validation tests, support
the conclusion that the small sample dimensions did not compromise
our ability to accurately determine P-wave onset times and velocities.

Across the experimental samples, the received waveforms are
more complex overall, but the initial arrivals remain well defined.
Figure S4 shows a representative example from the 3-hour experi-
ment. The received wave onset (red) includes a distinct downward
deflection followed by a larger upward deflection—features consis-
tent with the transmitted waveform (blue) and suitable for accurate
arrival time picking. Complexity in the later wave train, including
rounded peaks and prolonged ringing, likely results from internal
reflections within the silver capsule or off the sample’s lateral bound-
aries. Despite these later-arriving complexities, the sharpness and
coherence of the initial motion support its use in wave speed deter-
mination. Complexity beyond the onset is not used in travel time
analysis and does not affect the primary conclusions.

The travel time was measured on each set of 1000 records, which
were cross-correlated and stacked. The reported travel time is the
time difference between the first recorded points in the monotonic
onset of the sent and received stacked records that exceeds the back-
ground noise. The travel times have a fractional variability of <3.5%.
The reported variability of the wave speed is the sum of the length
and travel time variability measurements. Sample lengths, travel
times, wave speed estimates, and their uncertainties are reported
in table S1. Dataset S1 contains the sent and received waveform stacks
for each experiment.

Cohesion estimates

We use two empirical velocity-strength relationships to convert
the wave speed measurements presented in Fig. 4 and table S1 to
unconfined strength (UCS). The first equation that comes from
Fjeer et al. (66) is

UCS = 1.4138 * 107 A3 (3)

where At is the travel time in microseconds per foot, and UCS is in
megapascals. The second equation, from McNally (65), is

UCS = 1200 * exp (—0.036 * At) (4)

We then convert UCS to cohesion, assuming an internal angle of
friction of 35° using

¢ =UCS * [1—sin(35%7/180)] / |2 cos(35%1/180)]  (5)

where c is cohesion in megapascals. We note that a larger assumed
friction angle leads to lower c for a given UCS. Given that the trans-
ducer measurements undoubtedly are influenced by the silver cap-
sule material, we report the change in cohesion, i.e., the calculated
cohesion less the cohesion of the 0-hour duration experiment in-
stead of the absolute values.

Supplementary Materials
The PDF file includes:

Figs. S1to S4

Tables S1and S2

Legend for dataset S1

Other Supplementary Material for this manuscript includes the following:
Dataset S1
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