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ABSTRACT

Laboratory measurements can determine the potential for geologic materials to generate
unstable (seismic) slip, but a direct relation between sliding behavior in the laboratory and
physical characteristics observable in the field is lacking, especially for the phyllosilicate-rich
gouges that are widely observed in natural faults. We integrated laboratory friction experi-
ments with surface topography microscopy and demonstrated a quantitative correlation be-
tween frictional slip behavior and fault surface morphology of centimeter-scale samples. Our
results show that striated, smooth fault surfaces were formed in experiments that exhibited
stable sliding, whereas potentially unstable sliding was associated with rougher, isotropic fault
surfaces. We interpret that frictional stability and fault surface morphology are linked via
the evolution of asperity contacts on localized slip surfaces. If fault surface roughness obeys
a fractal relationship over a large range of length scales, then we infer that the morphological
characteristics observed in the laboratory could indicate the earthquake nucleation potential

on natural fault surfaces.

INTRODUCTION

Laboratory friction experiments have pro-
vided the basis for a theoretical framework
that predicts the stability of a slipping fault
via measurements of velocity-dependent fric-
tional strength (e.g., Scholz, 1998). However,
because earthquakes occur on fault surfaces
that are many orders of magnitude larger than
typical laboratory samples, laboratory-measured
parameters have to be related to measurable
quantities that can be extrapolated over a wide
range of length scales. Fault surface morphology
analysis is a promising tool for this extrapola-
tion because fault roughness can be measured
relatively easily and exhibits a consistent self-
affine scaling across length scales ranging from
the laboratory to the field (Power et al., 1987,
Candela et al., 2012).

Fault surfaces, as well as other frictional slip
surfaces formed by landslides (Shuzui, 2001)
or glaciers (Kamb, 1970), commonly contain
structures such as slickensides or grooves that
are oriented parallel to the slip direction (Dob-
las, 1998) (Fig. 1). These features combine to

define a surface topography characteristic of
natural fault outcrops (Power et al., 1987; Bis-
tacchi et al., 2011; Candela et al., 2012; Brod-
sky et al., 2016). A recent study by Kirkpat-
rick et al. (2020) showed that the topography
of fault surfaces at depths of several kilometers
can be measured at the scale of tens of kilome-
ters and might control earthquake nucleation.
Currently, the frictional properties of such inac-
cessible faults cannot be directly measured, but
they could be inferred if laboratory-measured
frictional parameters can be linked to surface
roughness parameters.

Previous laboratory friction experiments
confirmed a close connection between rough-
ness and frictional behavior (Dieterich and
Kilgore, 1994). Artificially varying the sur-
face roughness as a starting condition affects
frictional strength (Biegel et al., 1992), slip
stability (Harbord et al., 2017), and critical slip
distance (Okubo and Dieterich, 1984). Addi-
tionally, the final roughness is controlled by
the starting roughness (Badt et al., 2016), and
differences in deformation mechanisms cause

variations in fault surface morphology (Sagy
et al., 2017).

We measured the surface roughness evolu-
tion on experimental faults composed of quartz
or shale as a quantitative microstructural study
and established a relationship between slip sur-
face roughness and velocity-dependent fric-
tion parameters. In contrast to earlier work,
the initial fault surface morphology developed
spontaneously by shearing initially undeformed
(remolded) samples. In particular, the shale rep-
resents phyllosilicate-rich faults, which have
not been previously studied in surface rough-
ness experiments but are commonly observed
to localize slip in natural faults (e.g., Collettini
et al., 2009).

METHODS

Using a single direct shear device (see the
Supplemental Material' for methods, and Fig-
ures S1-S3 therein), we performed (1) veloc-
ity-stepping experiments, where sliding velocity
was alternated between 1 and 10 pm/s every mil-
limeter of displacement in the range 2—-10 mm,
and (2) shearing experiments at a constant
velocity of 10 pm/s to a total displacement of
2-10 mm. The direct shear geometry forces the
samples to fail along a localized shear plane,
which then acts as the locus of subsequent slip,
generating a slip surface analogous to localized
deformation planes exposed in natural faults.
Roughness of the slip surfaces was measured
from the constant velocity experiments, with
the velocity-stepping experiments providing
the frictional data at matching displacements.
Experiments were performed on fully drained,
water-saturated samples at 10 MPa effective
normal stress, conditions representative for
faults in the shallow crust and other frictional
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sliding processes that occur under relatively low
normal stresses.

We described the velocity-dependent fric-
tional behavior in terms of rate-and-state fric-
tion (see the Supplemental Material), where
the parameter a-b = Ap/AlnV is the change
in steady-state friction coefficient (Ap,,) that
occurs when changing the sliding velocity
V. Positive values of a-b indicate velocity-
strengthening behavior, for which stable sliding
is expected, whereas slip instabilities, such as
earthquakes, can only nucleate when a-b is nega-
tive (velocity-weakening behavior). Since this
is the first study to quantitatively relate rough-
ness development during shear with friction
parameters, we tested synthetic quartz powder
as a representative velocity-weakening material
(Logan and Rauenzahn, 1987) and powdered
Rochester shale of comparable grain size as a
representative velocity-strengthening material
(Saffer and Marone, 2003).

Surface roughness was measured with a con-
focal laser scanning microscope (CLSM), with
some supplemental measurements made with
a white light interferometer (WLI). We quanti-
fied surface roughness using the power spectral
density (PSD) as

(2H+1)

1 M

PSD=C|— )
(?»)

where C is an empirical constant, X is the wave-
length, and H is the Hurst exponent (Power
et al., 1987). The PSD value gives the absolute
roughness of a fault surface for each wavelength.
The scaling Hurst exponent, with values com-
monly in the range of ~0.4-1 (Candela et al.,
2012; Sagy et al., 2017), shows an azimuthal
dependence on striated fault surfaces (Renard
etal., 2006). When H < 1 (self-affine), the sur-
face becomes smoother at larger scales. We cal-
culated the degree of anisotropy, A, as

A:HJ-_HH’ (2)

H,

where H, and H, are the maximum and mini-
mum Hurst exponents measured perpendicular
and parallel to the shear direction.

STRIATIONS AND FRICTIONAL
BEHAVIOR

Fault surfaces recovered from the experi-
ments show a clear distinction between the
shale and quartz samples. After displacements
>4 mm, the shale developed smooth, striated
fault surfaces (Fig. 2A), whereas the quartz faults
were rougher and lacked striations (Fig. 2B).
The roughness measurements confirmed these
observations, showing that roughness at a ref-
erence wavelength of 1 mm decreased for the
shale samples during the first few millimeters
of sliding, whereas the quartz fault remained
consistently rougher with a constant roughness
(Fig. 2C). Furthermore, the Hurst exponents H,
and H, (Fig. S4) were both constant at ~0.4 for
the quartz surfaces, resulting in a low rough-
ness anisotropy, A = 0 = 0.13, for all displace-
ments (Fig. 2D). The shale fault showed higher
values of H, and H, of ~0.6 and ~0.8, which
are more typical of natural fault zones (Candela
et al., 2012), causing the anisotropy to increase
up to A = 0.25 with increasing displacement
(Fig. 2D).

The parameter a-b is negative for the nearly
isotropic quartz (—0.003) and the initially isotro-
pic shale after 2 mm displacement (—0.006). At
displacements >4 mm, a-b in the shale experi-
ment becomes positive (0.004; Fig. 2E), cor-
relating with the transition to anisotropic sur-
face roughness. The difference in a-b is mainly
caused by differences in b, which is close to zero
for the anisotropic shale and around 0.008 for
the quartz and initially isotropic shale (Fig. 2F;
Fig. S5), whereas a is relatively constant (0.004)
for both the shale and the quartz.

Our results show a relationship between sur-
face roughness and frictional stability param-
eters: striated, anisotropic fault surfaces in shale
show velocity-strengthening behavior, whereas
velocity-weakening friction is associated with
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Figure 1. Fault striations
on multiple scales. (A)
Corona Heights fault (San
Francisco, California),
showing large-scale stri-
ations. Hurst exponents
Hl and H, (measured
perpendicular and paral-
lel to the shear direction,
respectively) are from
Candela et al. (2012). (B)
Fault recovered in drill
core from the Hikurangi
margin (New Zealand),
sample U1520C-5R2 (Wal-
lace et al., 2019).

rough, nearly isotropic fault surfaces in both
sample materials. These simple systematics are
consistent with previous experimental studies.
In quartz, striated surfaces have been produced
under hydrothermal conditions (Toy et al.,
2017). Striated patches have been produced
on limestone bare surfaces (Sagy et al., 2017)
under conditions where there is no frictional
healing (Tesei et al., 2017), a requirement for
slip instabilities. Direct observations of the sur-
face morphology of a single salt crystal showed
that a-b increases and slip instabilities disappear
when the contact asperities evolve from initially
isotropic to elongated and anisotropic (Voisin
et al., 2007).

In general, a-b depends on a range of factors,
such as sliding velocity, normal stress, tempera-
ture, and microstructural development (Logan
and Rauenzahn, 1987, Saffer and Marone, 2003;
den Hartog and Spiers, 2014). In our experi-
ments, the experimental conditions including
these first three factors were held constant,
but factors such as the degree of localization
must have evolved and likely contributed to
the changing frictional behavior in the shale.
Whether the relation between surface anisotropy
and frictional behavior we observed also holds at
larger displacements and when other factors are
varied remains to be tested. However, the close
correspondence between the sign of a-b and the
anisotropy in the shale faults suggests that the
surface roughness anisotropy can be used as an
indication of the ability to nucleate unstable slip
on a fault.

MECHANISM: ELONGATING
ASPERITIES

Our results show that the change in frictional
behavior toward velocity-strengthening slip is
due to the impact of the evolving roughness
on the friction parameter b. The data show that
b, not a, controlled a-b for our tested materi-
als (Fig. 2F), including a strong decrease in b
coinciding with the striation development in the
shale, an effect also observed with increasing
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Figure 2. Fault roughness development with displacement. (A,B) Visible striations parallel
to the sliding direction (horizontal) develop in shale (A), but not in quartz (B), after 10 mm
displacement. (C) Roughness (power spectral density [PSD]) at a wavelength (1) of 1 mm. (D)
Anisotropy, A. (E) Frictional stability parameter (a-b). (F) Individual friction parameters a and
b. CLSM—confocal laser scanning microscope; WLI— white light interferometer; L indicates

perpendicular; || indicates parallel.

slip on salt crystals (Voisin et al., 2007). Micro-
mechanical studies of friction suggest that the
rate-dependent friction parameter b is related
to the rate at which real contact areas grow
with time, for contacts across an interface or
between grains within a finite-thickness shear
zone (Dieterich and Kilgore, 1994). The small
values of b observed for shale are consistent with
elongation and flattening of contact asperities
during slip, which mechanically increases the
contact surface area, reducing the local contact
stress and thus limiting the asperity growth rate.

1358

We propose that the geometric evolution of the
experimental fault surfaces reflects this physical
change in the contact asperities, which would
also be applicable to grain-grain contacts within
adistributed slip zone. Figures 3A—3C show that
the topographical highs, which presumably act
as contact asperities, become elongated with
slip on the shale fault surfaces, whereas the
topographical highs on the quartz faults do not
become elongated after 10 mm of slip. Even
when the total real area of contact (approxi-
mated by the sizes of the colored regions in

Figures 3A-3C) is the same for the different
anisotropy values, the asperities on the aniso-
tropic surfaces are longer in the slip direction.

We infer that the development of larger,
more elongated contact areas is therefore the
mechanism promoting velocity-strengthening
friction and stable slip in our shale samples.
This is likely due to the relatively low hard-
ness of the clay grains in the shale compared
to quartz (Deirieh et al., 2012), which results
in larger contact areas under the same normal
load (Pei et al., 2005), combined with the platy
shape and intrinsically low interparticle friction
of illite grains (Saffer and Marone, 2003), which
facilitate rearrangement of grains into grooves
(Fagereng and Ikari, 2020).

IMPLICATIONS FOR NATURAL
FAULTS

The fault surfaces that developed during our
laboratory experiments exhibit the same power-
law scaling of roughness with length scales as
is observed over several length scales for natu-
ral faults, with similar scaling exponents; i.e.,
H < 1 (Poweretal., 1987; Candela et al., 2012).
Extrapolation of experimental work to complex
natural faults is notoriously difficult, but these
similarities suggest that it should be possible to
relate our measurements of frictional param-
eters, especially a, b, and a-b, to the features
and inferred processes that operate on natural
fault surfaces, at the scales of asperities that are
relevant for earthquake nucleation.

Relating the critical slip distance, D, to a
physical quantity measurable on faults is not
as straightforward due to the well-known dis-
crepancy between laboratory-measured values
of several to tens of micrometers and values of
meters inferred for earthquakes (Scholz, 1998;
Kanamori and Brodsky, 2004). D has tradition-
ally been associated with asperity size (Diet-
erich and Kilgore, 1994), suggesting D, must be
scaled from the laboratory to natural faults, since
on self-affine surfaces, asperity size depends on
the size of the surface area considered. On the
other hand, Candela and Brodsky (2016) sug-
gested that D, might be equivalent to a critical
length below which anisotropy is absent, called
the minimum scale of anisotropy, L.. L. is scale
independent, implying that D, would not have
to be scaled. Our results show that D, is in the
range 80-120 pm and L. is ~20 pm for the
shale, and D, is ~20 pm and L, is ~200 pm for
the quartz (Fig. S6). These values are sufficiently
similar that a link should be considered, but L,
is generally outside of the range of measured
D, values. Therefore, we cannot conclusively
determine if L, = D, and if D, must be scaled
from the laboratory to the field.

We emphasize that although our results sug-
gest that an anisotropic fault surface will prevent
earthquake nucleation, it will not necessarily
prevent the propagation of coseismic slip from
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other, remote areas of the fault. Most measure-
ments of natural fault surfaces (Renard et al.,
2006; Sagy et al., 2007; Bistacchi et al., 2011)
show H, < H, even though some of these faults
are known to have slipped coseismically (Bis-
tacchi et al., 2011). For some of these faults,
dynamically propagating slip may have either
formed the striations themselves or forced a stri-
ated fault patch to slip coseismically. This is,
however, out of the scope of our study since
our experiments were conducted at subseismic
sliding velocities and are relevant for earthquake
nucleation only.

The formation of a smooth, striated, veloc-
ity-strengthening fault surface is also not nec-
essarily permanent; fault surface roughness
may be modified by re-roughening processes
(e.g., grain plucking, intersection with sec-
ondary faults, healing and refracture, asperity
break-off; Fig. 3D). Re-roughening processes
have been documented over a wide range of
scales, from plucking of micrometer-scale
grains (Shervais and Kirkpatrick, 2016) to the
kilometer-scale interaction of secondary faults

normal
faulting

(Kirkpatrick et al., 2020), showing the potential
of our relation. Re-roughening at length scales
relevant to earthquake nucleation on otherwise
striated, velocity-strengthening faults may be
a mechanism for creating velocity-weakening
fault patches, enabling repeated earthquakes.
Furthermore, if anisotropy at the scale of asper-
ities relevant to earthquake nucleation can be
inferred from anisotropy at larger length scales
that may be observable remotely, then the fractal
nature of fault roughness may be leveraged to
provide an indication of earthquake nucleation
potential at the outcrop scale.

Finally, we emphasize that the relation
between sliding stability and roughness does
not have to be limited to faults. For example,
the rate-and-state friction framework used in this
study has been successfully used to describe the
motion of landslides (Lacroix et al., 2020) and
glaciers (Zoet et al., 2020). Striations have been
observed in terrestrial (Shuzui, 2001) and sub-
marine landslides (Gee et al., 2005), in debris
avalanches generated by volcanic flank collapse
(Hughes et al., 2020), and in glacier bedrocks
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(Kamb, 1970). Systematic roughness measure-
ments of natural landslide slip surfaces and gla-
cier basal surfaces would be needed to deter-
mine whether they display the same self-affine
scalable roughness as fault surfaces, and if this
roughness correlates with frictional behavior in
a similar manner.
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