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Rupture zones and gouge powder form during earthquakes and fault slip**.
Recognizing how these features develop is central to the understanding of earthquake
processes>®. We determine new aspects of gouge texture by applying a novel grain size
analysis to gouge from two seismic faults in two extreme settings: (1) the San Andreas
Fault, California, with ~160 km slip, and (2) the rupture zone of a recent earthquake
in a South African mine with ~0.4 m slip. Both faults display similar gouge
characteristics in that ultra-fine grains approach the nanometer scale, gouge surface
areas approach 80 m?/g, and grain size distribution is non-fractal. These observations
challenge common precepts that gouge texture is fractal’®, and that gouge surface
energy (evaluated here as 2-10 MJ/m?) is a negligible contributor to the earthquake
energy budget®*®°. We propose that the observed fine-grain gouge is not related to
quasi-static cumulative slip, but rather formed by dynamic rock pulverization during
the propagation of a single earthquake.

Grain size reduction and gouge formation are ubiquitous for brittle faults at all scales.
Common fault rock zonation includes progressive grain size reduction: from intact rock
outside, to breccia in between, and fine grain gouge or ultracataclasite inside'®. Most slip
along mature faults is localized within the gouge zone'*"", and apparently gouge properties
control earthquake instability>>'""'?. Gouge formation is commonly attributed to wear and
attrition of sliding surfaces' "' or to implosive loading" during earthquakes. Models of
wear and attrition’ predict that progressive shear within gouge zones should lead to grain
size reduction due to amplified stresses at grain contacts, and to fractal particle size
distributions’ of the gouge; these predictions are supported by field and experimental
observations'*”* with a few exceptions”. The amount of energy consumed by new surfaces
formed during gouge generation has been estimated to be a negligible portion of the
carthquake energy budget®”.

However, there are several pitfalls in standard textural analysis of fine-grained
gougeM. First, optical microscopic analysis and mechanical sieving are restricted to grains
of a few microns in diameter or larger. Second, measurements of size distribution and
surface area of fine-grained materials are susceptible to erroneous results due to
aggregation or agglomeration of extremely fine particles'>'®. For example, our preliminary
measurements of the particle size distribution (PSD) of fault gouge with a laser particle size
analyzer revealed profound time drift: the mean grain size of pulverized granite from the
San Andreas fault zone (see below) dropped by 26% £ 13% during 0.5 hr of continuous



measurement (based on 145 samples'’). This time drift reflects disaggregation into primary
grains as is known for clay mineral aggregates'®. Thus, questions remain open with regard
to size, PSD, and surface area of primary particles in fault gouge. To determine these
properties accurately, we developed a new procedure of continuous measurements (see
Methods). The range of measured particles, down to grains tens of nanometers in size, are
also observed directly by scanning electron microscopy.

Pristine gouge is difficult to find. Chemical alteration and lithification alter the
texture in exhumed fault zones'®, gouge found at surface rupture zones cannot reflect
mechanical conditions at depth, and rupture zones are usually inaccessible at earthquake
focal depths. We chose two fault systems that partly remove these limitations. The first is
the San Andreas Fault, which is a 1,200 km long system that accommodates hundreds of
kilometers of right-lateral slip. The better known exposures of deep parts of the San
Andreas Fault are inactive segments in southern California that were uplifted from a 2-4 km
depth'®'""®_ Our study focuses on San Andreas gouge from an estimated depth of 4-6 km
that is exposed in the Tejon Pass region®’ (~100 km north of Los Angeles), alongside the
rupture zone of the M=8.0 earthquake in 1857*° (Fig. 1A). Here, three sub-parallel fault
segments bound a 70-100 m wide gouge zone composed of pervasively pulverized
granite®, éioistinctly different in PSD and morphology from weathered granites outside the
fault zone™.

South African gold mines, 1.0-3.5 km deep, are shaken daily by thousands of
earthquakes. The mines provide access to rupture zones of these earthquakes at focal depth,
a unique opportunity for earthquake investigations**'*2. Gouge is analyzed from the
rupture zone of the 1997 M=3.7 earthquake in the Hartebeestfontein gold mine (~120 km
southwest of Johannesburg, SA). This event occurred within un-faulted quartzitic layers at
about 2 km depth and produced a new fault (the Bosman fault) later uncovered by mining
operations. The Bosman fault zone is at least 5 m wide and 100 m long with 0.37 m of
maximum dip-slip displacement, and contains 4-6 large, subparallel segments with
hundreds of secondary, small fractures (Fig. 1B). Fractures are filled with white gouge that
is commonly observed in brittle failure zones of quartzite in mines>. The gouge of the new-
borne Bosman fault formed from a single earthquake and was not affected by cumulative
slip of multiple seismic events.

The present study includes PSD measurements of ~250 gouge samples from both
faults; 155 samples were measured for 0.5 hr or more, with eight samples being measured
for 45-190 hr (see Methods). The results are shown by (1) the initial and final PSD (after 72
and 190 hr) of the gouge (Fig. 2A); (2) initial and final cumulative frequencies of grain
numbers (Fig. 2B); (3) the power-law time decay of mean grain size and the associated
increase of surface area of gouge from both faults (Fig. 3). Because the results for the long
duration measurements are generally similar, the figures display only representative
samples.

We determined geometric surface area from the PSD of the gouge first by assuming
smooth, spherical grains. Independently, surface area of six untreated samples of San
Andreas gouge were measured with BET N, adsorption techniques'®. To estimate grain
roughness, we calculated A = (BET surface area)/(geometric surface area); the A= 6.6 £1.5



for these samples is similar to a known range of A of 5.5-22**. Using A = 6.6, the calculated
geometric surface area is converted to equivalent BET surface area (Fig. 3B), revealing
surface area values as high as 80 m?/g. This surface area is probably a conservative estimate
since grain disaggregation does not reach asymptotic values by the end of the long runs
(Fig. 3). SEM images of gouge aggregates can also be used to estimate surface area (m*/g)
of roughly cubic fragments as ~ 2/L, where L is the grain size in microns. Thus, fragments
of 0.02 um of aggregated gouge (Fig. 4) correspond to a surface area of ~100 m*/g.

Inspection of Figs. 2 and 3 reveals the following:

1. Gouge PSD from both faults varies profoundly with run time, changing from an
initial 0.04-200 um range to < 1 um range after 72-190 hr (Fig. 2A). The mean grain size
does not attain asymptotic values (Fig. 3A) suggesting that primary grains, which are tens
of nanometers in size, stay aggregated even after long runs. Accordingly, the apparent
surface area of gouge grains increases with time and the power-law trend indicates surface
area of 100 m*/g after 300-500 hr (Fig. 3B).

2. Gouge from the two faults display similar behaviour and final PSD even though the
two faults are from strikingly different settings and magnitude.

3. The grain number-size distribution of disaggregated gouge does not fit a systematic
fractal distribution (Fig. 2B) because different slopes (corresponding to different fractal
dimensions) are attained with progressive disaggregation. It is thus inferred that the
commonly observed fractal PSD'*"*® reflects aggregated gouge grains in a restricted range
of coarser grain sizes.

These results allow better estimation of the earthquake energy balance. The gouge
surface area of ~80 m”/g (Fig. 3B) corresponds to a surface energy of 0.2-0.36 MJ per 1 m’
of the fault surface for a 1 mm thick gouge zone (for a specific surface energy of quartz of
1-1.8 J/m?). The Bosman fault earthquake generated tens of subparallel fractures that are
each ~1 mm thick and filled with gouge (Fig. 1B); summation of surface energy of 10-30
fractures yields Us ~ 3-10 MJ/m®. This value is approximately equal to the frictional energy
calculated for the Bosman earthquake, Us=1 - d = 8-12 MJ/m? (t 1s the estimated shear
stress and d is the measured slip) and it is also similar to the energy release rate of
earthquakes of 0.5-5 MJ/m?* ® to 1-100 MJ/m? ®®. These energy relations suggest that
surface energy consumed by new gouge that forms during an earthquake can account to
50% or more of earthquake energy.

Finally, we conclude that the observed fine-grained gouge did not form by quasi-
static wear and attrition, but rather formed by dynamic rock pulverization during
earthquake propagation. This conclusion is based on two outcomes of the analysis. First,
the similarity between the PSD of San Andreas gouge with ~160 km of slip at Tejon Pass,
and the PSD of the Bosman fault gouge formed by one earthquake with 0.37 m slip, clearly
indicates lack of correlation between slip amount and grain size. Further, as a single
earthquake generates the fine-grain gouge, it appears that governing parameters of gouge
formation are earthquake processes and not the cumulative slip attrition. Second, there is an
apparent striking difference between energy consumption by gouge formation during an
carthquake (e.g., the Bosman fault) and during wear of quasi-static experiments”’. In the
former, gouge formation consumed ~50% of the earthquake energy (above), while in the



latter, gouge formation consumed only 0.2-0.3% of the supplied mechanical energy (we
calculate from Yund et al.?’ that Ur~7 MJ/m? and Ug ~ 1.5-10* J/mz, by assuming that
their gouge has the same surface area as in the Bosman fault). An earthquake can pulverize
rocks by a few mechanisms. One mechanism is the sequence of fault-normal unloading
followed by implosive loading during the earthquake passage”. Another mechanism results
from the deformation conditions at the tip of the earthquake rupture. We calculated
maximum tension ~5 GPa and dilation rates ~3-10° s™" at the tip of a mode II fracture
propagating at 0.8 of the shear wave™®; these intense conditions are comparable to shock
loading® and could pulverize rocks into gouge.

We now apply the proposed dynamic rock pulverization to the San Andreas fault. If
each earthquake in the studied area (Fig. 1A) generated a 10 mm thick gouge zone that
corresponds to 2.0-3.6 MJ/m” (as in the Bosman fault) then the observed 70-100 m wide
gouge zone was formed by 7,000-10,000 earthquakes, which is in agreement with estimates
of recurrence intervals. While the present observations about gouge energetics are in accord
with some studies™, they contradict common thought that gouge surface energy is a
negligible component of earthquake energy balance®. If our conclusions are valid in
generall,lthey could explain, for example, the heat flow anomaly of the San Andreas fault
system .

Methods

We employ a Beckman Coulter LS230 laser diffraction particle size analyzer. Its 750 nm
laser source and proprietary Polarization Intensity Differential Scattering (PIDS)
technology provide detection limits of 0.04-2000 um. Laser diffraction spectrometry does
not discern between primary particles and agglomerates, and are thus sensitive to degree of
agglomeration inside the analyzer'*'®'®, Disaggregation is a time-dependent process that
can occur over days in silicate mineral suspensions'®. Accordingly, gouge PSD
measurements lasting up to 190 hours were taken, during which progressive disaggregation
could be discerned (Figs. 2, 3). Initial sonication accelerated disaggregation but had no
noticeable influence on the final PSD. Ultra-fine particles may re-agglomerate during the
analysis'*'® as suggested by the increased scatter in surface area at long times (Fig 3B).
Power-law disaggregation (Fig. 3) and re-occurring agglomeration/disaggregation during
analysis indicates that PSD and surface area results are conservative estimates on primary
gouge particle size and area produced by the seismic slip. Ultrafine particles could also
have been lost due to Ostwald ripening and volatilization during sampling/handling.

The collected gouge samples were sealed onsite and stored in plastic bags. For the
PSD measurements, tens of micrograms of sample were added to 25 mls of an aqueous
surfactant solution (usually 1% analytical reagent grade Na-mPO, prepared with double
distilled water) or methanol and then subjected to a low energy sonic bath for 30 minutes.
After an additional 30 minutes this slurry was added to the laser analyzer containing 125
mls of the same solution. Measurements of the diffraction spectrum were performed with
continuous circulation inside the analyzer, and PIDS was used in all reported runs. Spectral
analysis was performed with proprietary software using the Mie scattering model'*'® with
constants for the complex refractive index plus wavelength-dependence for quartz' and an
absorption coefficient of 0.01.
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