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Microstructures and grain size distribution from high velocity friction experiments are compared with
those of slow deformation experiments of Keulen et al. (2007, 2008) for the same material (Verzasca
granitoid). The mechanical behavior of granitoid gouge in fast velocity friction experiments at slip rates
of 0.65 and 1.28 m/s and normal stresses of 0.4–0.9 MPa is characterized by slip weakening in a typical
exponential friction coefficient vs displacement relationship. The grain size distributions yield similar
D-values (slope of frequency versus grain size curve¼ 2.2–2.3) as those of slow deformation experiments
(D¼ 2.0–2.3) for grain sizes larger than 1 mm. These values are independent of the total displacement
above a shear strain of about g¼ 20. The D-values are also independent of the displacement rates in the
range of w1 mm/s to w1.3 m/s and do not vary in the normal stress range between 0.5 MPa and 500 MPa.
With increasing displacement, grain shapes evolve towards more rounded and less serrated grains.
While the grain size distribution remains constant, the progressive grain shape evolution suggests that
grain comminution takes place by attrition at clast boundaries. Attrition produces a range of very small
grain sizes by crushing with a D<-value¼ 1. The results of the study demonstrate that most cataclastic
and gouge fault zones may have resulted from seismic deformation but the distinction of seismic and
aseismic deformation cannot be made on the basis of grain size distribution.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

Fault rocks, and especially fault rocks from seismic events, have
received increasing attention over the past years. In the field, it is
extremely difficult, if not impossible, to distinguish between
seismic and aseismic fault rocks (Cowan, 1999, Sibson, 1989). So far,
the occurrence of pseudotachylites appears to be the main reliable
criterion for the identification of seismic slip in natural fault rocks
(McKenzie and Brune, 1972, Sibson, 1975, Spray, 1992, 1995, 1997).
Another criterion is the occurrence of clay-clast-aggregates in clay-
rich gouges (Boutareaud et al. 2008). Alternatively, the direct
association of fault zones with active faulting, e.g. in the San
Andreas fault system or the Nojima fault of the Kobe earthquake
may be used to infer that seismic slip has occurred in the fault rocks
(Sammis et al., 1987, Wilson et al., 2003, Chester et al., 2005, Murata
et al., 2001, Monzawa and Otsuki, 2003). These criteria apply to
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a small number of faults. For the large part of the natural inventory
of fault rocks, which may be available for detailed analysis as
potentially seismic zones, seismic slip rates cannot be inferred with
certainty. If measurable properties, such as grain size, grain shape,
etc. could be used to identify fast slip rates, a large number of
natural faults from all geological periods and from many different
tectonic settings would be available for studies of processes and
mechanisms of the earthquake cycle.

One way of obtaining information about deformation processes
in fault rocks is to perform experiments employing fast slip rates as
these may simulate seismic slip rates (e.g. Spray, 1987, 1993,
Tsutsumi and Shimamoto, 1997, Hirose and Shimamoto, 2003,
2005, Mizoguchi et al., 2007, Han et al., 2007a, b, Boutareaud et al.,
2008). We have carried out fast slip experiments on granitoid fault
gouge, because there is data of microstructures and grain size
distributions of the same material from slow deformation experi-
ments. The experiments at slow deformation rates have been
carried out in a Griggs solid medium apparatus by cracking of solid
samples of granitoid material followed by sliding of the fragments
at high confining pressures and a range of temperatures (Keulen
et al., 2007, 2008). The objectives of the present investigation are to
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Fig. 1. Schematic view of the sample assembly in the fast rotary shear apparatus. R¼ rotation side of the assembly, S¼ stationary side of the assembly. Dimensions are given in mm.
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study the evolution of the grain size distribution at different slip
rates and at different amounts of total slip in order to obtain
information about the comminution process, the dependence of
sliding on the microstructures, and to potentially quantify the
evolution of the grain size distribution for different rates of slip
(seismic and aseismic) and for different total amounts of slip.
Table 1
Results of fast experiments performed on high speed rotary testing apparatus.
Inferred temperature for all experiments 400 �C (see text).

Sample
Number

Normal
stress [MPa]

Slip rate
[m s-1]

Steady state
friction coefficient

Total
displacement
[m]

Average
D-value of
gouge

HVR 833 0.8–0.9 1.28 0.35–0.45 24 2.24
HVR 835 0.8–0.9 1.28 0.35–0.5 26
HVR 836 0.8–0.9 0.65 0.57–0.7 20 2.26
HVR 840 0.8–0.9 1.28 0.35–0.5 36
HVR 841 0.8–0.9 1.28 0.45–0.55 11
HVR 842 0.4–0.5 1.27 0.45–0.65 39.5 2.26
2. Experimental and analytical procedures

The fast slip experiments have been performed on crushed
starting material from Verzasca gneiss in a high speed rotary
testing apparatus (Shimamoto and Tsutsumi, 1994). The crushed
material has been prepared from the same Verzasca granitoid
gneiss material as the slow deformation experiments of Keulen
et al. (2007, 2008). Verzasca gneiss is a fine-grained granitoid gneiss
(grain size w280 mm) with almost no secondary alteration minerals
and a very weak planar and linear fabric. The location of the sample
of the starting material is: Swiss coordinates 704.65/126.30; the
composition is: 29% plagioclase, 27% K-feldspar, 35% quartz, 7%
mica (mostly biotite).

The starting material has been prepared by pounding of the
solid rock and large fragments (only once or a couple of times) and
sieving the fine fragments after pounding. The larger fragments
have been pounded and sieved again until the grain size of the
starting material has been smaller than 500 mm. By this procedure,
we attempt to produce fragmented material more typical of natural
damage zones rather than cataclastic or gouge material which is
typically produced in natural slip or process zones after extensive
attrition and wear.
The starting material (1g) has been placed between roughened
(ground flat using no. 80 SiC powder) cylinders of Verzasca gneiss
(24.5–24.6 mm diameter; Fig. 1), resulting in about 1 mm thick
layers of the crushed material. No water has been added but some
water may be present as a result of adsorption from air humidity.
A Teflon sleeve (Fig. 1) holds the crushed material in place during
shearing but no confining pressure is applied. The sample is
inserted into a high speed rotary shear apparatus (Tsutsumi &
Shimamoto 1994) and deformed at different slip rates and different
amounts of total displacement and normal stress (Table 1). The slip
rate of the sample varies between 0 at the center and the maximum
rate at the periphery. An ‘‘equivalent slip velocity’’ Veq (termed ‘‘slip
rate’’ in this text) is defined by obtaining the frictional work rate Wr

on the slip surface area S assuming that the shear stress s is
constant over the slip surface and does not vary with velocity :

Wr ¼ s Veq S (1)
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(Shimamoto and Tsutsumi, 1994, Hirose and Shimamoto, 2005).
In practice, the value of the equivalent slip velocity is approxi-
mately equal to the slip rate at the periphery divided by 1.5.

After the experiment, the crushed starting material is much
finer in grain size and represents a fault gouge typical for extensive
slip, attrition, and wear. A minor amount of shortening occurs
during the experiment, partly by compaction of the gouge during
the rotation, partly by small amounts of gouge moving between the
cylinders and the Teflon sleeve. All experiments have been carried
out at room temperature, but some shear heating of the samples
has occurred. The sample temperature has not been measured, but
gouge experiments of Boutareaud et al. (2008) were performed
under the same slip rates and the same normal stress. Boutareaud
et al. (2008) have measured peak temperatures around 400 �C, and
we infer similar temperatures for our experiments. No melt has
been detected in any of the samples.

After the experiments, the Teflon ring was removed using
a C-clamp to hold the forcing blocks in place. The gouge was
vacuum-impregnated with Laromin, a low viscosity epoxy. After
impregnation, the samples were cut for thin sections parallel to the
rotation axis, about 3–4 mm from the periphery of the cylinder.

The shape analysis of grains was carried out on SEM-BSE
micrographs using the image analysis program ‘‘Image SXM’’
(Barrett, 2002, http://www.liv.ac.uk/wsdb/ImageSXM) and the
fabric analysis programs ‘‘paror’’, ‘‘surfor’’ and ‘‘ishapes’’ (Panozzo,
1983, 1984, Heilbronner and Keulen, 2006, http://www.unibas.ch/
earth/micro). Particles have been segmented automatically and,
where necessary, manually. Two parameters are used to describe
fragment shapes: (1) Aspect ratio, defined by the long and short
axes of projected particles, and (2) Paris factor, which is derived
from the difference between the length of the outline of a particle
and the length of its convex envelope. A Paris factor of 0% repre-
sents particles with completely convex, uncorrugated surfaces,
whereas higher Paris factors indicate more serrated boundaries
and/or concave shapes. For more details of the analysis, see Heil-
bronner and Keulen (2006).

For the grain size analysis ‘‘Image SXM’’ is used, following the
routine outlined in Keulen et al. (2007). The grain size is described by
the radius, r, of the area-equivalent circle of the 2-dimensional cross
sectional areas of the grains. The negative slope of the log(#)-log(r)
plots yields the D-value. This value applies to the size distribution of
2-D grain areas. The fractal dimension of the size distribution of 3-D
grains is obtained by adding the value of 1.00 to D.

3. Results

3.1. Mechanical data

A total of six samples were deformed (Table 1). As can be seen in
Fig. 4, at the beginning of the slip, the friction coefficient is some-
times higher than 1.0. This is partially due to the effect of frictional
resistance between Teflon sleeve and host rock, that is often around
0.1 MPa in shear stress (e.g., Mizoguchi et al., 2007). However this
resistance reduces gradually to nearly zero at high slip rates, so we
did not correct the effect of Teflon friction for the mechanical data.

Four samples, HVR 833, 835, 840, and 841, were deformed at a slip
rate of 1.28 m/s and a normal stress of 0.8 to 0.9 MPa, but to different
amounts of total displacement (Table 1, Fig. 2 a–d). These experi-
ments show a good reproducibility and similar characteristics of
mechanical behavior: The friction coefficient decreases after some
displacement and reaches a lower (more or less) steady state mean
value of m¼ 0.4–0.5 for most samples after 8–10 m (slip weakening
distance Dc) of slip (Fig. 2 a–d). The slip weakening distance is in
a similar range as that determined for other fast slip experiments on
fault gouge (Mizoguchi et al., 2007, Brantut et al., 2008).
The slip weakening critically depends on slip velocity: Sample
HVR 836 which was deformed at half the slip rate (0.65 m/s) only
weakens to a friction coefficient of 0.6–0.7 (Fig. 2e), compared to
0.4–0.5 of the fast slip experiments at 1.28 m/s. Similar findings
have already been described by Mizoguchi et al. (2007) and
Tsutsumi and Shimamoto (1997). Our results are also in accord with
those from slower friction experiments (e.g. Marone, 1998, and
references therein).

On the other hand, the normal stress does not seem to affect the
friction coefficient of the weakened stage of slip very much. The
mean friction coefficient of experiment HVR 842 (Fig. 2f) is only
slightly higher than that of the other samples at the same slip rate
(Fig. 2a–d). The initial peak friction coefficient of sample HVR 842 is
higher, possibly due to some initial compaction effects of the
crushed rock under the lower normal stress.

All weakening parts of the curves show the typical exponential
decay relationship of the friction coefficient with increasing slip
distance (e.g., Hirose and Shimamoto, 2005, Mizoguchi et al., 2007).
Minor variation in the mechanical data is attributed to the micro-
structural heterogeneity of the slip zones and their complex
internal structure (see below).

3.2. Microstructures

In all of the deformed samples, there is a distinct layering of the
gouge material (Fig. 3). The layers may be distinguished primarily
on the basis of grain size (layer 3 always contains less fine grained
material than layers 1 and 2), or on the basis of color (layer 1 is
always darker than layer 2). The origin of the dark color (most
obvious in layer 1) of the gouge is not entirely clear. At higher
magnification, the layers can still be distinguished in SEM images
by what appears to be dark ‘‘holes’’ or cavities between grains
(Fig. 4a). In plane polarized light in the light microscope, very fine-
grained dark particles and no porosity can be observed between
fragments. Thus, these dark regions are not cavities or pores but
consist of very small solid particles with a low atomic number
contrast in the SEM. An identification of these particles has not
been possible but their low atomic number suggests that these
probably are carbon-rich breakdown products from the Teflon
sleeve around the sample.

The thin sections were prepared close to the periphery of the
samples, tangential to the cylinder, parallel to the rotation axis.
They are assumed to represent the same shear strain rate
throughout the area of analysis; any effect of the radial strain
gradient from the periphery to the central axis is neglected.

In one sample, three layers are developed (layers 1, 2, 3; HVR
833, Fig. 3a), in others only two (layers 1 and 2; HVR 836 and 842,
Fig. 3b,c). The boundary between layers can be sharp and planar
(Fig. 3a), irregular (Fig. 3b), or convoluted (Fig. 3c). In some samples,
there are repetitions of layers, especially where their boundary is
convoluted. These structures indicate some non-laminar move-
ment of the layers in the gouge, at least for part of the deformation.

In many cases, elongated fragments are aligned or are oriented
at a low angle with the shear plane (Fig. 3). In layers of type 1, the
main gouge layer, fragments have more rounded corners and
smoother edges than in layers 2 and 3 (Fig. 3), suggesting that
a higher amount of slip (with more attrition) has been accommo-
dated in layers of type 1. Layer 3 in HVR 833 shows a considerably
larger amount of coarse grains, indicating that very little, if any,
displacement has been accommodated in this layer.

In HVR 836, a very thin (0.015–0.06 mm) dark layer of variable
thickness (without any coarser fragments) is in direct contact with
the solid cylinder (Figs. 3b, 4b). This thin layer shows some internal
fabric consisting of bands of very fine grains (Fig. 4c). The bands
have an internal S-geometry (in the sense of S-C-fabrics) consistent
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Fig. 2. Friction coefficient, m, of the experiments versus the slip distance calculated for the ‘‘equivalent slip velocity’’. Weakening is similar in all experiments. a.) to d.) Experiments at
0.8–0.9 MPa normal stress, slip rate of 1.28 m/s, e.) Experiments at 0.4–0.5 MPa normal stress, slip rate of 1.27 m/s, f.) Experiment at 0.8–0.9 MPa normal stress, slip rate of 0.65 m/s.
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with the applied shear sense (Fig. 4b,c). In the same thin layer, there
is a gradient in grain size with the coarser sizes at the lower solid
cylinder interface to very fine grains at the interface with the main
gouge layer (layer 1, Fig. 4b). The grain size gradient is interpreted
to result from a greater amount of slip in the very fine-grained parts
between the main gouge layer and the solid rock.

Some clasts in the gouge show local attrition or spalling at their
margins (Fig. 4d). The grain size in these attrition zones is generally
smaller than in the normal gouge. The grain size in the normal
gouge can be very small, the smallest particles detected are below
100 nm (Fig. 4e).

3.3. Grain size distribution

The grain size distribution (GSD) is represented in log grain size
versus log frequency diagrams (Fig. 5a). The D-value is determined
from the slope of the best fit to the grain size vs. frequency rela-
tionship (Fig. 5a; Sammis et al., 1986, Heilbronner & Keulen, 2006,
Keulen et al., 2007). There are two slopes, D> for grain sizes larger
than rk, and D< for grain sizes smaller than rk (Fig. 5a). The value
for rk denotes the change in slope of the grain size vs. frequency
relationship and has a value between 1.1. and 1.3 mm for the
samples of this study. The origin of the slope change is most likely
related to the grinding limit (An & Sammis, 1994, Keulen et al.,
2007), a critical grain size above and below which the commi-
nution mechanism of the minerals are different. The observed D>-
values, D< -values, and rk values are very similar to those found in
the fine grained material of slow deformation experiments of
Keulen et al. (2007). In the slow deformation experiments, the
D-values of quartz and feldspar were determined separately,
whereas for the fast slip experiments only a single value was
determined for feldspar and quartz. An average value between



Fig. 3. Light micrographs of the deformed samples selected for microstructural and
grain size analysis (plane polarized light). Light material at top and bottom are the
solid cylinders between which the crushed material (darker) has been deformed. Sense
of slip and scale apply to all. Numbers refer to the layers for which the shape and grain
size analysis has been carried out (see text). a.) HVR 833, b.) HVR 836. Arrows point to
slip zone at the bottom of the gouge zone directly in contact with the solid cylinder. c.)
HVR 842. S-C-geometry of the slip zone is indicated.

H. Stünitz et al. / Journal of Structural Geology 32 (2010) 59–69 63
feldspar and quartz is used for slow slip samples to compare them
with fast slip ones.

The D-values of layer 1 and 3 in sample HVR 833 differ (Fig. 5a).
The values of 2.23 (layer 1) and 1.54 (layer 3) correspond to values for
gouge and cracked material, respectively, measured in slow defor-
mation experiments of the same starting material (Keulen et al.,
2007). ‘‘Cracked’’ denotes fractured grains, where the original
geometric relationship of the fragments can still be recognized (i.e.
very little displacement between fragments), whereas ‘‘gouge’’
refers to material where the fragments are rounded and displaced
with respect to each other. Layer 3 corresponds to cracked grains of
the slow deformation experiments, whereas layers 1 and 2 corre-
spond to the gouge of the slow deformation experiments (Keulen
et al., 2007). The D>-values observed in fast slip experiments are the
same as those of cracked and gouge material of slow deformation
experiments (cf. Keulen et al., 2007) and allow the distinction of
cracked material (layer 3) and gouge material (layer 1).

For the loose starting material a single D-value of 1.2 is
measured (Fig. 5b), which is lower than the D-value of layer 3
(D>¼ 1.54). The reason for the lower D-value may be the absence of
compaction of layer 3. During the experiment., the compaction is
likely to cause further comminution of the grains, resulting in an
increased D-value of 1.54.

The D-values of layer 1 and 2 in sample HVR 833 are indistin-
guishable (Fig. 5b). Thus, the difference in color between these
layers is due to the black color of the fine particles only and not to
differences in GSD. The same D>-values of¼ 2.2–2.3 are also found
in the corresponding layers in samples HVR 836 and HVR 842
(Fig. 5b), which have been deformed at a slower slip rate (HVR 836,
Fig. 2e) and at a lower normal stress (HVR 842, Fig. 2f). Thus, all
D-values observed in fast slip experiments correspond to those of
cracked and gouge material of slower deformation experiments
and are independent of normal stress and slip rate within the range
of tested parameters.

3.4. Shape analysis of gouge

Three of the deformed samples have been selected for detailed
quantitative microstructure analysis (HVR 833, 836, and 842). The
three layers of sample HVR 833 have been analyzed individually as
they represent examples of different amounts of total slip
(concluded from the grain size analysis), from layer 3 (cracked
material - very little slip) to layer 1 (gouge material - large amount
of slip).

A plot of the Paris factor (Heilbronner & Keulen, 2006) which is
a measure of convex and concave particle shapes (low Paris fac-
tor¼ convex shapes) versus the aspect ratio shows a decrease in the
scatter of the data from layer 3 to layer 1 (Fig. 6a–c). The values
converge towards low Paris factors and low aspect ratios in the
layer 1, where a large amount of the total slip has taken place
(Fig. 6a). The average values of all data from each layer show this
trend clearly (Fig. 6d). The starting material is also included and
indicates that for no or very little slip or compaction, there is mainly
a reduction in the Paris factor (difference between the Paris factor
of starting material and layer 3). This reduction represents
a rounding of fragment surfaces from angular and serrated to more
convex shapes. This shape change can be explained best by spalling
and abrasion of fragments in the deforming matrix of gouge. For
increasing slip, the aspect ratio decreases, too, indicating that
elongate particles are preferentially affected by the fragmentation
and spalling. The result of continued fragmentations and spalling
are equant, progressively rounded grains (Fig. 6).

4. Discussion

4.1. Experiments

The results of the GSD are quite clear: All samples show the
same values for D<, D>, and rk for layers 1 ,2 and 3, independent of
slip rates and normal stresses, indicating that these parameters do
not affect the grain comminution. The GSD’s of the fast slip rate
experiments can be compared to those of the slow deformation
experiments performed on the same granitoid sample material
(Fig. 7a,b), although total strains are very different, too. For the fast
slip experiments, all minerals were analyzed together and repre-
sented by single D- and rk-values (Table 1), whereas for the slow
deformation experiments, quartz and feldspar in the granitoid
gouge have been analysed individually (Table 2). We therefore
compare the D-values of this study with an average D-value of
quartz and feldspar for the slow deformation samples (Fig. 7a,b).
The plot covers different slip rates over a range of 8–9 orders of
magnitude. All D>-values for slip rates of 1.28 m/s (fast slip
experiments) and w1 mm/s (slow deformation experiments of
Keulen et al., 2007, 2008) lie between 2.0 and 2.35, so that there
appears to be no systematic difference in D-values of fault gouge for
these very different slip rates. The fact that the lowest D>-values



Fig. 4. SEM backscatter micrographs of the experimental fault gouge. a.) Section across the boundary between layer 1 and 2 in sample HVR 833 (Fig. 3a). The darker layer 1 (upper 2/
3 of the image) can be distinguished from the middle layer 2 (lower 1/3 of image) because of dark material along some of the grain boundaries. b.) Detail of the finer grained slip
zone at the contact between the gouge zone (layer 1) and the solid rock in sample HVR 836 (Fig. 3b). S-and C- geometry of slip zone is indicated. c.) Detail of the material in the fine
grained slip zone of Fig. 4b showing bands of different grain sizes in the S-planes. d.) Boundary region of a clast where finer grained material forms at the clast surface by attrition.
Sample HVR 836, layer 1. e.) Fine grained material in gouge, layer 1 in sample HVR 836.
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are found at 500 �C may point to temperature effects, which may
become important around or above 500 �C.

Cracked grains (¼ layer 3) in fast and slow experiments
show the same D-values of 1.5–1.7 (Fig. 7b). The lower
D-values for cracked material in slow deformation experiments
correspond to those of layer 3 of fast slip experiments and are
consistent with observations by Marone & Scholz (1989) who
have found lower D-values for hydrostatically loaded and low
shear strain samples. Cracked material from our experiments
may be similar to the damage zones, whereas gouge material
from our experiments may be similar to process or slip zones
in natural faults.



Fig. 5. (a) Grain size distribution for sample HVR 833 in a log - log plot of grain size versus frequency. The values rk indicates the grain size value where slope of the grain size –
frequency relationship changes in layer 1. The solid lines indicate the slopes for the fitted D-values. D>¼D-value of grain size larger than rk; D<¼D-value of the material smaller
than rk; rk¼ grain size-value where the change in slope occurs. (b) D-values of the the starting material and three of the deformed samples.
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Fig. 6. Paris factor versus aspect ratio in the different layers of sample HVR 833. (a) Layer 1, (b) Layer 2, (c) Layer 3 at the bottom contact with the solid cylinder (see Fig. 3a). (d)
Average values for the grain shapes from plots (a) to (c).
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The normal stress in the slow deformation experiments is much
higher (500 MPa) than in fast slip experiments as the former have
been carried out in a solid medium Griggs-type apparatus. The
same D-values in the fast slip experiments at low normal stress and
in slow deformation experiments at high confining pressure indi-
cate that there is no dependence of the D-value on pressure within
the range of tested values (0.5–500 MPa). The confining pressure
has been found to affect the D-value only at much higher confining
pressures (1 GPa; Keulen et al., 2007) where mode II cracking is
inferred as the dominant process during grain comminution (Hirth
& Tullis, 1994).

It is interesting to note that the fast experiments at low normal
stress and the slow experiments at high normal stress levels
produce similar GSD’s. One possible way of reconciling these
findings is to compare the D-values in terms of the work done to the
gouge. The energy involved derives both from normal or shear
stress and from displacement or shear strain rate. An additional set
of experiments is necessary to test the separate influence of stress
and displacement rate.

Lower D-values (D>¼ 1.7–1.9) have been observed for some of
the very slow deformation experiments (10�1to 10�2 mm s�1) that
lasted for several days or weeks (Keulen et al., 2008). These low D-
values have been determined in the gouge of higher temperature
experiments at 500 �C (Fig. 7a). The lower D-values are caused by
grain growth processes, which compete with comminution at slow
rates of deformation and temperatures above 300 �C (Keulen et al.,
2008). It is interesting to note that the grain growth effect is only
observed in gouge, not in the cracked material of slow deformation
experiments (Fig. 7b) and not in layer 3 (equivalent of cracked
grains) of the fast slip experiments. The reason for the absence of
temperature effects in the cracked material in fast slip experiments
seems to be that (1) the temperature prevails only for less than one
minute, and (2) grain growth is not as effective if there are only
a few very fine grains, which is the case in the cracked material as it
has not been sliding (Keulen et al., 2008). The very fine grains
disappear during the grain growth, presumably by dissolution
(Keulen et al., 2008).

The same D-values in slow and fast deformation experiments
have developed after very different amounts of total displacement.
The maximum total slip in slow deformation experiments is on the
order of a few mm (Keulen et al., 2007, 2008), whereas the total slip
for the fast slip experiments varies between 10 and 37 m (Fig. 2). In
order to compare these values, the total shear strain is used,
because the thickness of the slip zones is quite different in slow
deformation and fast slip experiments. The total shear strain in the
slow deformation experiments varies substantially. The thickness
of the individual displacement zones (cracks) varies between 10 mm
and 1 mm. Given a large variation in displacement, the maximum
shear strain values are on the order of g¼ 20–60, whereas that of
the fast slip experiments varies between g¼ 15’000 and 33’000.
Thus, taken together, the high and low speed experiments
demonstrate that the GSD of the sliding gouge develops after g w20
and then remains approximately constant. Although the amounts
of displacement recorded in slow deformation experiments are



Fig. 7. D-values of the fast slip experiments (framed) in comparison to D-values of samples of slow deformation experiments of the same sample material (from Keulen et al., 2007
and Keulen et al. 2008). For the fast slip experiments, one D-value was determined for each of the layers (layers 1 and 2 correspond to gouge, layer 3 to cracked). For the slow
deformation experiments, averaged values (quartz and feldspar) for cracked and gouge are shown. (a) D-values plotted against displacement rate. Displacement rates for slow
experiments could not be measured directly. (b) The same D-values plotted against temperature of deformation.
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quite small, the total shear strains are higher than those of many
friction experiments (Marone and Scholz, 1989, Mair and Marone,
1999, Mair et al., 2002). D-values of D¼ 2.6 after shear strains of
g¼ 1.5–2 have been observed previously by Marone and Scholz
(1989). In 3-dimensional analysis, values of D¼ 2.6 correspond to
D¼ 1.6 of the 2-dimensional analysis employed in this study, so
that Marone & Scholz’ (1989) data corresponds well to the results of
this study for small displacement, i.e. for cracked material. Thus,
cracked material from our experiments may be similar to damage
zones, whereas gouge material from our experiments may be
similar to process or slip zones in natural faults.

The results of the GSD and the shape analysis may be used to
infer some aspects of the grain comminution process of the gouge.
The grain shape evolution continues towards more equant grains
with more rounded boundaries and/or more convex shapes during
increasing slip (Fig. 6). This shape evolution indicates continuing
spalling or attrition at clast boundaries during slip. The GSD,
however, shows stable D-values after small amounts of deforma-
tion (g¼ 20) and, therefore, is almost independent of the amount of
total slip. Thus, attrition and spalling, which are the likely processes
of continuing comminution in the sliding gouge, do not change the
D>-value of the already existing gouge. From this argument it
follows that spalling does not take place by chipping off larger
Table 2
Results of slow experiments performed on a Griggs deformation apparatus. Data from K

Sample Temp. of Deform. [�C] Strain Rate [10�4 s�1] D-value

Cracked

12 nk 20 w100a

38 nk 300 1.5 1.68
64 nk 300 1.3 1.52
102 nk 300 1.3 1.52
60 nk 300 1.5 1.37
63 nk 300 1.4 1.62
66 nk 300 0.015 1.37
91 nk 400 1.3
68 nk 500 1.4 1.67
72 nk 500 0.0013 1.68

a Strain rate for sample 12 nk is estimated.
fragments from the clasts but takes place by crushing producing
a range of grain sizes at the clast boundaries. Such a spalling process
is observed in the fast slip samples: New fine-grained gouge is
formed at the boundaries of larger clasts in the gouge (Fig. 4d).
Most of the fragments from attrition and spalling are smaller than
1 mm (Fig. 4d), so that attrition contributes mainly to the fine grain
size fraction below rk. The fact that the new fragments from attri-
tion have a dominant size below rk causes the D>-values to be
unchanged even at large displacements.

Temperature does not appear to affect the D-values of the gouge
below w300 �C (Keulen et al., 2007). The temperature due to shear
heating in our fast slip experiments has been inferred to be
a maximum of w400 �C from comparison with other fast slip
experiments at the same conditions by Boutareaud et al. (2008).
The fact that no melt has been detected also suggests that the
temperatures have remained below w500 �C (e.g., Brantut et al.,
2008, Mizoguchi et al., 2007). The temperatures of the fast slip rate
experiments are in the same range as the slow deformation
experiments, which were carried out at 300 �C and 500 �C.

It is rather difficult to estimate the influence of the micro-
structural development on the mechanical properties of the gouge.
The slip rate has a strong effect on the slip weakening behavior of
the experiments (Fig. 2), as is commonly observed in gouge
eulen et al., 2007 and Keulen et al., 2008.

s feldspar D-values quartz Average D-values

Gouge Cracked Gouge Cracked Gouge

1.65 2.33
2.03 1.56 2.26 1.62 2.14
2.06 1.44 2.26 1.48 2.16
2.07 1.55 2.27 1.53 2.17
1.85 1.72 1.94 1.55 1.89
2.12 1.55 2.32 1.59 2.22
2.09 1.46 2.26 1.41 2.17
1.99 2.18 2.09
1.95 1.47 2.07 1.57 2.01
1.68 1.68 1.68
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experiments (e.g. Marone, 1998, Beeler et al., 1996, Mair and
Marone 1999) and in fast slip experiments (e.g., Mizoguchi et al.,
2007). As the GSD is not affected by the slip rate at all, weakening of
the fault rock cannot depend on the produced GSD of the gouge. As
the mechanical properties will depend on the friction of the gouge
(Mair and Marone, 1999, Mair et al., 2002, Guo and Morgan, 2004,
2006), the sliding in the existing gouge is more controlled by fric-
tion, rolling, and sliding of particles and probably not so much on
the comminution process. According to this study, fault gouge
which has accommodated small or large amounts of slip appears to
have very similar D-values. The D-values in nature all appear to be
rather similar and comparable to experimental ones (Wilson et al.,
2003, 2005, Monzawa & Otsuki, 2003, Chester et al., 2005, Ma et al.,
2006, Sammis and King, 2007, Keulen et al., 2007, 2008). The final
D-values of the gouge develop after small displacement (i.e., after
a maximum of g¼ 20), so that one parameter which could poten-
tially be affected by the GSD is the slip weakening distance as it may
depend on the grain comminution.

4.2. Geological application

One motivation for this study has been to investigate whether
information on fault processes (seismic or aseismic) can be
extracted from the microstructures of natural fault rocks if the
conditions of their deformation are known. The grain size distri-
bution (GSD) is one parameter which is readily quantified in fault
rocks (Sammis et al., 1987, Sammis and Biegel, 1989, Marone and
Scholz, 1989, Blenkinsop, 1991, An and Sammis, 1994, Shao and Zou,
1996, Monzawa and Otsuki, 2003, Wilson et al., 2003, Hadizadeh
and Johnson, 2003, Billi and Storti, 2004, Storti et al., 2003, Chester
et al., 2005, Ma et al., 2006, Keulen et al., 2007). However, one of the
major results of this study is that the GSD is neither dependent on
the amount of slip nor on the slip rate. In other words, there
appears to be no microstructural criterion so far by which a fault
rock can be clearly inferred to have a seismic or aseismic origin. On
the other hand, many pseudotachylite-free fault rocks may have
a seismic origin, because seismic and aseismic deformation
produce the same GSD and microstructure.

Also, it has been proposed that increasing slip will increase the
D-value of fault gouge (Sammis and Biegel, 1989, Hattori and
Yamamoto, 1999, Hadizadeh and Johnson, 2003, Sammis and King,
2007, Storti et al., 2003, 2007). The results of slow and fast slip
experiments demonstrate that the amount of slip necessary to
produce a stable D-value in fault gouge is small (g� 20), so that,
unfortunately, the GSD is not a practical tool to assess slip magni-
tude in fault zones. Furthermore, there is no dependence of the GSD
on normal stress within realistic confining pressures for brittle
faults from the experimental data (Keulen et al., 2007), so that no
information on the depth of faulting can be obtained from the GSD.
In addition, it has to be kept in mind that annealing also resets the
GSD in the sense that healed gouge reverts from a size distribution
with D� 2.00 to one of freshly fragmented material with D¼ 1.6
(Keulen et al., 2008).

It is possible, however, that a microstructural measure for the
amount of slip may be derived because the fragment shapes
(angularity, aspect ratio, convex or concave shapes, etc.) show
a dependence on the amount of slip and may record some infor-
mation on slip magnitude, as already described by Mair & Marone
(1999) and Storti et al. (2007). This relationship is rather qualitative
at this point but the fast slip experiments demonstrate that the
relationship also holds for seismic rates of deformation. These, and
other parameters, such as the widening of fault zones with
increasing displacement (e.g. Scholz, 1987) are probably more
promising criteria to extract information about the conditions of
natural fault zone formation.
5. Conclusions

From the results of the fast-speed rotary-shear experiments on
granitoid fault gouge and their comparison with slow deformation
experiments (carried out in a Griggs apparatus) of the same
material the following conclusions can be inferred:

The grain size distribution reaches stable D>-values of 2.0–2.3
(2-D-values) for grain sizes above w1 mm after small amounts of
displacement (shear strains of g¼ 20). These values are constant to
large displacements of up to 40 m (g¼ 15,000–33,000). For grain
sizes below w1 mm, the D<-values are always¼ 1.

The D-values are the same for a wide range of displacement
rates, from w1 mm/s to w1.3 m/s, once they have reached stable
values above a shear strain of ca. g¼ 20. From these data, it is
impossible to distinguish between seismic and aseismic fault zones
on the basis of their grain size distribution.

Grain shapes evolve during progressive slip towards more
equant shapes with smoother grain boundaries and/or more
convex shapes. This result is in accord with previous observations
by Storti et al. (2003, 2007) in natural fault zones.

The grain size distribution does not vary with normal stress
within a range of w0.5 MPa to 500 MPa. Lower D-values are
observed only for high confining pressures of w1 GPa (Keulen et al.,
2007).

The granitoid gouge is velocity weakening, and the weakening is
less pronounced for a slower slip rate. This result is in accord with
fast slip velocity experiments on gouge by Mizoguchi et al. (2007).

The grain comminution process takes place by spalling, where
mostly very small grain sizes (less than 1 mm) are formed at the clast
boundaries. The size range of these grains is below rk and the D-values
is w1, corresponding to the D<-values of the gouge and leaving the
D>-values of the gouge unaffected (D>¼ 2.0 to 2.3) by further
deformation. More work is required to substantiate this aspect.
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