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ABSTRACT

At the field scale, nearly all fault surfaces contain grooves gener-
ated as one side of the fault slips past the other. Grooves are so com-
mon that they are one of the key indicators of principal slip surfaces.
Here, we show that at sufficiently small scales, grooves do not exist on
fault surfaces. A transition to isotropic roughness occurs at 4-500 pm.
Although the scale of the transition can vary even between locales on
a single fault, the aspect ratio of the roughness at the transition is well
defined for a given fault. We interpret the transition between grooved
and ungrooved scales as a transition in deformation mode of asperi-
ties on the slip surface. Grooves can form when a hard indenter slides
past a softer surface. At small scales, the asperities appear to yield
plastically and therefore do not generate grooves as hard indenters.
The plastic yielding can be a consequence of the high shear strains
required to deform the surfaces at small scales where the aspect ratio
(roughness) is high. The transition to plastic yielding is predicted to
occur at a specific aspect ratio for each fault, as observed. The new
observation both shows a limit to one of the most commonly observed
features of faults and suggests a change in the mode of failure of faults
as a function of scale.

INTRODUCTION

Localized, cohesive slip surfaces exist in fault zones both abutting and
occasionally embedded in the gouge layer (Fig. 1). Geologists as early as
Charles Lyell have noted that fault surfaces are generally covered with
grooves elongated in the direction of slip (Lyell, 1871). Slickenlines are
used to identify faults, infer kinematics, and calculate the stress state.
Their existence helps to reinforce the interpretation of the slip surfaces as
important loci of slip within the wider fault zones. Studies have improved
our understanding of grooving by taking topographic data of either pro-
files on fault slip surfaces or, using more recent technology, over entire
exposed fault surfaces (e.g., Power and Tullis, 1991; Sagy et al., 2007).
As expected from the ubiquity of grooving, the quantitative data show that
over scales from millimeters to tens of meters, the average variation of the
surface height is greater on profiles perpendicular to slip than along pro-
files parallel to slip (Fig. 1; Power and Tullis, 1991; Renard et al., 2006).
These observations have been used to infer mechanisms of fault resistance
and wear (Scholz, 1988; Fang and Dunham, 2013; Brodsky et al., 2016).

In this paper, we report that grooves only exist on natural faults at
macroscopic scales. At the submillimeter scale, we find a minimum scale
of grooving on natural faults. The same observation holds for faults gener-
ated in laboratory experiments; therefore, the observation is not an artifact
of weathering or preservation. We also explore the mechanical origins of
this limit. We show that the minimum grooving scale corresponds to a
particular aspect ratio of the surface roughness, and we interpret the aspect
ratio as evidence for plastic failure of asperities. Because asperity failure
is part of the microscopic process controlling friction, we finish the paper
by exploring the implications for friction by comparing the minimum
grooving scale with the slip weakening distance, where both measure-
ments are available for previous laboratory experiments. We conclude
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Figure 1. Field-scale roughness of fault surfaces. A: Example of an
exhumed slip surface (Corona Heights fault, San Francisco, Califor-
nia) showing grooves elongated in the slip direction. B: Topographic
map of this fault acquired by a lidar instrument. C: Topographic map
of a sample of this fault acquired by a white light interferometer. Red
arrows indicate slip direction. Grooves visible at the field scale in B
are not observed at the finer scale in C.

that the laboratory data are consistent with both values being controlled
by the plastic failure of asperities, and therefore the minimum grooving
scale may be evidence for the same process occurring on natural faults.

OBSERVATION OF THE MINIMUM SCALE OF GROOVING

We measured the topography of slip surfaces from natural and experi-
mental faults at scales of 1 um to several millimeters using three different
and complementary white light interferometers (see instrument descrip-
tions in the GSA Data Repository'). Like most natural surfaces, faults
have scale-dependent roughness. Therefore, a scale-dependent method
such as Fourier analysis is required to quantify the topographic informa-
tion. We used the same method as developed for field-scale digital topo-
graphic data on the submillimeter-scale data to define the minimum scale
of grooving (Sagy et al., 2007; Candela et al., 2012). For each sampled
region, the average Fourier spectrum was computed in the slip-parallel
and slip-perpendicular directions. The power spectral density at a given
wavelength is a measure of the roughness at that scale.

At the longest wavelengths measured by the white light interferom-
eters, the spectra have lower roughness in the slip-parallel direction than
the slip-perpendicular direction, like the field-scale observations (Fig. 2).
Previous works have referred to this orientation dependence of rough-
ness as anisotropy, and the behavior is found again on the fault surfaces
here (Lee and Bruhn, 1996). However, at smaller scales, the slip-parallel

!GSA Data Repository item 2016196, descriptions of techniques and individual
faults, is available online at www.geosociety.org/pubs/ft2016.htm, or on request
from editing @ geosociety.org.
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Figure 2. Minimum scale of grooving measured with Fourier spectral
analysis. A: Example of slip-parallel and slip-perpendicular spectra
obtained from one white light interferometer topographic map of the
Corona Heights fault (San Francisco, California). Inset: Magnification
of topographic map shows roughness isotropy at small scales in
the spatial domain. The scale at which spectra coincide defines the
minimum grooving scale (dark-filled circle). B: Spectra from multiple
locales on the Corona Heights fault. Red reference lines show trends
for constant aspect ratio H/L. Inset: Cartoon illustrates roughness
geometry, where H is the average asperity height at length scale L.
C: Same as B for Mount St. Helens (Washington, USA) fault. For each
fault in B and C, minimum grooving scale varies between samples;
however, the aspect ratio at the minimum grooving scale is constant.

and slip-perpendicular spectra coincide. At large scales, the surfaces are
anisotropic; at small scales, they are isotropic.

The wavelength at which the spectra coincide defines the minimum
scale of grooving for each measured map. We call this minimum groov-
ing scale L , and by definition it marks the transition between anisotropic
and isotropic roughness. We measured L on 42 topographic maps of
eight different natural faults spanning a range of lithologies and faulting
histories. We supplemented the data with 24 topographic maps of eight
experimental faults (Fig. 3; see the Data Repository for fault descriptions).

The delineation of anisotropic and isotropic regimes introduced here is
consistent with the only previously published extremely small-scale mea-
surements of roughness. Atomic force microscopy (AFM) data showed
the isotropic regime for a single carbonate fault, but it did not extend to
large enough scales to capture the transition (Siman-Tov et al., 2013).
Other AFM work showed nanofibers, which have smaller aspect ratios and
are distinct from the deeper grooves studied here (Verberne et al., 2014).

Laboratory experiments in controlled conditions also produce grooves.
We examined surfaces provided by several groups from frictional experi-
ments using a variety of compositions and slip speeds (Goebel et al., 2013;
Moore et al., 2012; Tisato et al., 2012; Fondriest et al., 2013; see the Data
Repository for experiment descriptions). In some experiments, the starting
material was powder, and cohesive slip surfaces were generated over the
course of the experiment. These samples allowed us to study slip surfaces
even for gouge-filled systems.

The samples from laboratory experiments are grooved at large scales,
but they are ungrooved at sufficiently small scales, as was observed for the
field samples (Figs. DR12-DR15 in the Data Repository). The consistency
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Figure 3. Compilation of the minimum scale of grooving for (A) natural
and (B) experimental fault surfaces. Each symbol corresponds to the
minimum grooving scale determined for each individual topographic
map of either a natural fault or experimental surface. Each set of
minimum grooving scales can be fit by a power law of the form H_ =
AL? (dashed lines; H_ is the average asperity height at the minimum
grooving scale L ). The best-fit power-law roughness exponents b are
close to one (inset of A) and indicate that each fault can be character-
ized by a single critical aspect ratio H_/L .

between the field and laboratory data demonstrates that the minimum
grooving scale is generated by the mechanics of slip and is not a second-
ary process such as weathering.

MINIMUM GROOVING SCALE OCCURS AT CRITICAL
ASPECT RATIO

Now that we have established the existence of minimum scale of groov-
ing, we move on to identifying the mechanical controls on its existence.
As a first step, we measured the average asperity height at the minimum
grooving scale so that we could compare the roughness at the observed
scales of L .

The power spectral density can be transformed to average asperity
height to provide an interpretation in the spatial domain. For a given
observation length L, the average asperity height is the integral of the
power over wavelengths up to L. A power-law fit to the spectrum implies
that the surface can be well described as a self-affine fractal surface. The
average asperity height H is related to L by the power-law scaling H =
KLE, where ( is the Hurst exponent, which is sometimes called the rough-
ness exponent, and K is a constant prefactor. For the extant fault data, {
is <1, which means that the aspect ratio H/L increases with decreasing
scale (Candela et al., 2012; Brodsky et al., 2016). This mathematical
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formalism captures the fact that slip surfaces appear as smooth surfaces
at large scale and rough at small scales.

We used this transformation to measure the average asperity height
H_ at the observed minimum grooving scale L, for each sample (Figs. 2B
and 2C). For each fault, the observed minimum grooving scale varied
between samples and even locations on the same sample. Because L var-
ies, it cannot be related to a single intrinsic length scale of the rock, such
as grain size. However, all samples on a given fault were consistent with
a single aspect ratio H /L, measured at the minimum scale of grooving
(Figs. 2B, 2C, and 3). The consistency of H /L_ on each fault is distinct
from the behavior of H/L overall. As expected based on the previous dis-
cussion of the Hurst exponent { < 1, Figure 2 shows that H/L increases
with decreasing scale for each fault. In contrast, the aspect ratio at the
minimum grooving scale remains constant. For the laboratory samples,
the minimum grooving scale L_ is defined by a single value of H /L (Fig.
3B). Again, the laboratory samples provide an important check on pos-
sible complications in the geological samples.

PLASTIC DEFORMATION DURING SHEARING

Next, we investigated why the minimum scale of grooving occurs at a
specific aspect ratio for each fault. The aspect ratio H/L can be interpreted
in terms of shear strain required for asperities to flatten (Scholz, 1988;
Brodsky et al., 2016). As the two facing slip surfaces start to slide, asperi-
ties collide. The asperities must flatten or yield to pass each other. For
a flattened asperity, the displacement normal to the surface H is accom-
modated over the asperity length L (Fig. 2B). The ratio H/L is therefore
proportional to the shear strain required for flattening. This interpretation
of aspect ratio H/L as strain is supported by rigorous analyses for elas-
tic media and more general rheologies (Oyen and Cook, 2009; Brodsky
et al., 2016). As discussed already, for faults, as the scale L decreases,
the asperity aspect ratio H/L becomes larger, and the asperities steepen.
Therefore, the shear strain required to accommodate the movement of
colliding asperities increases with decreasing scale.

Once the asperities reach a critical aspect ratio H /L , the elastic shear
strain reaches a critical value, and grooving does not occur because plastic
yielding occurs instead. Engineering studies address plastic deformation
on rough surfaces by comparing the elastic stress required to shear an
asperity to the hardness of the material (Greenwood and Williamson,
1966; Johnson et al., 1985; Hyun et al., 2004; Williams, 2005). These
works predict that sheared asperities deform plastically if 2/3 E’H/L > F,
where E’ is the modified Young’s modulus, and # is the hardness. The
transition to plasticity, corresponding to the minimum grooving scale,
should occur at the critical aspect ratio H /L, ~ 2/3(H/E"). Typical values
of I and E’ from nano-indentation testing on quartz are ~9 GPa and 90
GPa, respectively, and on calcite are ~2 GPa and 70 GPa (Brace, 1963;
Oliver and Pharr, 1992; Broz et al., 2006). The corresponding predicted
aspect ratios at the plastic transition for quartz and calcite are 7% and
2%, respectively. These values fall in the range of critical aspect ratios
measured at the minimum grooving scale (0.1%—-8%; Fig. 3). We con-
clude that interpretation of L_ as a plastic transition scale controlled by
the roughness is consistent with typical material properties.

Asperity failure can still occur within the elastic regime, but it occurs
brittlely, rather than plastically. Brittle failure requires that deformational
strain energy is accumulated rather than dissipated immediately; there-
fore, the elastic regime is commonly associated in seismology with brittle
failure (MacElwane, 1936). Grooving is the hallmark of abrasional wear
dominated by brittle failure (Engelder and Scholz, 1976; Zum-Gahr,
1987). At small scales, brittle failure is suppressed on fault surfaces, and
adhesive wear dominates. Therefore, L, may be identified with a brittle-
plastic transition. This identification is supported by thin section evidence
of plasticity at small scales such as bands of preferred crystallographic
orientation and sintering of the fine particles coating the slip surfaces on
many of the faults studied (see the Data Repository for descriptions).
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The interpretation of the minimum grooving scale as the plastic tran-
sition explains the variability of L_ and the consistency of H /L_for each
fault. For any given fault, the overall roughness (vertical position of the
spectra in Fig. 2) differs between locales on the fault. This variability
is also observed in the field-scale measurements (Candela et al., 2012).
Each topographic map samples a portion of the fault surface that imper-
fectly captures the mean power. However, the material properties Hand E’
demand a well-defined value of H /L_everywhere on the fault, as observed
(Figs. 2B, 2C, and 3). Because H /L is well defined, grooving appears
at different scales depending on the local roughness of each topographic
map. In other words, H is a statistical quantity with a distribution of
values; H /L _is deterministically controlled by the material properties.

Interestingly, the experiment with the highest slip rate (1 m/s) had a
lower value of H/L_than the other laboratory experiments on the same
material. The implication is that the high-slip-rate experiment yielded plas-
tically at a lower critical strain. A low yield threshold would be expected
for high-velocity experiments where thermal energy weakens asperities
(Di Toro et al., 2011).

In summary, grooving generally occurs when hard indenters collide
with softer material. If an indenter yields plastically, it is no longer hard,
and no grooving results. Therefore, at high enough aspect ratios for plas-
tic deformation, grooving is not favored. Since fault surfaces are rougher
(have higher aspect ratios) at small scales, the small-scale roughness will
preferentially yield plastically and not create grooves.

IMPLICATIONS FOR FRICTION

The change from dominantly brittle to plastic deformation as a func-
tion of scale is important for defining the asperity size that governs the
frictional behavior (Engelder and Scholz, 1976). In the plastic regime,
the deformed asperities can adhere to the opposite side of the fault and
define the real area of contact between surfaces microscopically (Bowden
and Tabor, 1950; Greenwood and Williamson, 1966; Williams, 2005). At
larger scales, the abrasional grooves indicate that brittle failure occurs
on the fault. We infer that both brittle failure and plastic asperity failure
occur simultaneously on faults, but at distinct scales.

The surfaces from laboratory experiments provide a test of an important
implication of the minimum grooving scale. If the change from dominantly
brittle to plastic deformation as a function of scale defines the asperity size
that governs the frictional behavior, the friction as a function of slip should
also change at this scale. When the fault slides, plastically flattened contacts
weld and need to be sheared first (Engelder and Scholz, 1976; Dieterich,
1979; Dieterich and Kilgore, 1994; Marone, 1998). The critical slip dis-
tance L_needed to shear the welded contacts should be the distance D_ over
which friction evolves from its static to dynamic values, or more generally
in rate-state friction, to a new steady-state value upon a sudden change in
sliding velocity (Dieterich, 1979). The data set here includes surfaces from
velocity stepping friction experiments that measured D_. The values of L
and D _ are similar in all cases. For the limestone experiments, D_ is 100 um
(Tisato et al., 2012), and L_ is 7-80 um; for the clay-rich and serpentinite
experiments, D_is 19-69 um, and L_is 4-30 um (Fig. DR13; Fig. 3B;
Moore et al., 2012). The values of L = 4-500 um on natural surfaces in
Figure 3A are also suggestively close to extant laboratory measurements
of D, which range from 1 to 100 um (Marone, 1998; Tisato et al., 2012).

The interpretation of D_ as the scale of plastic deformation is an
important clarification of the physical origins of D_, which is commonly
associated with an asperity refreshing distance. For a self-affine surface,
asperity refreshing occurs at all scales, and therefore a specific process
like the brittle-plastic transition is required to define a characteristic scale
for frictional weakening.

The measurement of L and its interpretation as D_ are restricted to
well-defined surfaces. Experiments demonstrate that slip weakening can
accumulate over multiple surfaces, resulting in larger macroscopic slip
weakening (Marone and Kilgore, 1993).



CONCLUSIONS

We have found a minimum scale of grooving. For each fault, the
minimum grooving scale corresponds to a specific aspect ratio, and the
fault is ungrooved at the scales over which the fault is relatively rough.

The new observation is useful for understanding the limits of one of
the most common indicators of fault slip. The relationship to aspect ratio
also invites an interpretation in terms of shear strain. At scales below the
minimum grooving scale L , faults are sufficiently rough that asperities
yield plastically. Values of the frictional slip weakening scale D, are simi-
lar to the minimum grooving scale L . The scale D, for solid surfaces is
normally interpreted as a scale of asperity yield; plastic yielding combined
with scale-dependent roughness define the process that sets the scale of
the relevant asperities.

Faults certainly contain complications that are not captured in asperity-
based models of solid friction. Other important processes include distrib-
uted deformation, fluid pressure, melting, chemical reactions, and granular
flow. With all of these factors, it could be imagined that simple laboratory
experiments of solid friction have no bearing on real faults. The obser-
vation of the minimum grooving scale suggests the opposite. There is a
preserved fingerprint on natural fault surfaces of the fundamental process
that governs solid friction. There may now be an observable connection
between geological records of fault slip and the laboratory experiments
on which our modern understanding of friction is based.
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