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[1] To determine the processes responsible for slip-
weakening in clayey gouge zones, rotary-shear experiments
were conducted at seismic slip rates (equivalent to 0.9 and
1.3 m/s) at 0.6 MPa normal stress on a natural clayey gouge
for saturated and non-saturated initial conditions. The
mechanical behavior of the simulated faults shows a
reproducible slip-weakening behavior, whatever initial
moisture conditions. Examination of gouge obtained at
the residual friction stage in saturated and non-saturated
initial conditions allows the definition of two types of
microstructures: a foliated type reflecting strain localization,
and a non-foliated type composed of spherical aggregates.
Friction experiments demonstrate that liquid-vapor transition
of water within gouge due to frictional heating has a high
capacity to explain the formation of spherical aggregates in
the first meters of displacement. This result suggests that the
occurrence of spherical aggregates in natural clayey
fault gouges can constitute a new textural evidence for
shallow depth pore water phase transition at seismic slip
velocity and consequently for past seismic fault sliding.
Citation: Boutareaud, S., D.-G. Calugaru, R. Han, O. Fabbri,

K. Mizoguchi, A. Tsutsumi, and T. Shimamoto (2008), Clay-clast

aggregates: A new textural evidence for seismic fault sliding?,

Geophys. Res. Lett., 35, L05302, doi:10.1029/2007GL032554.

1. Introduction

[2] Exposures of active faults show that in the upper crust
co-seismic slip occurs within a few mm-thick clayey layer
called the seismic slip zone thought to exist down to depths
of about 5 to 8 km [Sibson, 2003]. This slip zone is partly
composed of phyllosilicates resulting from rock cataclasis
and hydrothermal alteration. Observations and laboratory
experiments show that thermo-poro-mechanical properties
of this slip zone significantly influence the dynamic fric-
tional strength of active faults by controlling the efficiency

of slip-weakening mechanisms during earthquakes [Rice,
2006].
[3] Based on theoretical or experimental studies and

analyses of fossil co-seismic slip zones exposed at the Earth
surface, several thermally-activated mechanisms have been
proposed to account for the exponential decay in fault
strength. Amongst those mechanisms, effect of pore water
phase transition on friction has received little attention
[Mizoguchi et al., 2007a; Sulem et al., 2007]. Moreover, no
experiment has reported any correlation of seismic slip record
with this mechanism, and no diagnostic microstructure allows
yet recognition of such a mechanism in natural fault rocks.
[4] The aim of this contribution is to describe spherical

aggregates obtained in experiments involving natural clayey
fault gouges subjected to high slip velocity rotary-shear, and
to propose a possible scenario of formation during the
frictional slip-weakening.

2. Sample Assembly and Experimental
Conditions

[5] The experimental fault is composed of a 24.4 mm
diameter granite cylinder cut perpendicularly to the revolu-
tion axis in two halves that are ground to obtain rough wall
surfaces, and re-assembled with an intervening layer of ca.
0.8 mm-thick clayey gouge (Figure 1). The assembly is then
placed in the testing apparatus where one cylinder remains
stationary while the other rotates [Mizoguchi et al., 2007b].
A Teflon ring surrounds the fault in order to avoid gouge
expulsion during rotation. The experimental gouge was
prepared by sieving a natural clayey gouge from the
Usukidani fault, an active fault of SW Japan [Boutareaud
et al., 2008]. XRD analyses of the obtained granular
material show that it is composed of quartz, K-feldspar,
plagioclase, calcite, kaolinite, and illite-smectite mixed-
layers. This natural gouge was disaggregated, oven dried
at 80�C for several days and then sieved in order to
eliminate clasts larger than 80 mm to produce an experi-
mental gouge free from any preferred orientation, with a
clay fraction representing 15.7%. Gouge microscope obser-
vation shows angular-to-subangular monomineralic and
polymineralic clasts which do not constitute aggregated
structure. Before each experiment, the sample assembly is
consolidated for several hours under the same normal stress
as during the experiment (0.6 MPa).
[6] Fourteen representative experiments were carried out

at room temperature (20�C) at two fixed rotation rates of
1000 and 1500 rotations per minute corresponding to
equivalent slip velocities (Veq) of 0.9 m/s and 1.3 m/s,
respectively [see Hirose and Shimamoto, 2005]. For each
of the two Veq, we conducted two series of experiments, one
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under non-saturated conditions, that is at room moisture
conditions (60% relative humidity) and the other under
saturated conditions by using a gouge saturated with dis-
tilled water (i.e. the volume of added water is equal to initial
gouge pore volume). Measurements of initial gouge poros-
ity were made by dividing the void volume, i.e., the total
sample volume minus the granular material volume, by the
total sample volume. The applied normal stress was fixed at
0.6 ± 0.2 MPa. The coefficient of dynamic friction md is
defined as the ratio of calculated shear stress from the torque
to measured normal stress. The maximum thermal expan-
sion of the two granite cylinders along the revolution axis
has been calculated to be negligible compared to the
measured axial displacement of the sample assembly.
Therefore, positive or negative value of the measured axial
displacement reflects either gouge compaction or dilatancy,
respectively. During the experiments, a thermocouple located
on the stationary side and set on the external surface allows
a direct temperature measurement at 6.7 mm from the
granite-gouge interface (Figure 1).

3. Evolution of Physical Parameters During the
Experiments

[7] All experiments are reproducible and show a signif-
icant decrease of md from a peak value mp down to a steady-
state value mss (Figure 2). The md value falls below one-third
of its initial peak value for total displacements comprised
between 10 and 20 m. Second-order oscillations are also
observed and could reflect a slight misalignment of the two
facing granite cylinders or stick-slip behavior.

[8] For all experiments, the measured axial displacement
first consists of a dilatancy comprised between 0.05 mm and
0.2 mm, i.e., a 7 to 29% volume dilation of the gouge layer.
This dilatancy reaches a maximum value for displacements
comprised between 10 and 20 m, and is then followed by a
compaction of about the same order of magnitude. For the
1.3 m/s experiments, two large peaks in axial displacement
corresponding to two drops in md were observed at 6.7 m
and 7.9 m for experiment #569, and at 0.9 and 6.7 m for
experiment #581, in saturated or non-saturated conditions,
respectively (Figure 2).
[9] In order to evaluate temperature rise during the experi-

ments, the temperature evolution in a section of granite-
gouge assembly has been computed in a 2-D framework by
extending the 1-D heat equation of the Lachenbruch’s
[1980] model. Thus, all frictional work is assumed to
convert into heat and temperature changes are only caused

Figure 1. (a) Experimental assembly showing the position
of the thin section with respect to the sample assembly. (b)
Photomicrograph of the initial gouge.

Figure 2. Variations of the friction coefficient (md), the
axial displacement (e), and the temperature calculated at the
center (revolution axis, Tc) and at the periphery (Tp) in
function of the displacement, for two representative
experiments done at Veq = 1.3 m/s. The initial peak friction
coefficient is mp, and the steady-state friction coefficient is
mss. D stands for a peak event in axial displacement.
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by heat production and heat diffusion. The heat source term is
not null only in the ‘‘deformation zone’’ (a narrow layer of
constant thickness in the gouge) and is proportional to the
shear stress and to the radial position. The SETMP software
has been used to solve the heat equation by finite element
method [Calugaru et al., 2003] and the numerical modelling
has been validated [Boutareaud, 2007] by comparing the
thermocouple measurements for experiment #569 with the
corresponding computed temperature (a maximum differ-
ence of 10�C has been observed). The computed temperature
evolution is shown in Figure 2 for two points located in the
middle of the deformation zone: one at the center of the
cylinder (Tc) and the other at the periphery of the cylinder
(Tp). For all experiments simulated using this numerical
model, the computed temperature increases exponentially
and Tp reaches amaximum value comprised between 380 and
520�C at the steady-state friction stage [Boutareaud, 2007].

4. Resulting Microstructures

[10] The experiments were stopped once the steady-state
friction was reached. Thin sections therefore correspond to a
cumulated deformation. Whatever initial moisture condi-
tions, all sections show two types of deformed gouges: non-
foliated and foliated (Figure 3).
[11] The non-foliated gouge is a random-fabric clay

matrix including rounded to sub-rounded clasts of quartz,
feldspar or calcite. A striking characteristic of most clasts
(>90%) is that they are surrounded by a cortex of concentric
clay layers commonly including very fine (<5 mm) mineral

fragments, thus constituting clay-clast aggregates (CCA
hereafter; Figure 3). Most of the central clasts are not or
moderately fractured and consist of quartz, feldspar or
calcite. A small proportion of them are constituted by clay
particles with a strong preferred orientation and small (about
1 mm) predominantly rounded to sub-rounded mineral frag-
ments (Figure 3c). The central clasts have diameters as large
as 80 mm for the monomineralic clasts, and up to 250 mm
for the foliated clasts. In most cases, the cortex remains
thinner than 15 mm. In some cases, the aggregates consist
only of these concentric clay layers up to 50 mm thick,
although they could correspond to off-center sections.
Microprobe analysis indicates that the cortex has the same
chemical composition as the surrounding gouge. The foli-
ated gouge is composed of clay particles showing a strong
preferred orientation parallel to the fault gouge boundaries
and rounded clasts whose diameter is smaller than 1 mm.
Microprobe analyses indicate that the foliated gouge and the
cortex around CCA have the same chemical composition as
the non-foliated gouge. No CCA are observed in the foliated
gouge.
[12] In the post-experiment fault zones, the distribution of

the two types of gouges is not random. The foliated gouge is
observed along one or both granite-gouge boundaries.
Generally, the foliated gouge is thicker on the rotating side
than on the stationary side. The foliated gouge is not always
restricted along the granite-gouge boundaries but can also
form narrow anastomosed zones, which in some cases cross
obliquely the entire fault zone (Figure 3). The non-foliated
gouge is distributed in the remaining space. A progressive

Figure 3. SEM photomicrographs of gouge sheared at Veq = 0.9 m/s in saturated conditions, showing typical
characteristics of the two types of microstructures. (a) View of a part of the fault zone showing, from top (rotating side) to
bottom (stationary side), a first layer (1) of foliated gouge, a second layer (2) of anastomosed foliated and non-foliated
gouges, the third layer (3) being composed only of non-foliated gouge. (b) Example of a clay-clast aggregate with a quartz
central clast. (c) Example of a clay-clast aggregate with a central foliated clay-clast derived from the foliated gouge.
(d) Anastomosed foliated and non-foliated gouges showing progressive (P) or sharp (S) transitions from one type to the
other.
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transition from the non-foliated to the foliated gouge by
decreasing clast-size and increasing clay particle alignment
is commonly observed along one or both sides of the
oblique narrow foliated gouge zones (Figure 3d).

5. Discussion and Conclusions

[13] From the relationship between the two gouge types,
we conclude that the foliated gouge was formed at the
expense of the non-foliated type, by progressive comminu-
tion and clay particle reorientation. This process has been
reported from several friction experiments and natural fault
gouges [Logan et al., 1979; Arch et al., 1988; Chester et al.,
1993; Vannucchi et al., 2003] and is typically reflecting
strain localization. This should occur from the very early
stage of the slip as evidenced by previous low-velocity
[Marone, 1998] and high-velocity [Mizoguchi, 2004] gouge
friction experiments for small displacements. However, the
presence of foliated gouge fragments forming the core of
some of the CCA suggests that the foliated gouge can be
reworked in the non-foliated gouge, hence showing that at
least for some displacement, both gouge types were being
simultaneously formed in the fault zone.
[14] Thin section observation shows that the starting

natural gouge does not contain any CCA. These were
therefore formed during the experimental shear. The nearly
perfect sphere-shape and the large size of some inner cores
of CCA suggest that they were packed loosely enough and
dispersed during shearing to avoid intense grain contact
regime and consecutive comminution. The negative axial
displacement recorded during the first part of the experi-
ments (Figure 2) validates this assumption showing that the
fault zone experienced dilatancy, which provided additional
space for grain rolling. The subsequent recorded compac-
tion could correspond to a stage during which no more CCA
could be formed due to lack of space. During this second
stage, shear deformation was likely accommodated essen-
tially along the foliated-type gouge zones.
[15] Several non-dilatant weakening mechanisms have

been recently validated by laboratory experiments, such as
frictional melting [Hirose and Shimamoto, 2005], silica gel
production [Di Toro et al., 2004] and thermal decomposi-
tion of carbonates [Han et al., 2007a, 2007b]. However, in
the absence of any strong evidence for amorphous material
or decomposition products in our experimental products
from XRD and microprobe analyses, and considering the
observed dilation in axial displacement in the early ten
meters, none of these mechanisms appears to be the cause of
the weakening in friction. Therefore, another weakening
mechanism should be considered. Due to frictional heating,
the temperature within the fault zone increases rapidly in
the first meters of displacement (Figure 2). According to the
water phase diagram [Roedder and Bodnar, 1980], the
liquid-vapor transition temperature for water at 0.6 MPa is
180�C. It involves a density change from 0.88 to less than
0.1. This implies an increase of the initial water volume by a
factor of 10, which corresponds to an expected maximum
increase in axial displacement of 5.5 mm. Temperature
calculation shows that Tp reached 180�C after less than
0.5 m of displacement against 30 to 60 m (depending on slip
velocity) for Tc. This latter sliding distance is larger than
that of the observed peak events in axial displacement

(Figure 2), which indicates that frictional heating at the
periphery of the assembly was sufficient to allow locally
first a rapid water liquid-vapor transition, and second gas
pressure to briefly exceed the axial normal stress. In the
absence of a ring between Teflon and granite cylinder,
considering the very high hydraulic diffusivity along the
fault plane, gas pressure could not be tightly maintained.
This consideration is consistent with the maximum axial
displacement measured of 0.2 mm, and with the observed
released of water vapor monitored by Brantut et al. [2007]
during similar non-saturated friction experiments. Then, the
shift from dilatancy to compaction observed for a displace-
ment comprised between 10 and 20 m (Figure 2) could be
linked with a transition between two stages: first a period
during which the production rate of vapor is higher than the
radial leaking-diffusion rate across the fault zone, second a
period during which the production rate of vapor is lower
than the radial leaking-diffusion rate. In addition, the
relative high humidity that composed the non-saturated
gouge and the related high dilatancy amplitude can be
explained by the well-known instantaneous re-hydration
of the illite-smectite mixed-layers during sample assembly
at high room moisture conditions [Ferrage et al., 2005].
Therefore, the higher amplitude peak events in axial dis-
placement for saturated gouge (D1 and D2 on Figure 2b)
compared to non-saturated gouge (D1 and D2 on Figure 2a)
could be directly related to the larger amount of water
available that is vaporized, leading to a higher pressuriza-
tion efficiency.
[16] Spherical aggregates have already been reported

from natural rocks including gouge from a seismogenic
fault [Warr and Cox, 2001], landslide sole [Beutner and
Gerbi, 2005], or pyroclastic flow sole (with accretionary
lapilli) for which core-type and rim-type aggregates with the
multiple concentric clay layers containing mm-thick mineral
fragments [Schumacher and Schmincke, 1995] exhibit sim-
ilar structural characteristics to the CCA. This suggests that,
similarly to the formation of accretionary lapilli, CCA
generation should be controlled by a complex interplay of
physical and chemical processes [Gilbert and Lane, 1994],
with electrostatic forces that attract extremely fine mineral
fragments from surrounding gouge matrix, and capillary
forces of thin liquid bridges on the clast surface that bind
fragments to the core of the growing aggregate. Such an
aggregation process implies frequent collisions of liquid-
coated particles in a turbulent mixture of solid particles and
a critical reactive liquid-vapor water [Beutner and Gerbi,
2005]. This indicates first that the fault gouge experienced
fluidization during shearing, and second that regardless of
initial moisture conditions the water content during shearing
was close to 5–25% [Schumacher and Schmincke, 1995]
to provide core surface to be coated with thin condensed
liquid water layers [Gilbert and Lane, 1994]. The dilatancy
observed during experiments is consistent with such a
spatial dynamic re-organization of gouge material. The
15 mm-thick maximum thickness of the CCA cortex ob-
served for non-saturated and saturated conditions indicates
an equivalent liquid film volume surrounding initial cores
whatever initial moisture conditions, which agrees with a
comparable amount of liquid-vapor water available within
fault gouge during fluidization.
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[17] In the seismogenic zone, the pressure-temperature
conditions of the water liquid-vapor phase transition will
depend on the amount of CO2 dissolved in water [Takenouchi
and Kennedy, 1964]. This suggests that the significant
decrease in friction we observed experimentally at 0.6 MPa
could occur at the seismogenic depth [Mizoguchi et al.,
2007a]. Therefore, the occurrence of clay-clast aggregates
in crustal clayey fault gouges can be interpreted as a new
textural evidence for pore liquid-vapor phase transition of
water at seismic slip velocity and consequently for past
seismic fault sliding.
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