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Abstract Fault slip is predominantly localized onto narrow slip zones embedded within broader zones of
fault rock and subsidiary damage. As earthquakes re-rupture the same slip zone multiple times, the
composition and geometry of the slip zone significantly affect dynamic processes. Here we use three large
cross-sectional exposures of an exhumed fault to show that the thickness of a slip zone that accommodated
seismic slip varies by an order of magnitude over tens of meters along strike. Geostatistical analyses show
that the thickness variations are characterized by a correlation length scale of ~1 m and a characteristic
spacing of 2–4 m. We suggest that the spacing between regions of correlated thickness represents the
dimension of contact asperities on the fault. Similar magnitude variations in slip zone thickness should be
generic to faults in the brittle crust, implying that slip-weakening mechanisms such as thermal pressurization
are spatially variable during seismic slip.

Plain Language Summary During an earthquake, rocks on either side of a fault slip past one
another. At the interface between the moving rocks, the fault contains a layer of broken and ground up
rock pieces. This layer is heated during the earthquake slip due to the friction between the rocks. If heated
sufficiently, the layer can undergo physical or chemical changes that cause it to lubricate the fault, allowing
the earthquake rupture to grow large. The rate of heating of the layer depends on properties such as heat
capacity, and on the thickness of the layer—thinner layers heat faster than thicker layers. If the layer has
variable thickness, then the heating and consequently lubrication effect will also be variable. In this study, we
measured the layer thickness in an ancient fault now exposed at the Earth’s surface, which experienced
earthquakes in the past. Our high-resolution data show that the layer thickness is highly variable, but that the
spatial pattern of the variability can be predicted statistically. These results allow us to predict how effectively
faults are lubricated faults in regions experiencing earthquakes today, and improve our understanding of
the physical processes that cause earthquakes deep in the Earth’s crust.

1. Introduction

Slip zones are common components of exhumed faults. In the field they are defined by layers of the most
comminuted fault rock (e.g., Sagy & Brodsky, 2009), are associated with polished slickenside surfaces
exhibiting kinematic indicators (e.g., Smith et al., 2011), and demonstrate crosscutting relations with
surrounding rocks (e.g., Wibberley & Shimamoto, 2005). Fault zones may contain one or multiple slip zones
(Boullier et al., 2009; Caine & Forster, 1999). In both cases, slip zones can be shown to have accommodated
a large proportion of the total displacement across a fault (Chester & Chester, 1998; Shipton & Cowie, 2001).
Some slip zones contain clear evidence for deformation at seismic slip rates (Rowe & Griffith, 2015), but many
lack diagnostic criteria for slip rate. As the locus of deformation within a fault, they are often associated with
thicker accumulations of fault rock, often referred to as fault cores (Caine et al., 1996). Where the total offset
across an individual slip zone is much greater than earthquake slip (i.e., >101 m), earthquakes are inferred to
have ruptured individual slip zones repeatedly (e.g., Chester et al., 2005), with the total offset being an
accumulation of many slip increments. Slip zone geometry, composition, and physical properties are therefore
integral to fault strength, stability, and dynamic processes during earthquakes.

Dynamic weakening during earthquake slip is caused by processes that operate within slip zones. Weakening
processes such as thermal pressurization, melting, and decarbonation (see reviews by Di Toro et al., 2011 and
Rowe & Griffith, 2015) are thermally driven and are activated by frictional heating during slip. Hydraulic
diffusivity of the slip zone and surrounding rocks is an important control on slip zone processes, but in
general, narrow slip zones tend to promote weakening because the volume of the slip zone is relatively small
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(e.g., Cardwell et al., 1978; Rice, 2006). Other potential weakening mechanisms, such as elastohydrodynamic
lubrication (Brodsky & Kanamori, 2001) and gouge fluidization (Melosh, 1996; Otsuki et al., 2003), are less
sensitive to temperature, but are dependent on variable slip zone thickness. Shear across nonuniform slip
zones may also promote processes such as normal interface vibrations (Brune et al., 1993) and
auto-acoustic compaction (van der Elst et al., 2012).

Slip surfaces, the three-dimensional surfaces that bound slip zones, have a characteristic geometry in which
the roughness of the surface increases as a power law function of the length scale of observation (Brown &
Scholz, 1985; Power et al., 1987; Sagy et al., 2007). This fractal behavior follows H(L) = KLζ , where H is the RMS
roughness evaluated over a portion of the fault with length scale, L; K is a constant; and ζ is the Hurst
exponent, which for faults is observed to be <1 (Brodsky et al., 2016). Although some slip zones exhibit gra-
dational contacts with surrounding fault rocks, the roughness of slip surfaces means that the thickness of a
slip zone should be spatially variable unless there are slip surfaces on each side that are the same and exactly
matched (Brown & Bruhn, 1996). Additionally, Scholz (1988) showed from consideration of closure of two
elastic bodies bounded by fractal surfaces that flattening under load results in negligible aperture gaps for
long-wavelength roughness and nonzero gaps at short wavelengths. If the gaps are filled with other material,
such as gouge, then regions without gaps define contact asperities, areas of high resolved normal stress on a
fault under in situ conditions. However, quantitative measures of the spatial relation between natural slip
zones and slip surfaces are lacking, so relating fault structure to complexity in fault stress and earthquake slip
distributions arising from “asperities” (Lay et al., 1982), remains challenging.

Slip zones are observed to range in thickness from microns to meters in ancient faults (Miller, 1996; Rowe
et al., 2013; Shipton et al., 2006; Sibson, 2003), but few data are available to describe the spatial variation
in thickness within a single fault. Here we take advantage of cross-sectional exposures through a seismogenic
fault that contains a throughgoing slip zone that we interpret to have hosted earthquake slip. We mapped
the zone at high resolution over tens of meters along strike and here use the data to characterize how the
thickness varies spatially. The results reveal that the slip zone thickness is spatially correlated and constrain
the dimension of asperities that control earthquake source dynamics.

2. Structural Setting

We mapped in detail the internal structure of the La Quinta Fault, located south of Palm desert, Southern
California (Figure 1) (Shervais & Kirkpatrick, 2016). The La Quinta Fault has a mapped trace length of
9.4 km, an average dip of ~20°, and predominantly dip-slip motion indicated by slickenlines on exposed slip
surfaces (Shervais & Kirkpatrick, 2016). It juxtaposes crystalline rocks of the amphibolite-grade Palm Canyon
complex in the footwall and the Asbestos Mountain tonalite in the hanging wall (Sharp, 1979). The fault is
exposed in a series of low cliffs that trend approximately parallel to strike. Thermochronologic data

Figure 1. (a) Simplified geologic map of part of southern California (from Jennings et al., 2010) showing the location of the study area. Black lines are faults, SAF is San
Andreas Fault, SJCF is the San Jacinto Fault, and box corresponds to location of (b). (b) Map showing the La Quinta fault in the study area. White circles represent
exposures where layermwas identified. Location of (c) shown with white box. (c) Google Earth image showing locations of the three main exposures in which layerm
was mapped in detail (black lines). Numbers adjacent to lines are the exposure lengths.
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indicate the fault was active as a reverse fault during the Laramide orogeny (Wenk et al., 2000), though
numerous normal faults in the fault hanging wall that crosscut Laramide-aged pseudotachylytes indicate
that the La Quinta Fault was reactivated as a low-angle normal fault post Laramide, possibly as part of the
West Salton Detachment System (Axen & Fletcher, 1998; Shervais & Kirkpatrick, 2016). Total offset, as well
as the offsets during different phases of deformation, is unknown due to a lack of piercing points.

The internal structure of the La Quinta Fault consists of a composite fault core flanked by a damage zone
around 70 m wide defined by the presence of subsidiary faults and shear fractures (Figure 2). The fault core
contains two components characterized by distinct fault rock assemblages: an outer fault core in which cat-
aclasites and pseudotachylytes are derived from weakly altered hanging wall and footwall rocks and an inner
fault core in which the degree of comminution is much greater and ultracataclasites contain chlorite, epidote,
and smectite-group clays in larger abundances than the host rocks (Shervais & Kirkpatrick, 2016). The two

Figure 2. (a) Photograph of one of the exposures from which the internal structure of the La Quinta Fault was mapped. Fault core is between white arrows.
(b) Representative photograph (not orthorectified) of the composite fault core. The inner fault core (between dashed lines) contains layers of ultracataclasite that
crosscut fault rocks and other structures in the outer fault core. Layer m is too thin to see in this image. Solid white line marks the upper contact between the outer
fault core and damage zone. All of the rock below the inner fault core is outer fault core cataclasite. (c) Detail of layerm (between white arrows) where it is relatively
thick showing an injection vein branching down from the layer into the footwall (camera lens for scale ~60-mm diameter). In this part of the fault, layer m is the
only layer present within the inner fault core. (d) Detail of layerm (highlighted in red) where it is relatively narrow. The upper edge of layerm is dashed in this image
because it forms the upper edge of the inner fault core. Dashed black line indicates contact between other layers within inner fault core. (e) Photomicrograph
(cross-polarized light) showing bands of grains with long axes aligned top left to bottom right and common extinction angle. (f) Scanning electron microscope back
scattered electron (SEM-BSE) image showing clast (middle) of a relict pseudotachylyte in the ultracataclasite of layerm. Microcrystallites within the clast groundmass
indicate the material inside the clast quenched from a molten state brought about by frictional heating during seismic slip (examples shown with white arrows).
(g) SEM-BSE image of a different portion of the layer m groundmass where small clasts are mantled by metal oxide grains (white arrows).
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components are arranged so that the inner fault core is located centrally, with outer fault core rocks present
on both sides.

The inner fault core contains 13 distinct layers of ultracataclasite. Where adjacent to the outer fault core, these
layers crosscut the outer fault core, indicating that the inner fault core is younger. Each layer is distinguishable
from the characteristics of the fault rocks within the layer, that is, the frequency, composition, and average
size of clasts, as well as matrix color and grain size. Individual layer thickness varies from 0.1 to more than
40 cm. Evidence for truncation and wear of clasts within one layer by adjacent layers is common in the
exposures we studied, and where exposed, the layer edges exhibit slickenlines. These observations suggest
that each layer acted a slip zone at some stage during the deformation history of the fault and that the layers
were bounded by slip surfaces. Relative ages of the layers were established by Shervais and Kirkpatrick (2016),
but the lack of piercing points means that the proportion of the total fault offset accommodated across each
is unknown. Due to the truncation and crosscutting, the layers are discontinuous along strike, except one (see
below), and the number of layers present at a point within the inner fault core is variable.

One continuous layer within the inner fault core was identified in all exposures we studied, unlike any of the
other layers. This layer, described as layer m by Shervais and Kirkpatrick (2016), was identified as the last slip
zone active within the fault on the basis that it crosscuts and truncates all adjacent layers within the inner
fault core, is the finest-grained layer within the fault, and is continuous over tens of meters. We observed this
layer in multiple exposures spread over a 5-km distance. Layer m is texturally uniform and contains dark
brown, extremely fine-grained ultracataclasite in which angular to rounded clasts range from <1 to
~100 μm (Figure 2). The ultracataclasite matrix is compositionally homogeneous, though in places
phyllosilicate grains are observed to have parallel long axes (Figure 2d). Clasts are mostly fragments of wall
rock minerals, though clasts of previously formed cataclasite and ultracataclasite are present, and some clasts
of pseudotachylytes were observed with textures similar to those documented by Meneghini et al. (2010)
(Figure 2e). In some regions where the layer matrix is completely granular, clasts <1 μm are indistinct and
visible clasts are mantled by extremely fine (~100 nm) oxide grains (Figure 2f), which may be indicative of
the local development of a low melt fraction, similar to that described by Otsuki et al. (2003). Injection veins
filled with the same ultracataclasite as layer m branch from layer m at high angles to the overall fault
orientation (Figure 2c). The injection veins are typically tens of centimeters long and are comparable
thickness to layer m where they branch from it. Injection veins filled with ultracataclasite dissimilar to layer
m are also present in the hanging wall, which we interpret to have formed during shear localized onto one
of the other ultracataclasite layers in the inner fault core.

3. Slip Zone Thickness

The thickness of layerm varies from 0.1 to 8 cm (Figure 3). Thickness here is defined as the vertical separation
between the upper and lower edges of the layer, as viewed in images orthorectified in the slip direction (where
the layer edges are the intersection of the 3-D surfaces that bound the layer with the 2-D plane of the expo-
sure). Maps of the layer geometry were constructed on high-resolution images (1.2 mm/pixel) generated from
3-Dmodels created with structure-from-motion photogrammetry, which were scaled to the true dimension of
the exposure using real-time kinematic (RTK) differential GPS ground control points (accurate to 1 mm
horizontally and 2 mm vertically) (Shervais & Kirkpatrick, 2016). Three exceptional exposures of the La
Quinta fault allowed layer m to be mapped continuously over along-strike distances of 34.87, 26.75, and
21.93 m, respectively. The edges of the layer follow a power law relation between roughness and length scale
with a Hurst exponent ~0.8, consistent with fault slip surfaces measured in 3-D (Shervais & Kirkpatrick, 2016).

Spatial continuity is clear in the along-strike variations in layerm thickness. As shown in Figure 3, the thickest
portions of the layer (~centimeters thick) are separated by portions several meters long in which the layer is
relatively narrow (millimeters). We characterized this spatial variation in layer thickness by calculating the
variogram, γ (h):

γ hð Þ ¼ 1
2N hð Þ ∑

N

i¼1
t xþ hð Þ � t xð Þ½ �2

where t (x) represents the value of layer thickness (m) at a particular location x; t (x + h) is the value of the
thickness at location x + h, where h is the separation distance, or lag (m); and N (h) is the number of data pairs
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(i.e., pairs of measured thickness values separated by h). For each data set (the three mapped exposures), we
calculated the experimental variogram using lags in 70 linearly spaced bins from 0 to half the total exposure
length, as γ (h) values at greater hwould be informed by fewer pairs of data, making the calculated values less
robust (Caers & Zhang, 2004).

In a stationary field, the value of γ (h) eventually reaches a constant value that is approximately equal to the
variance of t (x) (Kitanidis, 1997). This constant value, or plateau on the variogram, is known as the sill. The
distance at which the sill is reached is the correlation distance, α, often referred to as the range parameter.
The range represents a characteristic distance beyond which separated values are, on average, no longer
correlated; that is, closely spaced points are likely to be similar, whereas points separated by more than
the correlation distance (~1 m) are independent of one another. The γ (h) values less than the sill for h < α
indicate spatial structure in a data set. Fractal data sets, such as fault surfaces, result in γ (h) that increases
continuously for all values of h. However, synthetic and natural fault core and vein thicknesses contain a finite
length scale for the spatial correlation as the thicknesses of these structures have a known maximum value
and do not continuously scale (Brown & Bruhn, 1996; Lunn et al., 2008).

Analysis of layer m shows that the layer contains significant spatial structure (Figure 3). In one exposure, the
layer m thickness values have a positively skewed distribution, so we performed a log10-transformation of t
(x) for calculation of the γ (h) to minimize the effect of extreme values in the data (Kerry & Oliver, 2007)
(transformed data shown with diamond symbols in Figure 3c). Any linear trend over the range of x was
subtracted from each data set, and occasional subcentimeter-sized gaps where injection veins branch from
the layer were removed with a linear interpolation. We treat the thickness measurements as realizations of a
spatial random function satisfying the intrinsic hypothesis (Kitanidis, 1997) and fit the calculated γ (h) values
for the three exposures with a variogrammodel to estimate the correlation distances (Figure 3). Spherical and
exponential variogram models both provided a good fit to the data. We selected a spherical model type,
following the approach used in previous studies of fault core and vein thicknesses (Brown & Bruhn, 1996;
Lunn et al., 2008). The models have correlation distances (i.e., fitted α values) of 1.7, 0.74, and 1.4 m.

In addition to the spatial continuity described by the variogrammodel, the spatial separation of thick regions
of layer m by thin regions (Figure 3c) causes the value of γ (h) to fluctuate periodically around the sill. A
characteristic spacing is defined as the separation distance at the first local minimum in the variogram
(Herzfeld, 2008) (also roughly equal to the wavelength of γ (h) periodicity about the sill). Characteristic
spacing is approximately 4.0, 2.0, and 3.7 m for the three exposures, respectively.

4. Discussion and Conclusions

Field-scale and microscale characteristics of the fault rocks within layer m indicate that the La Quinta Fault
was seismogenic in the latest stages of faulting when layer m was the active slip zone (Shervais &

Figure 3. (a) Map of layerm in the largest studied exposure (represented as the white space between gray wall rocks). Note the vertical exaggeration of 10:1. (b) Plot
of thickness (vertical separation in between the gray wall rocks in (a)) as a function of distance along the fault showing substantial thickness fluctuations.
(c) Variograms calculated from the three layer m thickness data sets (values for each variogram are normalized to the maximum γ to facilitate comparison). Open
symbols represent the experimental variogram, calculated directly from the thickness values in each data set. Solid lines represent a fitted variogram model, with
model equation shown (h is the separation distance, α is the correlation distance, and c is the sill; α for each model fit reported in the main text). The correlation
distance corresponds to the minimum h at which constant γ is reached. Location of first minimum in each variogram is shown by arrows.
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Kirkpatrick, 2016). Injection veins that branch from layerm are filled with the same ultracataclasite as the layer
itself, which indicates that the fault rock was fluidized during seismic slip (Rowe et al., 2012). Clasts of relict
pseudotachylyte are present within the layer, as well as locally developed textures that might indicate very
low fraction melting at grain boundaries. Frictional melting therefore occurred at least once during past slip
increments, including the last if the low melt fraction interpretation is correct, which requires slip at seismic
slip rates. The microstructures of the layerm ultracataclasite also include aligned phyllosilicate grains within a
chemically homogeneous layer, in which there is no sorting of grain size. Evidence for melting is not
pervasive, and other weakening mechanism (s) that may have been active during the paleo-slip events are
unconstrained by our microstructural observations. Mobilized gouge and grain alignment in layer m are
consistent with, though not diagnostic of, thermal pressurization, elastohydrodynamic lubrication, and flash
weakening, for example. We were unable to find evidence of localization within layer m (or other layers)
based on optical and scanning electron microscope observations, so we interpret shear to have been
distributed across the entire thickness of the layer during slip.

The thickness of layerm varies by an order of magnitude over along-strike distances of tens of meters. As the
correlation distances (α) for each exposure are quite similar, we suggest that they represent the same physical
property of layer m. Differences in in the α values estimated in different exposures are likely due to random
variations in the thicknesses (consistent with a stochastic process). Periodicity is present in each of the three
variograms, and the characteristic spacing is also similar for the three exposures. The characteristic spacing is
the spacing between regions of spatially correlated data with similar mean values (e.g., the distance between
midpoints of two thin regions separated by an interval where the layer is thick).

Geostatistical analyses of the aperture between synthetic fractal surfaces laterally offset from an initial
matched condition show that the apertures contain spatial structure defined by a range and sill in the
variogram, where the range is approximately the shear offset (Brown & Bruhn, 1996). We do not know
the original degree of mismatch across layer m, but it is possible that the correlation length scale observed
for layer m results from a small strike-slip component of net offset across the layer indicated by slickenline
rakes. However, the results of Brown and Bruhn (1996) did not include any elastic closure due to normal
load across the fault, or effects of cataclastic deformation and wear during fault offset, which were
significant for the La Quinta fault and may have modified the surfaces bounding layer m after formation
(Shervais & Kirkpatrick, 2016), so relating the correlation length scale to lateral offset is likely
an oversimplification.

The data presented in Figure 3 define the variation in slip zone thickness viewed in a plane perpendicular
to slip. Surveys of the 3-D geometry of fault slip surfaces show that they are smoother in the slip-parallel
direction (smaller values for K) compared to slip-perpendicular, with Hurst exponents of ~0.6 and ~0.8 in
the two directions, respectively (Brodsky et al., 2016). Hurst exponents have been shown to be relatively
constant across tectonic settings and rock types, and as the surfaces that bound layer m are consistent with
these values in the slip-perpendicular direction (Shervais & Kirkpatrick, 2016), we expect the slip-parallel
direction to also share these characteristics. This implies that layer m has rough edges, and a variable
thickness, in the slip direction. The slip-parallel minimum and maximum values of the layer thickness are
similar to variations in the strike direction, but as the layer edges would be smoother with smaller H in
the slip-parallel direction, the thin regions of the layer are likely larger (e.g., Campaná et al., 2008).
Without exposure in the slip direction, we cannot measure the correlation length scales and characteristic
separation. However, as the power law scaling of fault surface roughness with length scale is a fundamental
characteristic of fault slip surfaces (Brodsky et al., 2016), layer thickness variations should be a common
feature of all faults.

The characteristic spacing of the slip zone thickness is an important length scale in a fault, and may be
considered as one definition of an “asperity.” As fault rock similar to that within layer m has low stiffness
compared to the surrounding material (Chester & Logan, 1986), opposing sides of a fault are effectively in
contact in areas of very thin or negligible slip zone thickness (Nielsen et al., 2010). In this case, the spacing
of regions with narrow apertures (i.e., layer thickness) between the two sides of a fault is a characteristic
length for the fault. The characteristic spacing defined by the variogram periodicity measures this length
scale. The fractal shape of slip surfaces means that smaller asperities may be expected if higher-resolution
data were collected. However, additional high-resolution data would add more detail to the form of the
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variogram at short separation distances, but would not change the large-separation distance behavior.
Scholz (1988) showed that the closure of long-wavelength apertures in a fault zone under load causes all
wavelengths above a characteristic length to be closed, while shorter-wavelength apertures may not be.
These characteristics may be apparent in Figure 3a, where an overall sinusoidal shape to both the upper
and lower edges of the slip zone are very well matched.

Slip zone thickness is a key parameter for a variety of slip weakening mechanisms, in particular thermally
activated mechanisms (Rice, 2006). To illustrate the implications of our observations for rupture dynamics,
we explore the effects of spatially variable slip zone thickness on thermal pressurization. Viesca and
Garagash (2015) demonstrate that in the early stages of slip immediately following rupture propagation,
the evolution of effective normal stress due to thermal pressurization is characterized by two slip distances,
δc and L*. Parameter δc is the slip over which the fault behaves as an intact undrained, adiabatic system and is
directly proportional to the slip zone thickness. L* is a measure of the slip sufficient for diffusion of fluid and
heat to become significant and the fault to act as a damaged system characterized by slip on a plane
behavior. It is most sensitive to hydraulic and thermal diffusivities, but not layer thickness (Viesca &
Garagash, 2015). The efficiency of thermal pressurization, a measure of how rapidly strength is reduced
during slip immediately behind a propagating rupture tip, is given by the ratio L*/δc.

Assuming that shear was distributed across the entire thickness of layer m during seismic slip on the La
Quinta Fault, the observed spatial variation in thickness of the layer (1 to 80 mm) indicates that L*/δc would
vary by an order of magnitude over on-fault distances of 101 m. Areas of the fault where layer m was thin
(dimension corresponding to the characteristic spacing) were contacts that supported high normal loads,
but within which thermal pressurization would be very efficient, reducing effective normal stresses over
relatively short slip distances. Strength reduction would be less efficient in areas where the layer was thick.
Slip greater than the characteristic spacing in the layer thickness would cause long-wavelength apertures
to open as the degree of mismatch increased. This length scale may therefore represent the slip required
to transition from an intact to damaged fault zone (Viesca & Garagash, 2015). A similar dimension (of the
order of 1 m) has been defined from the lengths of laterally discontinuous pseudotachylytes in exhumed
seismogenic strike-slip faults (Kirkpatrick & Shipton, 2009). In the earthquake fracture energy-slip compilation
presented by Viesca and Garagash (2015), the transition away from an intact fault occurs at around 100 m.

In conclusion, we have shown that slip zone thickness is spatially variable within a seismogenic fault. Our
results demonstrate that the correlation length scale that describes the spatial variation in slip zone thickness
has values of ~1 m, with a characteristic spacing between regions in which the layer has similar mean values
of ~2–4 m. We suggest that this spacing represents the dimension of a contact asperity on the fault. Due to
the variations in slip zone thickness, slip-weakening mechanisms such as thermal pressurization must have
been spatially variable during paleo-seismic slip on the La Quinta Fault, with higher efficiency in regions of
narrow slip zone. Our observations therefore indicate that static fault strength is determined by meter-scale
contact asperities, which weaken most rapidly during seismic slip.
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