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Frictional Behavior of the Southern San Andreas Fault
Reveals Ability to Host Shallow Slow Slip Events
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Abstract The southern San Andreas fault is in its interseismic period, occasionally releasing some stored
elastic strain during triggered slow slip events (SSEs) at <2.5 km depth. A distinct, shallowly exhumed gouge
defines the fault and is present at SSE depths. To evaluate if this material can host SSEs, we characterize its
mineralogy, microstructures, and frictional behavior with water-saturated deformation experiments near-in situ
conditions, and we compare laboratory healing rates to natural SSEs. Our results show that slip localizes along
clay surfaces in both laboratory and natural settings. The gouge is weak (coefficient of friction of ~0.29),
exhibits low healing rates (<0.001/decade), and transitions from unstable to stable behavior at slip rates above
~1 pm/s. Healing rate and friction drop data from laboratory instabilities are comparable to geodetically-
constrained values for SSEs. Collective observations indicate this gouge could host shallow SSEs and/or
localize slip facilitating dynamic rupture propagation to the surface.

Plain Language Summary The southern San Andreas fault is likely overdue for an earthquake,
but it experiences transient slip without releasing seismic energy. To understand this behavior, we
characterize the composition, textures, and friction of the near-surface fault rocks. We performed
experiments on powdered fault gouge, collected from the San Andreas fault, which inform how the friction
changes as a function of velocity. A fault that lacks the ability to restrengthen, or heal, in between events and
weaken with increasing velocity could promote transient aseismic behavior. The San Andreas fault gouge is
weak and does not heal. It also weakens at plate tectonic slip rates but begins to strengthen at rates similar to
velocities associated with transient aseismic fault slip. These observations, together with comparisons to
geodetic observations of transient slip, imply the gouge should not nucleate shallow earthquakes but can host
transient aseismic slip.

1. Introduction

Slow slip events (SSEs) are one mode of fault slip that releases some portion of stored strain energy along shallow
depths of strike-slip faults (e.g., Biirgmann, 2018; Neyrinck et al., 2024). Complexities in fault geometry may
influence slip mode (Lee et al., 2024), but the frictional properties of shallow faults potentially promote SSEs
(Wei et al., 2013). Strike-slip faults that comprise the North American plate boundary in southern California,
including the southern San Andreas (SSAF), Superstition Hills, and Imperial faults, host shallow (<3 km),
spontaneous or triggered SSEs (Goulty et al., 1978; Parker et al., 2021; Tymofyeyeva et al., 2019; Wei
etal., 2011). Recent geodetic studies characterize the pulse-like rupture of 2023 SSEs along the Superstition Hills
and Imperial faults in unprecedented spatial and temporal detail (Materna et al., 2024; Vavra et al., 2024),
highlighting an opportunity to better understand the mechanisms behind shallow SSE nucleation, propagation,
and arrest.

The Coachella Valley section of the SSAF, extending from Indio Hills to Bombay Beach, CA (Figure 1a) ex-
periences shallow SSEs. The long-term tectonic slip rate of the SSAF is ~14-20 mm/yr (Behr et al., 2010;
Blanton et al., 2020; Sieh, 1986; Tong et al., 2014), which is partitioned into a shallow creep rate of 2—4 mm/yr
(Lindsey et al., 2014; Sieh and Williams, 1990), triggered SSEs, and coseismic slip. The 2010 El Mayor Cucapah
and 2017 Chiapas earthquakes triggered SSEs along the SSAF resulting in 4-25 mm of slip in the upper ~2.5 km
of the fault zone observed geodetically and with creepmeters (Figure 1b; Parker et al., 2021; Tymofyeyeva
et al., 2019).

The main trace of the SSAF is delineated by a distinct, phacoid-bearing “red clay” gouge that extends to depths of
~3 km (Figure 1c; Ajala et al., 2019; Babcock, 1974; Bergh et al., 2019; Biirgmann, 1991; Fuis et al., 2017). The
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specific composition (mineralogy, clay content) of this gouge is not known. The presence of this material along
the surface trace of the SSAF and at the depths of SSEs (Parker et al., 2021; Tymofyeyeva et al., 2019) presents a
unique opportunity to evaluate whether the “red clay” gouge promotes nucleation and/or propagation of shallow
SSEs.

Here we characterize the frictional behavior of exhumed SSAF gouge in Mecca Hills, CA (Figure 1c) using
deformation experiments at near-in situ conditions paired with mineralogical and microstructural analyses.
Mineralogy imparts a strong control on fault strength and healing (Carpenter et al., 2016; Tesei et al., 2012).
Healing, or interseismic shear strength recovery, is required for repeated earthquakes along a fault, and can be
quantified experimentally (Dieterich, 1972; Marone and Saffer, 2015). Weak faults with low frictional healing
rates are characterized by creep, SSEs, or frequent, small (low stress drop) earthquakes (Carpenter et al., 2011;
Shreedharan et al., 2023). Laboratory SSEs emerge near the frictional stability boundary at plate-driving rates
(nm/s) and disappear at typical experimental rates (>1 pm/s) that are too fast for realistic healing mechanisms
(Eijsink & Ikari, 2022; Ikari & Kopf, 2017), highlighting the utility of implementing plate-driving rates to
accurately assess frictional behavior. We compare experimentally derived parameters of frictional healing and
stress drop to those estimated from natural SSEs and use field and experimental observations to assess the ability
of this “red clay” gouge to host SSEs along the shallow SSAF.

2. The Southern San Andreas Fault in Mecca Hills

Exhumed structures along the Coachella Valley section provide access to fault materials that experienced
deformation at shallow depths in the past. Because the SSAF dips ~50-70° to the NE (Fuis et al., 2017; Vavra
et al., 2023), broad zones of transpression and associated uplift occur along the SSAF in Indio Hills, Mecca Hills,
and Durmid Hill (Figure 1; Biirgmann, 1991; Fattaruso et al., 2014; Jianecke et al., 2018). In the Mecca Hills,
deformation is distributed along the “red clay” gouge of the main SSAF and in a series of subparallel faults,
including the Skeleton Canyon and Painted Canyon faults, which likely converge with the dipping SSAF at depth
in a flower-like structure (Figure 1c; Bergh et al., 2019; Sylvester & Smith, 1976). Gouge-rich fault cores of the
Painted Canyon fault zone dissect exhumed Precambrian to Late Cretaceous crystalline basement (DiMonte
etal., 2022; Moser et al., 2017, 2021), and foliated, clay-bearing gouge of the Skeleton Canyon fault developed in
mudstones of the overlying Plio-Pleistocene Palm Spring Formation (Bergh et al., 2019; McNabb et al., 2017).
Models of surface displacements along the main SSAF in Mecca Hills from the post-2017 Chiapas earthquake
SSE suggests slip occurred at a depth of ~0.5 + 0.1 km (Tymofyeyeva et al., 2019). At 0.5 km depth, the SSAF
dissects sedimentary rock (Ajala et al., 2019), indicating that exhumed sediment-hosted SSAF gouge is likely
representative of the fault material present at depths where these SSEs occur.

3. Materials and Methods

We observed and sampled (n = 15) the phacoid-bearing SSAF gouge at four locations between Painted Canyon
and Box Canyon in Mecca Hills (Figure 1¢). Semi-quantitative X-ray diffraction (XRD) was used to characterize
the mineralogy of bulk and clay-sized (<2 pm) fractions of each sample (Text S1; Table S1 in Supporting In-
formation S1; Data Set S1, https://doi.org/10.6084/m9.figshare.27165414.v5). We selected sample DSA20-1 for
deformation experiments because its bulk clay content (29%) is representative of the mean from all samples
(27%). The gouge is dominated by a fine-grained matrix, so >1 cm-diameter phacoids were removed from
experimental aliquots. Powdered gouge was sieved to <36 pm and <125 pm size fractions yielding similar
minimum and mean grain size distributions (Text S1; Figures S1-S3 in Supporting Information S1).

Powdered gouge of sample DSA20-1 was deformed using a direct shear apparatus (Figure S4 in Supporting
Information S1) in USU's Rock Deformation and Earthquake Mechanics Lab (Tables S2-S4 in Supporting In-
formation S1). Slide-hold-slide (SHS) and velocity-step tests quantify healing rates and the rate-and-state fric-
tional stability parameter (a-b), respectively (Beeler et al., 1994). Positive a-b values indicate velocity
strengthening behavior that promotes stable fault slip; negative a-b values indicate velocity weakening behavior,
a condition for the onset of unstable slip (Scholz, 2019). In the rate-and-state framework, sliding stability also
depends on healing (e.g., Dieterich, 1979) and the stiffness (k) of the fault surroundings or loading system. When k
is less than a critical value,

k(.' = o-eff(b - a)/Dc (1)
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Figure 1. (a) Map showing fault traces in southern California including SSAF, San Jacinto fault (SJF), Brawley Seismic Zone (BSZ), and Superstition Hills fault (SHF).
Starred locations host shallow slow slip event (SSE). (b) Google Earth imagery with SSAF, our field (red star) and other (yellow stars) locations with SSAF gouge, fault-
parallel surface velocities from InSAR (adapted from Lindsey et al., 2014), and fault traces activated during SSE following 2010 El Mayor Cucapah earthquake (brown;
adapted from Parker et al., 2021). (c) False-color Google Earth image with SSAF and Skeleton Canyon fault (SCF) in Mecca Hills showing “red clay” gouge, with
sample locations (squares) and trace of fault creep from InSAR (red dashed line; Lindsey et al., 2014).

where o is effective normal stress and D, is critical slip distance, instability and stick-slip occurs (Gu
et al., 1984; Ruina, 1983).

Experiments were designed to approximate conditions at depths of <1 km where SSAF gouge deforms at depth
today. Experiments were conducted at room temperature, 10 MPa effective stress, and room humidity (20%—21%
relative humidity; experiments DS024, DS034) or in deionized water-saturated conditions (experiments DS045,
DS046) using gouge sieved to <36 um (DS024) or <125 pm (DS034, DS045, DS046). Saturated samples were
held at 10 MPa for 11 hr prior to shear to ensure saturation when frictional parameters were determined (cf.
Ikari, 2019; Shreedharan et al., 2022; Text S2; Figure S5 and S6 in Supporting Information S1). All experiments
involved an initial run-in of 6 mm to ensure fabric development (cf. Haines et al., 2013). The run-in was followed
by SHS tests with holds of 10-10,000s and 1 pm/s slip between holds and then a sequence of velocity steps
initiating at 5 nm/s with order of magnitude velocity increases up to 5 pm/s. Natural and experimental slip
surfaces from sample DS20-1 were imaged with a scanning electron microscope (SEM) to characterize and
compare microstructures. See Text S2 in Supporting Information S1 for detailed experimental protocols and Text
S3 in Supporting Information S1 for SEM sample preparation and operating conditions.

The coefficient of friction (u) is calculated as
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Figure 2. (a) Exposure of sample DSA20-1 with insets of slip surfaces and X-ray diffraction results. Black dot denotes
location of (b) SEM images of slickenlined slip surfaces from natural sample DSA20-1 and (c) generated during experiment
DS046.

H= T/Ueff, (2)

where 7 is shear stress. Healing (Ap) is estimated by subtracting the steady state coefficient of friction (u,,) before
a hold from the peak coefficient of friction (u,) following a hold (Text S2 in Supporting Information S1)

A/’l = MM (3)

d(p,,)
In(V) )

Healing rate, f# (/decade), is approximated as Au/log(t). a-b was estimated in two ways: graphically from
Equation 4 (Beeler et al., 1994), and values of a, b, D,, k were inverted using both the Aging and Slip law fits in
RSFit3000 (Text S2 in Supporting Information S1; Skarbek & Savage, 2019). We calculated the recurrence
interval and stress drop (Ar) of stick-slip events for each experiment that exhibited stick-slip behavior at a given
velocity by selecting two individual events that were visually representative of the range of Az for the step.

4. Results
4.1. Field, Composition, and Microstructural Observations of Natural SSAF Gouge

New field observations show the “red clay” gouge is ubiquitous along the SSAF in Mecca Hills (Figure 1c). The
SSAF is locally expressed as map-scale west verging thrusts and folds, with subsidiary fault zones that merge into
the main SSAF (cf. Bergh et al., 2019). Subvertical fold limbs have axial-planar, foliated clay slip surfaces (mm-
to cm-scale) with strike-slip slickenlines (Figure S7a in Supporting Information S1). Indurated fault surfaces (up
to m-scale), oriented parallel and oblique to the SSAF trace, display horizontal and subvertical slickenlines
(Figure 2a). Gouge layers vary from gray to tan, maroon, and red-orange (Figure S7b in Supporting Informa-
tion S1). Within ~5 m of gouge-rich faults, the Upper Palm Spring Formation sandstone is weakly consolidated,
bleached, and/or exhibits deformation bands, but distal sandstone is fractured in open folds.
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Figure 3. (a) Coefficient of friction (¢) evolution over displacement for room humidity (red, salmon) and water-saturated (dark, light blue) experiments. Inset: stick-slip
behavior in experiment DS024. (b) Representative velocity steps for experiments DS034 and DS045. (c) Representative SHS results for experiments DS034 and
DS046, where p and g are friction before and peak after specific holds, and Ay (noted with brackets) is the difference.

The mean modal composition (+1c standard deviation) of the 15 gouge samples from bulk XRD is 36 + 11%
quartz, 27 + 12% clay, 14 + 13% plagioclase, 10 + 4% calcite, 9 + 3% K-feldspar, and additional minor (<2%)
phases (Table S1 in Supporting Information S1). The mean clay composition is ~49 + 8% illite, 26 + 11%
smectite, 14 + 7% kaolinite, 11 £+ 6% chlorite. Mineralogic variability (6/mean) reflects either true compositional
heterogeneity in the gouge and phacoids due to their provenance or error related to the semi-quantitative nature of
the analysis. Sample DSA20-1 approximates the mean bulk values, and the <2 pm size fraction indicates the clay
is 56% illite, 18% kaolinite, 18% smectite, and 9% chlorite (Figure 2a).

SEM images reveal the gouge comprises many undulating, parallel and oblique slip surfaces with slickenlines
(Figure 2b, Figure S8 in Supporting Information S1). Fine (sub-pm), wispy, clay platelets are aligned or form
clumps that occur with larger broken grains of quartz and feldspar. Some phacoids are enveloped by clay layers
(Figure S8 in Supporting Information S1).

4.2. Experimental Results

We discuss data from room humidity experiments (DS024, DS034) and experiments that reached complete
saturation prior to shear (DS045, DS046) and include results from experiments informing the saturation time in
Table S2 in Supporting Information S1. Room humidity gouge has a residual or u, of 0.50 = 0.03
(average + standard deviation) at 4 mm displacement; saturated gouge has a significantly lower y,, 0of 0.29 + 0.01
(Figure 3a).

We report the frictional stability parameter a-b as the average + 1o standard deviation of values estimated from
Equation 4 and RSFit3000 inversions (Text S2; Table S5; Figure S9 in Supporting Information S1). Experiment
DS024 exhibited stick-slip instabilities at velocities <5 pm/s, indicating that a-b is negative at these lower sliding
rates, but numerical values were not estimated due to the difficulty in resolving i, during stick-slips (Figure 3a,
Figure S10 in Supporting Information S1). Data from experiment DS034 shows a-b of room humidity gouge is
constant and negative (—0.0050 to —0.0042) across the tested velocities (Figure 3b). The a-b of saturated gouge
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Figure 4. (a) Ay as a function of hold time for each experiment with f§ (parentheses). Light and dark gray boxes denote range and average, respectively, of Ay estimated
from slow slip events (SSEs) triggered along local (5-10 km) southern San Andreas (SSAF) intervals from El Mayor Cucapah (Parker et al., 2021) and Chiapas
(Tymofyeyeva et al., 2019) earthquakes. (b) Range of At of stick slip events observed during experiments and SSEs in nature over local (~5-10 km) SSAF segments
(gray box, lines are averages) as a function of velocity; green color gradient is recurrence interval; blue dashed lines delineate laboratory stability transition velocities.

increases with increasing load-point velocity, indicating a transition from velocity weakening to velocity
strengthening behavior at rates near 0.5-10 pm/s (Figure 3b, Figure S11 in Supporting Information S1).

The magnitude of Ay and f decrease with water-saturated conditions (Figure 4a, Figure S12; Table S6 in Sup-
porting Information S1). Frictional healing across experiments exhibits a log-linear increase with time over the
range of investigated hold times (cf. Carpenter et al., 2016). Room humidity gouge has a f of 0.0017-0.0025;
saturated gouge has a § of 0.0005-0.0006. Inaudible and periodic stick slip instabilities occurred at 5-500 nm/s
loading rates in experiment DS024 (Figure S13a in Supporting Information S1), as well as at 5 nm/s during
saturated experiment DS046. DS046 also displayed period multiplying behavior, or repeat stress drops with lower
periods that recur quasiperiodically between “regular” events (e.g., Mei et al., 2021; Figure S13b in Supporting
Information S1). The Az and recurrence interval for stick slips decrease linearly as a function of the log of the
imposed slip velocity for room-humidity experiment DS024 (Figure 4b; Table S7, Figure S14 in Supporting
Information S1; At = 140-40 kPa, recurrence interval of 3,000-10 s).

During each experiment, the gouge developed a localized and composite slip-surface with sub-mm-spaced
slickenlines parallel to the slip direction. SEM images from saturated experiment DS046 reveal that slick-
enlined surfaces are defined by aligned clay platelets (<pm in length) and comminuted quartz and feldspar
(Figure 2c, Figure S15 in Supporting Information S1).

5. Discussion
5.1. SSAF Gouge Is Weak and Localizes Slip

The low friction of saturated SSAF gouge is controlled by (a) its clay content, (b) fabric development in clay, and
(c) the specific phyllosilicate mineralogy. Although the gouge is dominated by silicates, and its clay content is
only 29%, clay exerts an outsized control on fault strength. The gouge is also significantly weaker when water-
saturated (Figure 3a), consistent with prior work on clay-bearing gouge (Crawford et al., 2008; Ikari et al., 2007;
Moore & Lockner, 2007). Our friction values are similar to or lower than those from natural and synthetic gouge
powders with >50% clay (Carpenter et al., 2016; Ikari, 2019; Ikari & Kopf, 2017; Saffer & Marone, 2003) and
overlap values of 30% clay with associated slip localization in clay (Wojatschke et al., 2016). The specific clays in
the SSAF gouge impart a second order effect on the friction, and minor compositional and grain size differences
between experiments could explain intersample variability in p, at room humidity. Although the <2 pm size
fraction of sample DSA20-1 is dominated by non-swelling clays (83% in total), 18% swelling smectite lowers the
u,, beyond what is expected for mixtures comprising only non-swelling clays (Tembe et al., 2010).
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The frictionally weak gouge localized slip along the SSAF. Similarly, in experiments, slickenlines developed on
slip surfaces defined by clay platelets that envelop comminuted quartz and feldspar (Figure 2c). The development
of these clay surfaces promotes slip localization and controls the friction (cf., Bedford et al., 2022; Wojatschke
et al., 2016). The natural samples from the SSAF also exhibit striated and foliated clay slip surfaces that locally
mantle stronger phacoids (Figures 2a and 2b, Figures S7 and S8 in Supporting Information S1). In contrast to the
fault gouge, adjacent sandstone lacks structural evidence of significant shear. We suggest the contrasting me-
chanical behavior of gouge and sandstone or phacoids reinforces slip localization and strain accommodation in
the weaker SSAF gouge (e.g., Smeraglia et al., 2017) over multiple spatial scales and earthquake cycles.

5.2. Ability of SSAF Gouge to Host Shallow SSEs

Experimental observations, and comparisons of experiments with data encoded in geodetically observed SSEs,
support that the SSAF gouge can host shallow SSEs. First, our experiments were conducted at conditions that
span the stability transition from stick slip to stable sliding. Water-saturated gouge exhibits a transition from
velocity weakening to velocity strengthening frictional behavior at rates above 0.5-10 pm/s, potentially due to
dilatant hardening (Figure S11 in Supporting Information S1; e.g., Shreedharan et al., 2022). Accounting for the
timescales of pore water diffusion suggests that the observed frictional behavior is not strongly influenced by
transient changes in pore fluid pressure during velocity steps or healing (Text S4 in Supporting Information S1).

Second, documented ultra-low healing rates for saturated SSAF gouge (Figure 4a) also promote stable creep or
SSEs (Carpenter et al., 2012, 2015; Shreedharan et al., 2023). Prior work indicates that rotation and alignment of
clay plates leads to saturation of the real area of contact and thus reduces interseismic healing (Bos &
Spiers, 2000; Seyler et al., 2023).

Third, inaudible stick slip and slow slip behavior with small stress drops (<30 kPa) occurred at near-tectonic slip
rates (5 nm/s) in one saturated experiment, consistent with prior work at plate rates and low normal stresses
(Eijsink & Ikari, 2022; Ikari, 2019; Ikari & Kopf, 2017). Stick slip instabilities at loading rates up to 500 nm/s in
one room humidity experiment exhibit a log-linear decrease in Az and recurrence interval at higher loading rates
(Figure 4b). This negative correlation is likely controlled by a decrease in healing (Dieterich, 1979) and associated
stability transition at higher velocities (Leeman et al., 2018). SSEs could also be promoted by a velocity
dependent critical slip distance (D_) reflecting gouge structural evolution (e.g., Shreedharan et al., 2022).
Observed period-multiplying behavior indicates the gouge is close to the frictional stability transition, a condition
conducive to laboratory SSEs or stick slip events with inaudible, slow strain release (Figure S13; Table S5 in
Supporting Information S1; k ~ k_; Barbot, 2019; Gu et al., 1984; Ikari, 2019; Leeman et al., 2016, 2018; Mei
et al., 2021; Ruina, 1983). Inter-sample variability in stick-slip behavior may reflect compositional and/or grain
size differences producing slightly different stiffnesses above and below k.. Stick-slips in experiment DS024
(<36 pm), but not DS034 (<125 pm), are consistent with prior work suggesting a limited, fine grain size dis-
tribution promotes instability (Bedford and Faulkner, 2021; Anthony & Marone, 2005). Thus, instabilities could
nucleate in saturated gouge at tectonic slip rates but then transition to stable slip as the fault slip accelerates. This
would halt the expansion of the instability in a location before it reaches the critical size required for earthquake
nucleation (Im et al., 2020; Mclaskey & Yamashita, 2017) but potentially propagate pulse-like SSEs such as those
observed geodetically (Materna et al., 2024).

Fourth, because the gouge is present at SSE depths in Mecca Hills, we compare observations from our SHS
experiments and laboratory SSEs (Au, f, At, recurrence interval) with values calculated from triggered SSEs
(Parker et al., 2021; Tymofyeyeva et al., 2019). The time between all historical (i.e., 1968, 1979, 1986, 2010,
2017) triggered SSEs detected by creepmeters provides bounds (7-24 years) on the recurrence interval. High-
resolution geodetic data from the 2010 and 2017 SSEs inform At, which we calculate as (Kanamori &
Brodsky, 2004)

Az = GD/VA. Q)

where G is shear modulus, D is slip displacement, and A is fault area (fault length X depth). We consider inferred
depth ranges from prior work (0.5-2.5 km), pore fluid to normal stress ratios of 0.4-0.9, observed 6.8-15 mm
displacement per event, and activated fault lengths of 10—40 km (Parker et al., 2021; Tymofyeyeva et al., 2019).
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The healing of saturated gouge extrapolated to SSE timescales is broadly consistent with the Au (0.0005-0.0027,
locally up to 0.0115) calculated for effective normal stresses (e.g., 3.75-37.5 MPa) at which recently triggered
SSEs occur (Figure 4a). Similarly, the experimental At observed for slow events is commensurate with those
calculated from the SSEs (~10—44 kPa; Figure 4b). The peak SSE velocities (~10-36 pm/s; Tymofyeyeva
et al., 2019) are also similar to the velocity at which slip transitions from unstable to stable sliding in the lab
(~0.5-10 pm/s) (Figure 4b). The compatibility between laboratory healing and observed SSEs, together with
documented frictional behavior, indicate that past SSEs likely nucleated in and released most of their energy
within the SSAF gouge at 0.5-2.5 km depth and will continue to do so in the future.

5.3. Clay-Bearing Gouge Will Localize Future Coseismic Slip Along the SSAF

The SSAF accommodates a portion of its slip aseismically, but the fault poses significant seismic hazard. It has an
average recurrence interval of ~180 years and last experienced a major surface rupturing earthquake >300 years
ago (~1690 CE, Philibosian et al., 2011; Rockwell et al., 2022). The next earthquake is expected to yield surface
displacements <4 m (Fialko, 2006; Scharer & Yule, 2020). Gouge along the main SSAF likely extends through
sedimentary rocks into underlying crystalline basement (Fuis et al., 2017) where it is analogous to foliated gouge
cores in the exhumed Painted Canyon fault in Mecca Hills. Regardless of rock type, fault gouge is comparatively
weak and thus localizes slip during the along-strike and up-dip propagation of earthquakes that nucleate at depth.
Our field and experimental data highlight that foliated gouge provides a throughgoing zone of weakness from
depth to the near-surface. If a large earthquake (M,, ~ 7) nucleates at depth, the gouge will experience seismic slip
rates at which dynamic weakening occurs, facilitating the localization of earthquake slip along strike and to the
surface (Di Toro et al., 2011; Smeraglia et al., 2017).

6. Conclusions

Geodetic and creepmeter data along the SSAF have captured triggered shallow SSEs during the protracted
interseismic period. The SSAF is delineated by a shallowly-exhumed distinct “red clay” gouge that exists at the
depths where these events nucleate. Experimental and field-based observations demonstrate that, below the water
table, saturated weak gouge could localize slip owing to its clay content, specific clay mineralogy, and fabric. The
SSAF gouge exhibits velocity dependent frictional stability, <0.001/decade healing rates, and laboratory slow
slip, as well as yields healing rate and friction drop compatible with the geodetically-observed triggered SSEs. All
of these observations suggest the gouge, where present within the SSAF zone, could host the observed shallow
SSEs or facilitate shallow rupture propagation during an earthquake that nucleates at depth.

Data Availability Statement

Information used to derive the interpretations and conclusions of this work are provided in the main text and
Supporting Information S1. The Supporting Information S1 contains text related to methods, 15 Supporting
figures, and 7 tables. The data and code to process data (DiMonte et al., 2024) are archived and freely available at
figshare.com (https://doi.org/10.6084/m9.figshare.27165414.v5).
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