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Major continental fault zones typically contain phyllosilicates and have long been recognised as zones of
persistent weakness. To establish whether the presence of micas can explain this weakness, we studied
the frictional behaviour of simulated muscovite fault gouge by performing rotary shear experiments in
the temperature range 20–700 �C, under constant effective normal stresses of 20–100 MPa, a fixed fluid
pressure of 100 MPa and at sliding velocities of 0.03–3.7 mm/s, reaching shear strains up to 100. Cataclasis
causes substantial grain size reduction up to 600 �C. With increasing strain, both pervasive and localized
cataclasis and related compaction result in strain hardening, until steady state is reached. This reflects
the progressive development of a continuous network of fine grained, hardening bands. Coarse grained
relict lenses between these bands show folded and kinked muscovite grains indicative of ductile
mechanisms. Samples deformed at 700 �C show evidence for chemical alteration and partial melting.
Since our data suggest that muscovite gouge strengthens with depth and strain, it is questionable
whether its presence can contribute to the long-term weakness of major crustal fault zones, unless
a substantial decrease in strength occurs at shear strain rates lower than attained in our study.

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

Major continental fault zones have long been recognised by field
geologists as zones of highly localized deformation and hence of
persistent weakness (Balfour et al., 2005; Holdsworth et al., 2001;
Imber et al., 1997; Jefferies et al., 2006b; Rutter et al., 2001; White
et al., 1986; Zoback et al., 2007; Zoback et al., 1987). The implication
is that the quartz-, feldspar-, and phyllosilicate-rich fault rocks
often found within such faults must be weaker than the
surrounding country rock. Laboratory rock friction experiments
have confirmed that typical continental fault rocks are indeed weak
compared to intact quartzo-feldspathic host rocks (Bos et al., 2000;
Dieterich, 1978; Hickman, 1991; Holdsworth, 2004; Lachenbruch
and Sass, 1980; Logan and Rauenzahn, 1987; Morrow et al., 2000;
Morrow et al., 1992; Niemeijer and Spiers, 2005, 2006; Shimamoto
and Logan, 1981; Takahashi et al., 2007).

Lab data for long-term fault strength are usually expressed in
terms of Byerlee’s Rule for fault friction (friction coefficient m¼ 0.6–
0.9) giving way to plastic flow at depths of 10–15 km, thus
producing the classical ‘‘Christmas Tree’’ strength profile (Bos and
Spiers, 2002; Byerlee, 1978; Goetze and Evans, 1979; Holdsworth
þ31 30 2537725.
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et al., 2001; Niemeijer and Spiers, 2005). Such profiles fit well with
the depth distribution of seismicity on major faults (Scholz, 2002;
Sibson, 1983). However, laboratory-based strength profiles are not
fully consistent with other geophysical observations on major
mature fault zones, like the San Andreas fault zone. In the case of
the San Andreas fault, the lack of a positive heat flow anomaly, and
the high angles (w70�) measured between the in-situ principal
stress s1 and the fault surface (Townend and Zoback, 2004; Zoback
et al., 2007), imply a low mean resolved shear stress on the fault of
around 10–20 MPa (Lachenbruch and Sass, 1980; Zoback et al.,
1987) and a coefficient of friction of only w0.2. This is far less than
measured for (simulated) fault rocks in laboratory experiments
(Blanpied et al., 1995; Bos and Spiers, 2000; Byerlee, 1978;
Carpenter et al., 2009; Moore and Lockner, 2004; Morrow et al.,
2000; Morrow et al., 1992; Nakatani and Scholz, 2004; Niemeijer
and Spiers, 2005; Tembe et al., 2006a; Tembe et al., 2006b).

A widely proposed explanation for the inferred long-term
weakness of major crustal faults is that high pore fluid pressure
reduces the effective shear stress required for slip. Fluids released
during compaction and/or dehydration reactions at depth might
locally increase fluid pressures to approach lithostatic values
(Byerlee, 1990; Collettini and Barchi, 2002; Faulkner and Rutter,
2001; Hickman et al., 1995; Miller et al., 1996; Miller and Olgaard,
1997; Sibson, 2004; Sleep, 1995). However, fluid pressures inside
a fault can only increase if the zone has a low permeability, caused
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by ubiquitous phyllosilicates or continuous wall rock cementation
(Schleicher et al., 2008; Schleicher et al., 2009b; Zhang et al., 2001).
Faulkner and Rutter (2001) showed that dehydration of phyllosili-
cates (assuming 50% phyllosilicate content at 15–20 km depth) is
sufficient to maintain an elevated fluid pressure for w12 ky, but
insufficient to weaken a large fault on geologic timescales. More-
over, in-situ measurements in fault zones show little evidence for
continuously high fluid pressures (Wintsch et al., 1995). In partic-
ular, fluid pressure measurements in the SAFOD (San Andreas Fault
Observatory at Depth) drill hole indicate near-hydrostatic rather
than lithostatic fluid pressures at depths up to 3.5 km (Tembe et al.,
2006b; Zoback et al., 2007). It thus seems unlikely that high fluid
pressures alone can account for the apparent long-term weakness
of large scale fault zones.

Alternatively, the presence of relatively weak reaction product
minerals, such as clays, micas, chlorite or talc may explain the
inferred weakness of major faults (Arancibia and Morata, 2005;
Jefferies et al., 2006a; Logan and Rauenzahn, 1987; O’Hara, 2007;
Shea and Kronenberg, 1992; Wibberley, 1999; Wintsch et al.,
1995). Experiments have shown that many such phyllosilicates are
significantly weaker than quartz and feldspars (Ikari et al., 2007;
Logan and Rauenzahn, 1987; Mariani et al., 2006; Moore and
Lockner, 2004; Moore and Lockner, 2007; Moore et al., 1997;
Morrow et al., 2000; Morrow et al., 1992; Shimamoto and Logan,
1981) and are stable up to 15 km depth. It follows that a contin-
uous, through-going foliation of phyllosilicate minerals may
strongly influence fault zone rheology on a crustal scale (Holds-
worth et al., 2001; Imber et al., 1997; Ranalli, 1995; Rutter et al.,
2001; Rutter et al., 1986). Reaction-softening of this type has
frequently been proposed as an explanation for the weakness of
the San Andreas fault zone (Evans and Chester, 1995; Moore and
Rymer, 2007; Wintsch et al., 1995). Recently, core material
retrieved during SAFOD phase 3 drilling has shown that the
actively deforming strands of the fault contain a grayish-black,
foliated, phyllosilicate-rich fault gouge. Visible clasts make up
about 5% of the rock volume and consist of fragments of serpen-
tinite, sandstone and siltstone protolith (SAFOD core atlas, 2007).
These observations confirm that phyllosilicate foliation develop-
ment and reaction weakening are key processes in determining
fault zone rheology.

Additionally, fluid-assisted deformation processes, such as
pressure solution, have been put forward as a mechanism for
weakening of fault rocks (Blanpied et al., 1995; Chester, 1995; Col-
lettini and Holdsworth, 2004; Hickman et al., 1995; Jefferies et al.,
2006b; Kanagawa, 2002; Kanagawa et al., 2000; Lehner and
Bataille, 1984; Schleicher et al., 2009a; Wu et al., 1975). Experi-
ments on wet quartz gouge under hydrothermal conditions
(Kanagawa et al., 2000; Niemeijer et al., 2002), and on wet granular
halite used as an analogue (Bos et al., 2000), show competition
between pressure solution, compaction and cataclasis, leading to
high frictional strength (m¼ 0.8–0.9) at low slip rates. However,
experiments on simulated gouges consisting of halite plus
kaolinite, or of halite plus muscovite, show a reduction in m-values
to 0.3–0.4 (Bos and Spiers, 2000, 2001; Niemeijer and Spiers, 2005).
This is due to the development of a through-going phyllosilicate
foliation on which frictional slip occurs with accommodation by
pressure solution of the intervening halite clasts. Bos and Spiers
(2002) and Niemeijer and Spiers (2005, 2007) developed a micro-
physical model explaining their experimental results and predict-
ing upper crustal strength–depth profiles for foliated quartz-mica
fault rock some 2–5 times weaker than obtained using Byerlee’s
Rule. The low strength predicted is due to the serial effect of easy
pressure solution of quartz clasts at low sliding rates and the low
frictional strength (m¼ 0.3) assumed for the enveloping phyllosili-
cate foliation. In the experimental study of Mariani et al. (2006),
pure muscovite fault gouge shows strain rate insensitive strain
hardening behaviour at shear strain rates faster than 1.4�10�5 s�1

at 700 �C and at all strain rates tested (10�7 to 10�3 s�1) at
temperatures of 400–600 �C. This behaviour is primarily attributed
to mutual misalignment of mica flakes with contributions from
progressive porosity reduction and formation of oblique shear
features (Mariani et al., 2006). At 700 �C and strain rates lower than
1.4�10�5 s�1, the shear strength drops dramatically. Deformation
of the muscovite gouge under these conditions has linear viscous
characteristics, possibly due to viscous glide of basal dislocations in
the mica becoming rate controlling (Mariani et al., 2006). The above
studies imply that both pressure solution and phyllosilicate folia-
tion development may play an important role in weakening major
fault zones, and demonstrate a crucial need for laboratory data on
the frictional and plastic flow strength of phyllosilicates under
conditions close to those in observed in nature.

As discussed, laboratory studies have shown that most phyllo-
silicate gouges are characterized by significantly lower frictional
strength (m¼ 0.2–0.5) than Byerlee’s Rule predicts (Ikari et al.,
2007; Mariani et al., 2006; Moore and Lockner, 2004; Morrow et al.,
1992; Niemeijer and Spiers, 2005; Scruggs and Tullis, 1998), espe-
cially in the presence of water (Moore and Lockner, 2004; Moore
et al., 1997; Morrow et al., 2000). Most laboratory experiments on
phyllosilicates have been performed at room temperature and/or at
low shear strains (g< 15), without a pore fluid. By contrast, upper
and mid-crustal fault rocks typically experienced large shear strains
at elevated temperatures (50–350 �C) in the presence of a chemi-
cally active pore fluid. In order to improve our understanding of
fault zone deformation processes and the role of phyllosilicates
under upper and mid-crustal conditions, it is, therefore, necessary
to perform rock friction experiments on realistic gouge composi-
tions under hydrothermal conditions, and towards shear strains
that better correspond with natural settings. High temperatures
(300–700 �C) and elevated fluid pressures (up to 103 MPa) were
attained by Mariani et al. (2006) in their experimental study of
muscovite fault gouge, but the saw-cut deformation geometry they
applied did not allow high shear strains to be reached (g for most
experiments in the order of 2.3), and constant normal stress was
difficult to maintain (He et al., 2007, 2006). In contrast, large shear
strains under controlled normal stress were reached in various
types of gouges by Scruggs and Tullis (1998) using an experimental
rotary shear set-up, but no experiments other than at room
temperature were performed.

The present study focuses on determining the frictional
behaviour of simulated muscovite fault gouge at shear strains
above 20 and occasionally even up to 100, under hydrothermal
conditions in the temperature range 20–700 �C. In our tests we
applied constant, controlled effective normal stresses of 20–
100 MPa, at a fixed fluid pressure of 100 MPa with deionised water
as the pore fluid. Samples were typically deformed at sliding
velocities in the range 0.03–3.7 mm/s, corresponding to shear strain
rates of w10�5 to 10�3 s�1. We chose to investigate muscovite
because it is a principal phyllosilicate constituent of many exhumed
upper and mid-crustal faults, and because relatively little data
exists to support the m-value of 0.3 for muscovite used in recent
models for fault strength (Bos and Spiers, 2002; Niemeijer and
Spiers, 2005; Niemeijer and Spiers, 2007). The effects of normal
stress, sliding velocity, displacement (i.e. shear strain) and
temperature on the frictional behaviour of the muscovite gouges
were determined and combined with the results of microstructural
analysis of the deformed samples to elucidate the operative
microphysical processes. The mechanical data obtained are used to
construct a strength profile for a muscovite-dominated fault,
assuming a thermal gradient and other conditions similar to those
pertaining to the San Andreas fault zone.
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2. Experimental approach

Our experiments consisted of high strain rotary shear experi-
ments performed on fine grained granular muscovite samples
(simulated muscovite fault gouge) under hydrothermal conditions
(Pf¼ 100 MPa, T¼ 20–700 �C). We primarily aimed to determine
friction coefficient and microstructural development as a function
of shear strain (g up to 100), effective normal stress (seff¼ 20–
100 MPa), temperature (T¼ 20–700 �C), and sliding velocity
(V¼ 0.03–3.7 mm/s).

2.1. Starting material

The synthetic fault gouge material used in this study is a natural
muscovite powder (Mica S), commercially obtained from Internatio
B.V. and originally mined in Aspang, Austria. The chemical
composition of the muscovite is K1.97Na0.07 (Al3.02Fe0.94Mg0.50)
(Si7.27Al1.51) O20 (OH)4, determined using a Jeol JXA-8600 superp-
robe microprobe and assuming four formula units for the hydroxyl
group and normalized to oxygen. This material was previously used
in the experiments reported by Niemeijer and Spiers (2005, 2006).
Particle size analysis, performed using a Malvern particle sizer,
showed that the median grain size of the muscovite was w13 mm
(equivalent spherical diameter), with 90% of the grains lying
between 3 and 50 mm in size. Microprobe and Energy Dispersive X-
ray (EDX) analysis showed that the bulk material also contained
quartz (<10 vol%), apatite (<0.1 vol%), zircon (<0.1 vol%), and
calcium-carbonate (<0.1 vol%).

2.2. Experimental apparatus

The hydrothermal rotary shear apparatus, described in detail by
Niemeijer et al. (2008), was used to perform our high shear strain
experiments on the synthetic muscovite fault gouges (Fig. 1). In this
machine, the synthetic fault gouge sample is located between a pair
of opposing internal pistons made of René 41 with a mullite core to
reduce axial heat loss. The initially w1 mm thick gouge sample is
kept in place by a set of two mildly hardened stainless steel
confining rings (Thyssen type 1.4122), with an inner radius of 14
and 11 mm, respectively (Fig. 1c and d). To prevent localization of
slip along the piston–sample interface, a cross-hatch pattern has
been machined on the piston surfaces in contact with the sample.
This pattern consists of two sets of grooves 0.5 mm apart and
roughly 0.2 mm depth, resulting in asperities with a surface area of
w0.25 mm2, and has been roughened further by dry-sandblasting
with glass beads (diameter 120 mm) for extra grip on the gouge.

During a test, the piston-sample assembly is positioned inside
a 300 MPa pressure vessel, which in turn is located in an Instron
1362 loading frame (Fig. 1a). The top of the piston-sample assembly
is coupled to a pressure-compensated piston in the upper sealing
head. This piston in turn locks into the upper forcing block and the
attached torque and axial force gauge couple. Axial force is applied
to the forcing block via a low friction bearing and measured using
an in-line Instron load cell. The lower piston fits into a rotation-
proof slot in the bottom of the pressure vessel, which is itself rigidly
mounted in the lower forcing block (Fig. 1a). This is coupled to the
underlying servo-controlled, rotational drive system, which in turn
is rigidly coupled to the vertical Instron loading ram.

Normal stress is applied using the Instron loading ram, and is
measured externally by means of the (100 kN) Instron load cell that
can be held constant to within 0.2 MPa. Pore fluid pressure is
applied directly to the sample by pressurizing the sealed vessel
with deionised water using a manually driven high pressure pump.
The fluid pressure is measured externally using a pressure trans-
ducer with a resolution of 0.005 MPa. The sample is heated using an
internally mounted 3 kW Inconel-sheathed furnace element
(Fig. 1b). Temperatures up to 700 �C are continuously measured to
within 1 �C using two K-type thermocouples, one located in the
furnace element and the other mounted w5 mm below the sample
at a similar distance from the furnace element as the gouge. The
main vessel seals (upperþ lower O-rings and outer skin) are cooled
by means of a water cooling system at a flow rate of typically 3 l/
min. Vertical displacement of the upper (pressure-compensated)
loading piston, and hence compaction/dilatation normal to the
synthetic fault gouge, is externally measured using a linear variable
differential transformer (LVDT) located in the Instron loading ram
assembly, with a resolution of 0.005 mm.

The servo-controlled motor and gearbox system, located on the
Instron ram, rotates the vessel and the internally fixed lower piston
at a fixed rate, producing sliding velocities within the sample of
0.03–3.7 mm/s (equivalent to shear strain rates of the order of 10�5

to 10�3 s�1), while the upper piston and coupled pressure-
compensated piston remain stationary with respect to the Instron
loading frame. Shear displacements up to w80 mm (equivalent to
a shear strain g of up to 130) are measured using an external
potentiometer with an accuracy of 0.001 mm, connected to the
lower (rotating) forcing block. Shear stress is measured externally
with an equivalent accuracy of 0.2 MPa (zero machine-friction
case), using the torque gauge couple mounted on the upper forcing
block. The measured shear stress reflects the total mechanical
resistance to rotation and thus needs to be corrected for apparatus
friction, i.e., the frictional force exerted by the seals and by the
confining rings surrounding the gouge.
2.3. Experimental procedure

In each experiment, 0.30 g of sample material was loaded onto
one of the piston surfaces with the confining rings in place. The
material was then uniformly distributed over the piston surface
and lightly pre-compacted creating a layer w1 mm in thickness,
after which the opposing piston was lowered into the confining
rings and fixed with the retaining screw (Fig. 1d). The piston-
sample assembly was subsequently lowered into the water–primed
vessel, which in turn was sealed and placed in the Instron 1362
loading frame. The vessel was then moved upwards using the
Instron ram, and the piston assembly was engaged with the upper
forcing block plus the torque and axial force gauges.

After heating to the desired test temperature (<30 min) and
applying a fluid pressure of 100 MPa, a normal stress up to 200 MPa
was applied using the Instron. The system was then left to equili-
brate thermally for 45 min. During this time, the sample compacted
from about 40% to 25–30% porosity (see Section 2.4), i.e., to
a thickness of w0.6 mm. After equilibration, the rotary drive was
typically switched on to give a sliding velocity of 1.0 mm/s until
a displacement of w10 mm was reached, beyond which the effec-
tive normal stress or sliding velocity were systematically varied.

The following types of experiments were performed at a fixed
fluid pressure of 100 MPa:

(1) sliding experiments at constant effective normal stress
(seff¼ 100 MPa) and temperature (T¼ 500 �C), and at fixed
sliding velocities of V¼ 0.1, 1.0 and 3.7 mm/s;

(2) experiments at constant effective normal stress (seff

¼ 100 MPa) and sliding velocity (V¼ 1.0 mm/s), and at
a constant temperature of 100, 300, 500 and 700 �C;

(3) normal stress-stepping experiments (seff¼ 20, 40, 60, 80 and
100 MPa) at constant sliding velocity (V¼ 1.0 mm/s) and at
fixed temperature (T¼ 20, 150, 225, 300, 400, 500, 600 and
700 �C); and



Fig. 1. Hydrothermal rotary shear apparatus used in the present study. (a) The rotary shear drive system and pressure vessel mounted inside the Instron loading frame. (b) The two
internal pistons assembled with the pressure-compensated upper sealing head. The insulating mullite tubes sheathed with stainless steel and the furnace element are normally
located inside the vessel prior to assembly. (c) The two internal pistons with sample confining rings. The internal pistons are made of René 41 and have a core of mullite to reduce
heat loss along the pistons. The confining rings were made of mild hardened stainless steel type 1.4122, suitable for use even at temperatures up to 700 �C. (d) Schematic cross
section of the piston assembly showing the position of the fault gouge sample.
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(4) velocity-stepping experiments (V¼ 0.03, 0.1, 0.5, 1, 3.7 mm/s) at
constant effective normal stress (seff¼ 100 MPa) and at fixed
temperature (T¼ 20, 150, 225, 300, 400, 500, 600, and 700 �C).

For control purposes, one additional compaction experiment
(no shear displacement) was performed at T¼ 700 �C and
seff¼ 100 MPa. The main purpose of this experiment was to seek
evidence for any chemical breakdown or partial melting of
muscovite, or for possible healing mechanisms that might other-
wise be destroyed during shear. To maximize the chance of
detecting such effects, the duration of the experiment was 166 h
(about 1 week), which is 5–20 times longer than the other exper-
iments performed.

Note that the normal stress-stepping experiments performed at
V¼ 1.0 mm/s (type 3 above) were carried out to determine the
coefficient of friction of the samples at different temperatures.
Prior to the first step in stress, the samples were sheared at an
effective normal stress of 20 MPa until a shear strain of 13–16
(displacement of 8–10 mm) was reached with respect to the initial
gouge thickness of 0.62 mm. The effective normal stress was then
stepped up, with a step size of 20 MPa, to 100 MPa and back down
to 20 MPa (Niemeijer and Spiers, 2007; Niemeijer et al., 2008). A
shear strain of w1.6 (displacement of 1 mm) was typically suffi-
cient to reach steady state shear stress levels in an individual stress
step. In the velocity-stepping experiments (type 4 above), the
gouges were sheared prior to the stepping sequence at an effective
normal stress of 100 MPa and at a constant sliding velocity of
1.0 mm/s. After a shear strain of w16 (displacement of 10 mm) was
reached, the velocity was typically stepped to 3.7, 0.1, 1.0, 0.03, 1.0
and 0.5 mm/s, respectively. In most steps, a shear strain of w1.6
(displacement of 1 mm) was again sufficient to reach steady state
shear stress levels.

After each shear experiment, the rotary drive and furnace were
turned off, resulting in an immediate decrease in temperature and
pore fluid pressure. The system cooled to room temperature
within 20 min, after which the axial load was removed and the
water cooling was switched off. The pistons and sample material
were then taken out and left to dry in an oven at 60 �C for at least
45 min. All experiments and corresponding conditions are listed
in Table 1.



Table 1

Sliding experiments at constant conditions (non-stepping), seff¼ 100 MPa

Experiment Temperature
T (�C)

Sliding
velocity
V (mm/s)

Final
shear
strain g

Apparent
compaction
(mm)

Final steady
state friction
coefficient m

MUS17 500 0.1 79.2 0.20 0.61
MUS18 500 3.7 63.7 0.18 0.68
MUS21 500 1 103.3 0.19 0.63

MUS04 500 1 ND ND ND
MUS05 300 1 36.9 0.12 0.70
MUS07 100 1 142.0 0.22 0.63–0.70
MUS11 500 1 133.4 0.19 0.89
MUS36 700 1 7.3 0.16 0.37

Normal stress-stepping experiments, V¼ 1.0 mm/s, seff¼ 20, 40, 60, 80, 100 MPa

Experiment Temperature
T (�C)

Final
shear
strain g

Final apparent
compaction
(mm)

Steady state
friction
coefficient m

Notes

MUS01 20 29.1 0.08 0.43
MUS02 150 25.0 0.08 0.43
MUS03 500 28.6 0.15 0.51 Stick-slip
MUS06 400 28.7 0.08 0.60
MUS08 300 ND ND 0.54
MUS09 600 27.4 0.06 0.74
MUS12 500 27.8 0.06 0.76 Stick-slip
MUS16 100 30.3 0.22 0.38
MUS22 700 31.7 0.14 0.55 Initial dilatation
MUS24 600 28.6 0.14 0.55 Initial dilatation
MUS28 225 22.6 0.16 0.37
MUS29 500 28.5 0.01 0.49 Initial dilatation
MUS31 300 29.0 0.20 0.38
MUS32 400 29.1 0.09 0.47 Initial dilatation
MUS33 500 33.5 0.14 0.53 Initial dilatation

Velocity-stepping experiments, seff¼ 100 MPa, V¼ 0.03, 0.1, 0.5, 1, 3.7 mm/s

Experiment Temperature
T (�C)

Final
shear
strain g

Final apparent
compaction
(mm)

Final steady
state friction
coefficient m

Notes

MUS13 500 32.6 0.12 0.90 Stick-slip, initial
dilatation

MUS14 300 37.0 0.14 ND
MUS19 700 31.0 0.26 0.43
MUS20 20 37.7 0.12 0.38
MUS25 600 42.5 0.16 0.56 Initial dilatation
MUS26 150 42.2 0.11 0.46
MUS30 500 44.8 0.14 0.62 Stick-slip, initial

dilatation
MUS34 225 39.2 0.10 0.47 Initial dilatation
MUS35 400 40.2 0.16 0.54

Compaction experiment, seff¼ 100 MPa, Pf¼ 100 MPa

MUS23 700 0 0.11
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Fig. 2. Typical example of a normal stress-stepping experiment (MUS31), T¼ 300 �C,
Pf¼ 100 MPa, seff¼ 20–100 MPa, V¼ 1.0 mm/s and g¼ 29. (a) Shear stress, normal
stress and apparent compaction as function of shear displacement and shear strain.
Note that the apparent compaction is not corrected for apparatus distortion. (b)
Correlated shear stress vs. normal stress diagram. The slope of the linear best fit
through the data points represents a measure for the mean steady state friction
coefficient of the sample. The intercept of the linear best fit at zero effective normal
stress is the effect of the friction of the O-ring seals and the confining rings (Niemeijer
et al. (2008), see Section 2.4). These intercept values were used to correct the
measured shear stresses obtained from velocity-stepping experiments.
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2.4. Data acquisition and processing

All temperature, fluid pressure, force, torque and rotational
displacement signals were logged as a function of time, using a 16
bit A/D converter connected to a computer. Shear stresses and
friction coefficients were calculated from the externally measured
torque and axial force gauge signals using the method described
below to correct for seal friction (Niemeijer et al., 2008). Slip
displacements and rates were calculated directly from the
measured rotary displacements making no correction for apparatus
twist, as this effect was small compared to the displacements
imposed.

Shear strains were calculated by dividing the measured rotary
displacement by the initial gouge thickness, taken to be 0.62 mm
in all tests. This was based on compaction experiments performed
at room temperature and 100 MPa effective normal stress,
showing that muscovite powder compacts to a porosity of w27%
under these conditions. This value agrees well with the 26–30%
initial porosity measured by Mariani et al. (2006) for muscovite
gouges of the same grain size, cold-pressed in a die at room
temperature. It is noted that subsequent hot-pressing of these
samples by Mariani et al. (2006), for 30 h at 500–700 �C, reduced
the porosity to 1–8%. In our shear experiments, however, the
samples were pre-compacted under the deformation conditions
for only w45 min, resulting in a porosity at the beginning of each
experiment that is most likely still rather close to the initial value,
even at elevated temperatures. We, therefore, take 27% as the
initial porosity of all our samples, implying a value for the sample
thickness of 0.62 mm. During shear, porosity is further reduced,
resulting in a decrease in sample thickness which might differ
depending on temperature. Because of the uncertainties involved
in precise determination of this thickness, we use the initial
thickness for shear strain estimates. All reported shear strains,
hence, are minimum values.

Typical results of a normal stress-stepping experiment showed
a linear relation between the raw (uncorrected) shear stress and
the effective normal stress data (Fig. 2), described as:

sm ¼ mm$sm þ Cm ¼ ss þ sf (1)

where sm is the measured shear stress, mm the slope of the shear
stress-normal stress graph, sm the measured normal stress and Cm

represents a constant. Since the shear stress is measured externally
in our experimental set-up, the measured values sm are not only
dependent on the shear and cohesive stresses supported by the
simulated fault gouge ss, but also upon the frictional stress
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Fig. 3. (a) Friction coefficient vs. shear displacement (i.e. shear strain) obtained from
three sliding experiments under constant conditions (non-stepping) at T¼ 500 �C,
Pf¼ 100 MPa, seff¼ 100 MPa and one velocity-stepping experiment under the same
pressure and temperature conditions for comparison. The samples deformed at 0.1 and
1.0 mm/s show unstable stick-slip behaviour until sliding stabilizes at g¼ 16 and g¼ 24,
respectively. The velocity-stepping experiment also shows unstable sliding in most
steps, while the sample deformed at 3.7 mm/s exhibited stable sliding throughout the
experiment. (b) Friction coefficient data from velocity-stepping experiment MUS30
compared with the steps in sliding velocity.
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contribution sf exerted by the O-ring seals on the pressure-
compensated piston and by the confining rings surrounding the
sample (Fig. 1c and d). Friction calibrations performed using an
internal normal force gauge have shown that at measured normal
stresses of 100 MPa the contribution of the O-ring friction to the
normal stress is constant and negligible compared to the applied
normal stress sm, so that the normal stress on the sample ss¼ sm.
Therefore, the measured friction coefficient (mm in Eq. (1) repre-
sents true sample behaviour ms ¼ ss=ss provided the O-ring
contribution to the measured torque is independent of normal
stress. We performed the following calibration experiments to
allow meaningful processing of the data obtained.

In this procedure, two annular PEEK (PolyEtherEtherKetone)
rings of w0.3 mm in thickness were inserted into the apparatus in
the place of the usual fault gouge samples. Friction experiments
were performed using these PEEK samples (i) with a stainless
steel outer/inner confining ring, (ii) with a PEEK outer/inner
confining ring, and (iii) without an outer confining ring. The
frictional behaviour of the contact between the two solid PEEK
samples was measured in all of these cases for effective normal
stresses in the range 20–100 MPa. The data obtained show well-
defined linear relations between shear stress and normal stress,
indicating PEEK-on-PEEK friction coefficients ms in the range 0.03–
0.06. No systematic change in ms was seen in relation to the type of
inner/outer confining ring used (steel, PEEK or no ring), implying
that the frictional forces generated by the confining rings are
minor. The ms values 0.03–0.06 are low compared to the value of
0.1 (peek on peek) quoted by the manufacturer (see Niemeijer
et al., 2008), but fit well with the low end of the range of 0.05–0.5
given in the literature (Burris and Sawyer, 2006a, 2006b; Theiler
and Gradt, 2008). This agreement implies that the frictional forces
caused by the seals and confining rings are unlikely to be signif-
icantly influenced by the normal stress. We, therefore, conclude
that linear fits to the shear stress vs. normal stress data measured
in our experiments on muscovite (Fig. 2) yield true friction coef-
ficients ms for the fault gouge. This is consistent with previous
conclusions based on experiments in the same apparatus by
(Niemeijer et al., 2008).

From the data of Niemeijer et al. (2008), the cohesion Cs of our
muscovite samples can be taken as near zero (Niemeijer et al., 2008,
who measured 0.16 MPa for muscovite gouge), meaning that Cm in
Eq. (1) is made up almost entirely of O-ring friction Cf. Values of Cm

have been determined for every normal stress-stepping test per-
formed. Although they show some variability (13–23 MPa), no
systematic relationship with temperature was apparent. We,
therefore, used the average value obtained for Cm (17 MPa) to
correct the measured shear stress sm for O-ring and (minor)
confining ring friction. Dividing the result by the applied effective
normal stress sm (cf. Eq. (1)) then yields the internal friction coef-
ficient of the sample:

ms ¼
sm � Cm

sm
(2)

Curves of corrected shear stress (sm� Cm) vs. displacement can
thus easily be recast into ms vs. shear strain g curves for our samples.

Compaction and dilatation measurements were determined
from the position of the Instron loading ram. Since the heated
length of the loading pistons is very limited, we can assume that
temperature does not influence elastic apparatus distortion. Axial
machine distortion, therefore, depends only on normal stress. We
did not correct for this. However, we compare measured compac-
tion/dilatation data for different experiments only from the onset of
shear deformation and at fixed effective normal stress. Any differ-
ences between experiments, therefore, reflect sample behaviour
and are unrelated to apparatus behaviour.
2.5. Sample handling and microstructural methods

After the experiments, most samples broke into arc-shaped
fragments during removal of the sheared gouge from the set-up.
The fragments varied in size between 3 and 14 mm in arc length, by
3 mm wide and w0.5 mm thick. All were dried for w45 min at
60 �C after extraction. The dried samples were then vacuum
impregnated with epoxy resin for about 15 min and left to dry for
a period of 24 h. The impregnated fragments were finally sectioned
normal to the shear plane and parallel to the shear direction, and
polished. Mineral content and microstructure were investigated
using a Scanning Electron Microscope (SEM) equipped with Energy
Dispersive X-ray analysis system (EDX). Grain sizes and mineral
fractions in the deformed samples were obtained from point
counting analyses.

3. Mechanical and microstructural results

We performed 8 sliding experiments at fixed conditions, 14
normal stress-stepping experiments, 9 velocity-stepping experi-
ments and 1 compaction experiment. The experiments and corre-
sponding conditions are represented in Table 1.

3.1. Effect of shear strain

Fig. 3a and b shows the evolution of friction coefficient with
shear strain for a number of samples deformed at 500 �C and at
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100 MPa effective normal stress. In the early stages of the experi-
ments (g up to 3), the friction coefficient strongly increased with
shear strain, then gradually approached a steady state value of
w0.6 at g of 35–40. The samples compacted more or less contin-
uously during shear (Fig. 4a) with little effect of velocity (Fig. 4b).
Stick-slip behaviour was observed in some experiments at 400 and
500 �C, but no systematic relationship with strain or velocity was
found. Stick-slip was not observed in tests at temperatures outside
this temperature range. Fig. 5 shows values of friction coefficient vs.
shear strain at g> 7, as obtained from a representative set of our
velocity-stepping experiments. Note that data obtained at constant
temperature (i.e. in a given stepping test) show a minor increase in
friction coefficient with strain within the range g¼ 10–35, and little
effect of velocity.

Fig. 6a–d show the microstructures developed at shear strains of
w29, 40, 64 and 103, in samples deformed at 400 and 500 �C,
100 MPa fluid pressure and a sliding velocity of 1.0 mm/s. Of these
samples, three were deformed under 100 MPa normal stress and
one at 20–100 MPa in a normal stress-stepping experiment
(MUS32). The microstructures developed at g¼ 29 and g¼ 40 at
400 �C (Fig. 6a, b and e) are rather similar. They show a muscovite
foliation oblique to the shear direction and the presence of thin
(w2 mm) anastomosing shear bands, dominantly in Y-shear orien-
tation. Most muscovite grains have sizes of 5–20 mm, similar to the
starting material and some grains show occasional folding or kink-
ing. The thin bands contain grains of 1–2 mm, and are sometimes
bounded by thicker (3–10 mm) zones of 1–4 mm size grains. Signifi-
cant porosity is visible at the tips of the muscovite grains, which are
often jagged and broken in appearance. About 5% quartz porphyr-
oclasts (5–20 mm) are present, often showing extensional fractures.
a

b

-0.05

0

0.05

0.1

0.15

0.2

0.25

0 10 20 30 40 50 60 70

Shear displacement (mm)

)
m

m
(
 
r
a
e

h
s
 

g
n
i
r

u
d
 

n
o
i
t
c
a

p
m

o
C

MUS17 V = 0.1 um/s
MUS18 V = 3.7 um/s
MUS21 V = 1.0 um/s
MUS30 V-stepping experiment

V  = 0.1 m/s
V  = 3.7 m/s

V  = 1.0 m/s

V- stepping

-0.05

0

0.05

0.1

0.15

0.2

0.25

0 5 10 15 20 25 30

Shear displacement (mm)

)
m

m
(
 
r
a
e

h
s
 

g
n
i
r

u
d
 

n
o
i
t
c
a

p
m

o
C

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

(
 
y
t
i
c

o
l
e
v
 

g
n
i

d
i
l

S
)
s
/

m

Compaction
Sliding velocity

V  = 1.0 m/s 1.0 m/s 1.0 m/s

0.5 m/s

3.7 m/s

0.1 m/s 0.03 m/s

Fig. 4. (a) Compaction vs. shear displacement diagram obtained from the three
constant velocity experiments and a single velocity-stepping experiment as in Fig. 3.
Only the compaction recorded from the onset of shearing is indicated here, at constant
effective normal stress of 100 MPa. The irregularities in the data signal are due to a low
signal to noise ratio and are not related to stick-slip behaviour of the sample. (b)
Compaction data from velocity-stepping experiment MUS30 compared with the steps
in sliding velocity.
The effect of shear strain can best be assessed using Fig. 6c and
d for g¼ 64 and g¼ 103, both at 500 �C and similar normal stress
and fluid pressure. Shear bands are wider now than seen at lower
shear strain at 400 �C, and their width increases with strain, up to
20 mm in the sample deformed to g¼ 103. The bands anastomose
around dense lenses of coarser muscovite (Fig. 6f), show grain sizes
<1 mm (Fig. 6g), and occupy roughly 20–35% of the gouge volume.
The intervening lenses do not show a clear foliation, but do show
local folding and kinking in the muscovite grains and have a grain
size of 2–20 mm. The lenses also contain occasional quartz por-
phyroclasts with a grain size of 2–10 mm.

3.2. Effect of normal stress

Data on the measured shear stress, the effective normal stress
and apparent compaction (uncorrected vertical displacement) vs.
rotary displacement, obtained from a typical normal stress-step-
ping experiment (MUS31), are illustrated in Fig. 2a (see also Table
1). The corresponding shear stress vs. normal stress diagram, from
which the mean steady state coefficient of friction is calculated, is
shown in Fig. 2b. In individual stress steps, the shear stress initially
increased rapidly, but reached steady state within w1 mm of
displacement (Fig. 2a). Also, the apparent compaction increased
instantly when normal stress was stepped up, while an instant
expansion occurred when normal stress was stepped down. Rough
stiffness calibrations have shown that these vertical displacements
were largely due to elastic distortion of the apparatus, though net
compaction of the gouge was recorded at the end of the experi-
ments (Table 1). We do not take the apparent compaction obtained
from the normal stress-stepping experiments into account in the
interpretation of our results, since we cannot correct accurately for
apparatus stiffness. Nonetheless, friction coefficients obtained in
the normal stress-stepping tests ranged from 0.37 to 0.60
depending on temperature (see Section 3.4).

Fig. 6a and b show microstructures of samples that reached
different shear strains, at T¼ 400 �C, but that also differed in
effective normal stress. The micrograph shown in Fig. 6a is obtained
from an experiment in which the effective normal stress was
stepped from 20 MPa to 100 MPa and back (in 20 MPa-steps).
Fig. 6b represents a sample deformed at constant normal stress of
100 MPa. The microstructures of the two samples are rather similar
(see also Section 3.1), hence, there seems to be no significant effect



Fig. 6. SEM backscatter images showing the development of microstructure with increasing shear strain in samples deformed at 400 and 500 �C, 100 MPa fluid pressure and shear
strain as indicated. The shear direction is sinistral and roughly horizontal. Note the progressive development of fine grained bands. At low strain, the muscovite grains (m) form
a foliation oblique to the shear direction, while at high shear strain no foliation is observed and the bands anastomose around lenses of relatively less deformed material. Some
quartz porphyroclasts (q) are present in all samples. (a) Obtained from normal stress-stepping experiment MUS32, T¼ 400 �C, seff¼ 20–100 MPa and V¼ 1.0 mm/s. (b) Obtained
from velocity-stepping experiment MUS35, T¼ 400 �C, seff¼ 100 MPa and V¼ 0.03–3.7 mm/s. (c) Obtained from non-stepping experiment MUS18, T¼ 500 �C, seff¼ 100 MPa and
V¼ 1.0 mm/s. (d) Obtained from non-stepping experiment MUS21, T¼ 500 �C, seff¼ 100 MPa and V¼ 1.0 mm/s. (e) Detail of Fig. (a) showing thin, fine grained bands. (f) Detail of
a lense from sample MUS21. (g) Detail of Fig. (d) showing a thick, fine grained band.
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of normal stress on the development of microstructures, at least not
at 400 �C.

3.3. Effect of sliding velocity

From Figs. 3–5, it has already been noted that sliding velocity
does not have an important effect on the mechanical behaviour of
the gouges. This is largely confirmed in Fig. 7, where the steady
state friction coefficients obtained in our velocity-stepping tests are
explicitly plotted against sliding velocity. Clearly, there is no
significant effect of velocity on friction coefficient at fixed
temperatures up to 500–600 �C, though m does increase with
temperature (see Section 3.4). At 700 �C, the generally lower fric-
tion coefficient seems to peak at 1.0 mm/s, even though steady state
shear stress levels were not reached under these conditions. We did
not observe a systematic effect of sliding velocity on the compac-
tion behaviour of the gouges (Fig. 4a and b).

The microstructures typifying samples deformed at constant
sliding velocities ranging from 0.1 to 3.7 mm/s are illustrated in Fig. 8,
for T¼ 500 �C and for shear strains of about 63–79 (samples MUS17,
18 and 21, Table 1). The microstructures developed under these
conditions are again characterized by fine grained, elongate lenses
and oval clasts measuring typically 20–50 by 10 mm (Fig. 8a and c)
consisting of often folded and kinked muscovites some 2–20 mm in
length (Fig. 8b and d). In the SEM, the lenses show a low porosity and
are separated by a through-going anastomosing network of ultra-
fine grained (�1 mm) bands, oriented parallel to and, though less
well developed, at roughly 20–40� to the shear direction (Fig. 8a and
c). These ultra-fine grained bands not only contain muscovite and
(rare) quartz clasts ranging from�1 to 10 mm in size, but also some
fragments which are agglomerated grains and contain both
muscovite and quartz (see detail image Fig. 6d).

On this basis, the main microstructural features do not seem to be
strongly affected by sliding velocity. However, the dense muscovite
lenses developed in the sample sheared at 0.1 mm/s show abundant
rounded folds and only a few chevron type folds (Fig. 8b), whereas
the sample sheared at high velocity (3.7 mm/s; Fig. 8d) shows more
prominent chevron type folds and more signs of brittle deformation
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at the hinges. Material sheared at 1.0 mm/s under similar conditions
(MUS21) showed an intermediated microstructure.

3.4. Effect of temperature

Fig. 9a shows the effect of temperature on friction coefficient as
obtained at different shear strains from our velocity-stepping
experiments at constant temperature. These data illustrate the
Fig. 8. SEM backscatter images showing the main structure developing in samples sheared
direction is sinistral and roughly horizontal. (a) Microstructure obtained from non-stepp
separated by a network of ultra-fine grained zones. (b) Detail of microstructure from sample M
Obtained from non-stepping experiment MUS18 (g¼ 64), which is very similar to Fig. (a). (
type folds that appear to be more prominent in samples sheared at 3.7 mm/s than at 0.1 mm
significant increase in friction coefficient that occur up to g¼ 10
and the steady state attained at shear strains of 30–40 (see Section
3.3). The steady state coefficient of friction increases from a mean
value of 0.37 at 20 �C to 0.56 at 300 �C, remaining around this value
up to 600 �C. At 700 �C, the coefficient of friction decreases again, to
a mean value of 0.38 in the velocity-stepping tests. Fig. 9b shows
the friction coefficient data obtained from the uncorrected normal
stress-stepping experiments. These m-values are not taken at
a specific shear strain, but over the entire stepping sequence and
thus incorporate an effect of shear strain. The absolute values
shown in Fig. 9b increase from 0.38 at low temperature up to 0.60
at higher temperature. Although, these average values differ
slightly from the friction coefficients obtained from the velocity-
stepping tests, the trend in both data sets is very similar except at
700 �C. For comparison, the low shear strain data obtained at 400–
700 �C by Mariani et al. (2006) are plotted in Fig. 9a. Note the good
agreement with our low strain data, again except at 700 �C.

As illustrated in Fig. 10, the amount of apparent vertical
compaction measured in the first portion of our velocity-stepping
experiments, that is in the first 10 mm displacement at 1.0 mm/s,
decreased slightly with increasing temperature up to 500 �C. The
rate of compaction was highest in the early stages of shearing at
150–300 �C, but quickly decreased to a much lower rate at higher
shear strain. At 500 and 600 �C (Figs. 4 and 10), limited initial
dilatation is followed by gradual compaction at a rate that
decreases with shear strain. The compaction behaviour at 700 �C
differs from that at lower temperature; it reaches much higher
values and appears to continue at a higher rate.
at 500 �C, seff¼ 100 MPa, Pf¼ 100 MPa and sliding velocities as indicated. The shear
ing experiment MUS17 (g¼ 79), characterized by dense, elongate lenses, which are

US17, showing folding of the mica sheets inside one of the massive elongate lenses. (c)
d) Detail of microstructure from sample MUS18, showing an example of more chevron
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Fig. 9. Diagrams showing the effect of temperature on friction coefficient. (a) Friction
coefficients obtained at different shear displacements from velocity-stepping experi-
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They are used here to illustrate the trends rather than the absolute values.
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The effect of temperature on the development of the micro-
structure is illustrated in Fig. 11. The samples shown in the figure
have shear strains from a relatively narrow range (g¼ 29–42),
except for the sample deformed at 500 �C (g¼ 64). Fig. 11a and
b show the microstructure of samples deformed at low tempera-
ture (MUS20, T¼ 20 �C; MUS26, T¼ 150 �C). These samples show
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thin shear bands (thickness <5 mm) roughly parallel and at a low
angle to the shear direction, consisting of very fine material
(<5 mm) separating lenses of larger muscovite grains (5–20 mm).
Some of the lenses as well as some of the muscovite grains show
elongated sigmoidal shapes. Quartz porphyroclasts up to 50 mm
occur and often show extensional fractures.

Fig. 11c shows the microstructure of a sample sheared at 300 �C
(MUS14). This micrograph displays dense looking lenses separated
by shear bands that crosscut the sample. These fine grained zones
vary in thickness from 5 to 50 mm and contain some large clasts (up
to 40 mm) embedded in very fine (<2 mm) material. Some of these
clasts appear to be clusters of agglomerated grains. At 500 �C
(Fig. 11d), the microstructure is increasingly characterized by
elongate lenses (20–50 by 10 mm) of fine folded and kinked grains
(5–10 mm). The lenses are separated by a through-going anasto-
mosing network of fine grained zones (grain size <1 mm), oriented
at zero to roughly 30� to the shear direction.

In contrast to the samples deformed at lower temperature, the
microstructure developed at 600 �C (Fig. 11e) displays no major
zones with a reduced grain size. The structure is dominated by an
oblique foliation defined by the muscovite grains oriented at an
angle of roughly 20� to the sample boundary and shear direction.
Quartz porphyroclasts are somewhat reduced in size (up to 5 mm)
and some show of truncations suggestive of diffusive mass transfer
processes such as pressure solution (Fig. 12).

The different shades in the SEM image of Fig. 13a and b at g¼ 7
correspond to a different atomic number, indicative of different
mineral phases or alteration. Quartz appears dark and muscovite
light grey. The overall grain size of the material is small (<5 mm),
but the larger mica grains define a wavy foliation parallel to the
shear plane. In contrast to the foliation and banding developed at
lower temperature, the foliation seen at 700 �C often shows sharp,
wavy surfaces suggestive of slip surfaces. The quartz grains are
fractured but form elongated, sigmoidal lenses with a stair-step-
ping character and long, drawn-out tails not seen at 600 �C or
below. A third phase is visible filling fractures plus voids in many
quartz clasts (Fig. 13b and c). This other phase is present in amounts
too small to be determined given the resolution of our EDX system.
At 700 �C, clusters of agglomerated grains occur (Fig. 11f). The
clusters are about 20–50 mm in size, while the grains in these
agglomerates range from�1 to 10 mm in diameter.

Fig. 13d shows a micrograph obtained from compaction exper-
iment MUS23 (T¼ 700 �C) The mica grains are aligned normal to
the compaction direction, some displaying intra-crystalline
porosity. The contacts between the quartz and muscovite grains
shows truncations and indentations and a number of muscovite
grains appear corroded.

4. Discussion

4.1. Deformation mechanisms and gouge evolution

The trends in frictional and volumetric behaviour seen with
changing conditions, notably strain and temperature, can be
explained in terms of the microstructures developed in the sheared
gouges. A characteristic element of the microstructure is the
generally reduced size of the muscovite grains compared to the
starting grain size, the angular shapes of many of the fine grains,
and the progressive development with strain of anastomosing
(ultra) fine grained bands parallel to the shear plane at least up to
500 �C. From these features, from the jagged ends of the coarser
muscovites, and from the clearly fractured quartz clasts, we
conclude that cataclasis is the grain size reducing mechanism at
20–500 �C. The fine grained bands suggest a tendency for locali-
zation. Cataclasis generally produces a broadening grain size



Fig. 11. SEM backscatter images showing the effect of temperature on the microstructure at 100 MPa fluid pressure. Most fault gouges have fragmented after retrieval from the
shear apparatus. The shear direction is sinistral and roughly horizontal and temperature is as indicated. (a) Microstructure obtained from velocity-stepping experiment MUS20,
seff¼ 100 MPa, V¼ 0.03–3.7 mm/s and g¼ 38 showing large quartz porphyroclasts (q) and fractured grains. The mica grains (m) define an oblique foliation and the overall structure
is cross cut by fine grained shear bands. (b) Structure obtained from velocity-stepping experiment MUS26, at conditions similar to (a), only at a different temperature. (c) Structure
obtained from velocity-stepping experiment MUS14, seff¼ 100 MPa, V¼ 0.03–3.7 mm/s and g¼ 37, showing denser lenses, surrounded by more fine grained zones, widening with
increasing shear strain. (d) Micrograph from the sample deformed in non-stepping experiment MUS18, at seff¼ 100 MPa, V¼ 3.7 mm/s and g¼ 64. This structure again shows dense
lenses, surrounded by a network of fine grained bands. (e) Structure obtained from normal stress-stepping experiment MUS24, sheared at seff¼ 20–100 MPa, V¼ 1.0 mm/s and
g¼ 29, showing no major grain size reduction compared to the starting material. The muscovite grains define a strong, foliation oblique to the shear direction. (f) Fragment obtained
from sample MUS19, seff¼ 100 MPa, V¼ 0.03–3.7 mm/s and g¼ 31 showing agglomerated muscovite grains.
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distribution (Rawling and Goodwin, 2003; Sammis et al., 1987),
which results in a decrease in porosity, an increase in density and
hence on-going compaction (Saileswaran and Panchanathan, 1973),
in agreement with our findings (Fig. 4). Such compaction will in
general increase friction coefficient due to an increasing dilatation
angle (Niemeijer and Spiers, 2006).

In an attempt to explain the strain hardening behaviour seen
in our experiments, we infer that with increasing strain, both
pervasive and localized cataclasis, and related compaction, first
result in hardening, which leads to widening of the finer anas-
tomosing bands (cf. Scruggs and Tullis, 1998), at the cost of the
low strain lenses. Steady state is then approached as the micro-
structure becomes dominated by the development of a contin-
uous network of fine grained bands and oblique foliation. The
increase in width of these fine grained cataclastic bands with
temperature appears to be associated with an increase in friction
coefficient (at high strain), perhaps implying that compaction
and hence hardening are promoted by thermally activated



Fig. 12. SEM backscatter image obtained from normal stress-stepping experiment
MUS24 (T¼ 600 �C, g¼ 29). The quartz porphyroclasts (q) in the micrograph is fractured
and shows truncations (t), suggestive of the operation of mass transfer processes. The rest
of the structure consists of fine muscovite (m) grains. No marked reaction products due to
the breakdown of muscoviteþ quartz are visible at the muscovite–quartz interfaces.
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diffusive or plastic flow processes in the bands. The coarse lenses
show folded and kinked muscovite grains indicative of active
crystal plastic mechanisms. Observations on these mechanisms,
however, are not diagnostic enough to draw conclusions
Fig. 13. SEM backscatter images showing the microstructure of muscovite gouge at 700 �C. T
obtained from non-stepping experiment MUS36 sheared at T¼ 700 �C, V¼ 1.0 mm/s and g¼ 7
quartz (dark, q) and a few impurities (white). Some grains are fractured and the overall grain si
Detail from (a) showing the altered appearance of fractured quartz grains. A possible third ph
present between the fractured quartz grains, indicated with arrows, possibly due to partial m
structure has not been sheared, and no foliation or shear bands have developed. Some grains app
regarding the contribution of plastic deformation to the bulk
mechanical behaviour.

Upon reaching 600 �C, the fine grained bands become a less
prominent microstructural feature than at 20–500 �C (Fig. 11e),
though the overall microstructure remains that of a gouge with
a grain size reduced compared to that of the starting material. The
strength of the gouge is still directly dependent on normal stress (as
in Fig. 2), demonstrating that there was no major change in
deformation mechanism going from low to high temperature at the
strain rates applied in this study. Moreover, the friction coefficient
at 600 �C is not dissimilar from that at 400 and 500 �C, suggesting
that the difference in microstructure (homogeneous matrix vs.
broad bands, respectively – see Figs. 11e and 6) does not result in
a difference in bulk mechanical behaviour.

At 700 �C, the chemical variations visible on the SEM images
(Fig. 13a–c) together with the corroded appearance of muscovite
grains (Fig. 13d) suggest that under these conditions muscovite
breakdown reactions may have played a role. These then would
have changed the gouge such that a decrease in friction coefficient
resulted, from 0.56 at 600 �C to 0.38 at 700 �C. The sigmoidal quartz
clasts are mostly fractured and a number of these cracks appear to
have been filled by a different phase, which also forms long (50–
100 mm) tails (Fig. 13a–c) and might be indicative of partial melting
of the gouges.

With respect to the<10% quartz present in our samples, we note
the following. At all observed scales, the quartz grains occurred as
isolated clasts and did not form a connected network. Niemeijer
and Spiers (2005) showed that the presence of up to 20% of halite in
he shear direction is roughly horizontal and the shear sense is sinistral. Figures a–c are
. (a) Micrograph showing a dense, foliated microstructure with muscovite (light grey, m),
ze appears smaller than the starting grain size, though some large muscovites remain. (b)
ase filling the cracks is indicated with an arrow. (c) Detail from (b). Note the third phase
elting of the sample. (d) Micrograph from compaction experiment MUS23. The micro-
ear corroded, possibly due to chemical alteration and the grain contacts are clearly visible.
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a muscovite fault gouge results in a slightly higher shear stress,
without changing the mechanical behaviour and velocity-depen-
dence of the mixture. Assuming that our isolated quartz grains do
not behave much different in the muscovite gouge than the low % of
halite of Niemeijer and Spiers, we infer that the presence of quartz
in our samples did not strongly influence the measured friction
coefficients.

4.2. Stability of muscovite: decomposition vs. melting

Dehydroxylation reactions of dry muscovite can be expected to
start around 400 �C. These reactions, however, are substantially
inhibited by applying a pore fluid pressure in the order of 100 MPa
(Mariani et al., 2006). Since we have applied 100 MPa fluid pressure
in all experiments, it is unlikely that muscovite dehydroxylation
played an important role in our experiments.

At around 600 �C and fluid pressures of 100 MPa, decomposition
of muscovite plus quartz may take place following the reaction
(Chatterjee and Johannes, 1974): MuscoviteþQuartz / K-feld-
sparþAndalusiteþWater. Since our samples contain <10% of
quartz, we expected to see reaction products around the quartz
grains in samples deformed at 600 �C. However, no evidence for the
decomposition or reaction of muscovite and quartz was found (see
Fig. 12). Around 700 �C and water pressures of 100 MPa, decom-
position of muscovite occurs following the reaction (Chatterjee and
Johannes, 1974): Muscovite / K-feldsparþ CorundumþWater.
Our compaction experiment at 700 �C (MUS23) showed altered/
corroded muscovite grains, indicating that chemical alteration of
the muscovite indeed occurred (Fig. 13d). Although the different
shades on the SEM images (Fig. 13a–c) from the sample sheared at
700 �C suggest the presence of new mineral phases, the limited
amount of reaction product did not allow meaningful EDX analysis,
given the resolution of our set-up. Mariani et al. (2006) performed
detailed TEM analysis on muscovite samples deformed at this high
temperature and reported various reaction products following the
reaction: Muscovite / K-feldsparþ BiotiteþMulliteþWater. The
exact decomposition reaction is strongly influenced by the chem-
ical composition of the starting material. For example, Na-for-K
substitution reduces the temperature stability of white micas (Deer
et al., 1962). However, K-feldspar is produced in all decomposition
reactions of muscovite at this high temperature. It is, therefore, not
unlikely that K-feldspar was formed.

The presence of quartz in combination with muscovite and
water lowers the melting temperature of the aggregate to w700 �C
at 5 kbar pressure (Huang and Wyllie, 1974), suggesting an even
lower melting temperature under the conditions reached in this
study. It is thus possible that the phase in the cracks (Fig. 13a–c) is
partial melt lubricating the grain contacts. Previous high-velocity
friction experiments on fault gouge have shown that the presence
of a small amount of melt reduces the friction of a fault surface
significantly (Di Toro et al., 2006).

4.3. Comparison with previous work

The coefficient of friction for muscovite obtained in this study
was found to be 0.37 at room temperature, which is in reasonably
good agreement with values reported from previous room
temperature experiments on muscovite fault gouge: 0.38 (Scruggs
and Tullis, 1998), 0.42 (Moore and Lockner, 2004; Morrow et al.,
2000) and 0.4 (Mares and Kronenberg, 1993). Scruggs and Tullis
(1998) sheared wetted muscovite gouge without fluid pressure
under 25 MPa effective normal stress up to shear displacements up
to 150–200 mm. Moore and Lockner (2004) and Morrow et al.
(2000) performed experiments on wet muscovite fault gouge at
low shear strains and Mares and Kronenberg (1993) deformed dry,
single crystals of muscovite under different pressures. The differ-
ence between the values of the friction coefficients resulting from
the various studies is probably due to the different experimental
set-ups, the presence or absence of pore fluid, use of different
starting materials, and variations in shear strains reached. Despite
these differences, all reported friction coefficients for wet musco-
vite at room temperature fall in the range m¼ 0.39� 0.03.

Strain hardening behaviour is often observed in experiments on
muscovite and other phyllosilicates (Logan and Rauenzahn, 1987;
Mariani et al., 2006; Moore and Lockner, 2004; Moore and Rymer,
2007; Morrow et al., 2000; Rutter and Maddock, 1992; Rutter et al.,
1986). We attribute the strain hardening behaviour observed at
g< 10 in our experiments to pervasive cataclasis coupled with the
development of cataclastic shear bands (made of fine grained
material) and an oblique foliation, cf. Scruggs and Tullis (1998). We
suggest that the hardening is caused by grain size reduction and
associated compaction, leading to a change in dilatation angle and
an increase in friction coefficient. These bands are at an angle of
roughly 20–40� to the shear direction, regardless of shear strain
and normal stress, suggesting that they are dynamically stable. The
bands widen at the cost of the lenses, until a steady state shear
stress is reached.

We turn now to the effect of temperature on m. Moore and
Lockner (2004) observed a positive correlation between the value
for the coefficient of friction of wet sheet silicate gouges at room
temperature and the electrostatic separation energy of the
minerals. Sheets silicates with a relatively strong bonding between
the individual sheets are likely to have a higher coefficient of fric-
tion than those with a weak bonding between the sheets. These
authors infer that water forms thin, structured films between the
sheet surfaces. The polar water molecules are bonded to the plate
surfaces in proportion to the mineral’s surface energy. The friction
coefficient of the sample reflects either the strength of the bonding
between the water and the different mineral surfaces or the
stresses required to shear through these water films themselves.
Consequently, the coefficient of friction of a given sheet structure
mineral depends on the properties of the mineral surfaces and/or
the properties of the fluid phase and changes therein. An increase
in temperature could drive the adsorbed water off the mineral
surfaces, resulting in an increase in friction coefficient, as previ-
ously observed in serpentine gouges (Moore et al., 1997). Although
the friction coefficient of our samples increases with temperature,
the constant fluid pressure of 100 MPa is likely to maintain the
presence of thin water films between the sheet surfaces. We,
therefore, attribute the observed change in friction coefficient to
the development of the observed networks of shear bands rather
than to a change in the bonding between the pore water and the
mica surfaces.

Mariani et al. (2006), who performed direct shear (saw-cut)
experiments on simulated muscovite gouge at temperatures of
300–700 �C, reported friction coefficients that are in good agree-
ment with our absolute values for m at g< 10 (see Fig. 9a). Since the
samples deformed by Mariani et al. (2006) have a very-low (<9%)
starting porosity it is unlikely that compaction during shear
attributed to the observed strain hardening in their experiments.
Mariani et al. inferred that misaligned mica grains can serve as
obstacles to sliding, causing the hardening. They suggest that as the
microstructure evolves with shear strain and more and more grains
align themselves, the hardening rate is reduced and a steady state
shear stress may be reached. Because of the low strains attained in
the experiments of Mariani et al., such steady state was never
reached in their tests, but is clearly approached in our experiments.
However, the microstructures of our samples do not show an
evolving alignment of muscovite grains parallel to the shear
direction. Rather, a dynamically stable microstructure consisting of



Transcurrent fault

0

5

01

51

02

52

002051001050

D
e
p
t
h
 
z
 
(
k
m
)

Byerlee's law

Muscovite

01 41- sum

01 21- sum

01 01- sum

01 41- ztq 

01 21- ztq 

01 01- ztq 

Muscovite
breakdown

Shear strength    (MPa)τ

= 0.75μ

= 0.2μ

Fig. 14. Crustal strength profile comparing Byerlee’s Rule with the frictional strength
profile for muscovite, drawn using data presented in Fig. 9a. We assumed a geothermal
gradient of 30� Ckm�1 and a surface temperature of 25 �C, an average crustal density of
2.7 gcm�3, and a Byerlee friction coefficient of 0.75. The frictional strength profile
corresponding to m¼ 0.2 is added to represent the strength expected for the San
Andreas fault zone on the basis of heat flow measurements (Lachenbruch and Sass,
1980). The plastic flow strength of muscovite is added following Kronenberg et al.
(1990) for various strain rates assuming an activation energy of 270 kJmol�1 after
Mariani et al. (2006). The plastic flow strength of wet quartz is added following
Gleason and Tullis (1995), since it is lower than the flow strength of muscovite under
low-crustal conditions.
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Y-shear bands of cataclastic material and an oblique foliation
developed. This suggests that at low shear strain, in samples where
little syn-deformational compaction occurs (cf. Mariani et al.,
2006), misaligned grains may result in hardening of the gouge,
whereas at higher shear strains in gouges that densify during
deformation (this study), cataclasis and the formation of fine
grained bands can explain the observed strain hardening
behaviour.

Sliding velocity and thus shear strain rate did not significantly
effect the friction coefficients under the explored conditions in
good agreements with Mariani et al. (2006) and Niemeijer and
Spiers (2005). However, a change from rate-independent to rate-
dependent behaviour was reported at shear strain rates of 10�6 s�1

by Mariani et al. (2006) obtained during both constant displace-
ment rate and relaxation tests, which is at slower rates than the
10�5 to 10�3 s�1 applied in the present study. This rate-dependent
behaviour was attributed to viscous glide of basal dislocations
becoming competitive at low strain rates, but was not seen in our
faster experiments. Stick-slip behaviour at temperatures of 400–
500 �C was observed by Mariani et al. (2006), and confirmed under
similar pressure and temperature conditions in our experiments.

Mares and Kronenberg (1993) performed shortening experi-
ments on single crystals of muscovite using a Heard-type triaxial
gas apparatus at temperatures of 20–400 �C. These authors suggest
that deformation of muscovite crystals may occur by dislocation
glide at 45� to (001), kink generation at 0� to (001) or fracture at 90�

to (001). They observed evidence of dislocation glide in samples
deformed at 45� to (001) at temperatures of 20, 200 and 400 �C.
Evidence for plastic deformation in muscovite single crystals at
room temperature and pressure has been previously reported
during basal plane slip (Meike, 1989). Our results, including those at
higher temperature also show some evidence of ductile deforma-
tion, notably the folding of muscovite grains, but always subordi-
nate compared to the role of cataclasis. This is most likely due to the
relatively high strain rates used in our experiments. Moreover, the
reported observations of plastic deformation in muscovite at room
temperature were obtained from experiments on single crystals
(Mares and Kronenberg, 1993; Meike, 1989), whereas our samples
consist of fine grained fault gouge. Mariani et al. (2006) observed
plastic deformation in muscovite fault gouge at elevated tempera-
tures and low strain rates. We, therefore, suggest that the defor-
mation of fine grained fault gouge of grain sizes used here was by
cataclasis and grain boundary sliding at high strain rates, while
plastic mechanisms may control deformation at low strain rates or
in coarser material, less likely to slide and fracture.

At 700 �C, muscovite breakdown reactions result in a different
mechanical behaviour of the gouges and associated development of
modified microstructures. Mariani et al. (2006) observed at 700 �C
a sudden weakening, similar to our results but also a change from
rate-independent to rate-dependent behaviour. However, they
observed the growth of K-feldspar grains as a result of the chemical
breakdown of the muscovites and did not observe evidence for
partial melting. We attribute this difference in chemical behaviour
at 700 �C to the relatively high percentage of quartz impurities in
our samples (<10% compared to <1%). These quartz impurities
reduce the melting temperature of our samples to w700 �C (Huang
and Wyllie, 1974), while the melting temperature in the samples of
Mariani et al. is well outside the range of their experimental
conditions.

4.4. Implications for natural fault zones

Our experiments indicate that muscovite fault gouges
strengthen with increasing temperature up to 600 �C, showing an
increasing in friction coefficient from 0.37 to 0.56. In other words,
muscovite gouge becomes increasingly more resistant to sliding
with increasing temperature at the sliding velocities studied (strain
rates 10�5 to 10�3 s�1). In order to obtain a first-order assessment of
the importance of muscovite strength in crustal faults, we used the
data presented in Fig. 9a to construct a frictional strength profile for
the crust that allows comparison with Byerlee’s Rule (Fig. 14). For
the strain rates applied in our study, the shear strength of musco-
vite appeared independent of sliding velocity, hence we did not
include a rate effect on m beyond the range of sliding velocities
investigated. It is noted, however, that rate-dependent behaviour,
was observed by Mariani et al. (2006) for strain rates lower than
ours, but only at 700 �C, i.e., at depths 20–45 km depending on
geothermal gradient (lowermost part of our profile). It is unclear if
and to what extent the rate-dependent behaviour of Mariani et al.
occurs at slow strain rates at lower temperature than 700 �C.

We calculated our crustal strength profile using the approach
previously used by Bos and Spiers (2002) and Niemeijer and Spiers
(2005). We assumed a geothermal gradient of 30� km�1 and
a surface temperature of 25 �C, an average crustal density of
2.7 gcm�3, and a Byerlee friction coefficient of 0.75. A frictional
strength profile corresponding to m¼ 0.2 is added to represent the
strength expected for the San Andreas fault zone on the basis of
heat flow measurements (Lachenbruch and Sass, 1980). The crystal
plastic flow strength of muscovite is added (Fig. 14) following
(Kronenberg et al., 1990) for shear strain rates of 10�14, 10�12, and
10�10 s�1 and assuming an activation enthalpy of 270 kJmol�1

(Mariani et al., 2006). The flow strength of quartz is added since this
is lower than the flow strength of muscovite under low-crustal
conditions (Fig. 14) following an empirical equation for dislocation
creep (Gleason and Tullis, 1995).

The shear strength of muscovite gouge inferred from our
experimental data, at depths of 5–10 km, is 30–70 MPa, while
a strength of 10–20 MPa is implied for the San Andreas fault zone
(Lachenbruch and Sass, 1980). Based on these results, it seems
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unlikely that the presence of muscovite alone, with the rate-inde-
pendent frictional strength as taken in our study, can account for
the inferred weakness of large scale crustal fault zones. Muscovite,
however, shows stick-slip behaviour, which is the laboratory
equivalent of earthquakes, at temperatures between 400 and
500 �C, corresponding to a depth of 13–17 km in a transcurrent
fault zone. This unstable sliding behaviour might be of some
significance in controlling fault behaviour towards the base of the
seismogenic zone.

5. Conclusions

The present study aimed to determine the frictional behaviour
of simulated muscovite fault gouge at high shear displacements
and under hydrothermal conditions in the temperature range 20–
700 �C, at shear strain rates w10�5 to 10�3 s�1. The following
conclusions were reached:

(1) all our samples showed strong strain hardening at low shear
strains, followed by a more gradual increase in strength, until
steady state was reached. The steady state coefficient of friction
increased from 0.37 at room temperature to 0.56 at 300 �C,
remaining around this value up to 600 �C. At 700 �C, the coef-
ficient of friction decreased again, to a value of 0.38;

(2) all samples showed substantial grain size reduction at T up to
600 �C due to pervasive and localized cataclasis, which resulted
in continuous compaction and hardening of the gouge. This
hardening is due to the progressive development of an anas-
tomosing network of fine grained, cataclastic shear bands,
gradually widening and hardening. Coarse grained relict lenses
between the cataclastic bands show folded and kinked
muscovite grains indicative of active ductile mechanisms;

(3) due to the presence of quartz impurities (<10%) in the gouge it
is possible that partial melting occurred at 700 �C;

(4) on the basis of our results, it seems unlikely that the presence
of muscovite can significantly contribute to the long-term
weakness of large scale crustal fault zones, unless its strength
dramatically decreases with decreasing sliding velocity or
shear strain rate.

Acknowledgements

This research was funded by the Netherlands Research Centre
for Integrated Solid Earth Science, project AM 2.1. We thank Thony
van der Gon Netscher and Gert Kastelein for constructing and
adjusting the hydrothermal rotary shear apparatus. We would also
like to thank Eimert de Graaff and Peter van Krieken for their
technical support and also André Niemeijer and Gill Pennock for
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