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Fault weakening and earthquake instability by
powder lubrication
Ze’ev Reches1 & David A. Lockner2

Earthquake instability has long been attributed to fault weakening
during accelerated slip1, and a central question of earthquake
physics is identifying the mechanisms that control this weakening2.
Even with much experimental effort2–12, the weakening mechan-
isms have remained enigmatic. Here we present evidence for
dynamic weakening of experimental faults that are sheared at velo-
cities approaching earthquake slip rates. The experimental faults,
which were made of room-dry, solid granite blocks, quickly wore to
form a fine-grain rock powder known as gouge. At modest slip
velocities of 10–60 mm s21, this newly formed gouge organized
itself into a thin deforming layer that reduced the fault’s strength
by a factor of 2–3. After slip, the gouge rapidly ‘aged’ and the fault
regained its strength in a matter of hours to days. Therefore, only
newly formed gouge can weaken the experimental faults. Dynamic
gouge formation is expected to be a common and effective mech-
anism of earthquake instability in the brittle crust as (1) gouge
always forms during fault slip5,10,12–20; (2) fault-gouge behaves simi-
larly to industrial powder lubricants21; (3) dynamic gouge forma-
tion explains various significant earthquake properties; and (4)
gouge lubricant can form for a wide range of fault configurations,
compositions and temperatures15.

The dynamic rupture of earthquakes requires a strength loss from
pre-slip, static friction to co-seismic, dynamic friction, and so major
experimental effort has been devoted to determining fault friction2–12.
The experimental results are frequently analysed in the formalism of
rate- and state-friction2,3,6,9,11,13. The adjustable parameters of this
framework have successfully quantified the relations between friction
variations (for example, weakening, strengthening, instability), and
slip conditions (rock type, gouge, temperature, velocity, distance and
‘aging’)2,3,6,9,11,13.

Rock friction is typically measured using saw-cuts of cylinders (tri-
axial geometry) or direct-shear geometry, in which rock blocks slide at
low velocity (,0.1 mm s21) and over short distances (,30 mm)2,3,9–11,
or with rotary-shear devices, that allow for high slip velocity over long
distances4,5. Low-velocity experiments revealed weakening by time-
dependent creep at contacting asperities on bare-rock surfaces2, and
grain rolling in a granular shear zone11. High-velocity experiments
revealed weakening by melting on rock surfaces4 or silica gel flow in
quartz-rich rocks7. Fault gouge, the fine-grain rock powder that is
found in almost all field faults13–16 and in laboratory experiments3,5,11,12,
was also recognized as controlling fault rheology during earthquakes17

and experiments3,5,10.
The present study focuses on experimental evidence for the physical

mechanisms of earthquake weakening at slip speeds approaching
coseismic rates. The experiments show that the gouge layer is a
dynamic component, the properties of which are continuously chan-
ging in response to velocity, slip distance, ‘aging’ and heat. We believe
that these observations are consistent with a rate- and state-friction
formulation but would require parameter values that differ from those
determined for slow velocities. The gouge develops by wear from a
strong, ‘immature’ state to a weak, ‘mature’, shear-activated state. Only
a gouge layer that develops during slip lubricates and weakens the fault,

whereas preexisting gouge strengthens quickly (within days) and must
be reactivated to lubricate the fault.

We developed a rotary apparatus specifically designed to simulate
earthquake weakening on a laboratory fault that is comprised of two
room-dry cylindrical rock blocks (Methods and Supplementary
Information). We conducted hundreds of sliding tests on four samples
of Sierra White granite with cumulative slip distance of up to 1,180 m
per sample. In a typical run, the slip velocity V was increased or
decreased in steps under constant normal stress sn. Each velocity step
was maintained for a constant time interval (for example, 180 s) or a
constant slip distance (1–2 m). Fault strength is reported as friction
coefficient m, the ratio of measured shear load to measured normal
load. A quasi-steady-state friction coefficient was observed after slip of
at least 1 m at constant velocity (Supplementary Information). We
determined 254 friction–velocity values in 35 runs with increasing
or decreasing velocity up to 1 m s21, and sn 5 0.5–7.1 MPa.

In a representative experiment, the sample was subjected to 31
velocity steps from V 5 0.002 to 0.16 m s21, with sn 5 2.4 MPa, about
1.1 m slip at each step and total slip of 35 m. The friction–velocity
relationship (red curve in Fig. 1a) is characteristic of all runs (Fig.
1b). We recognize five friction–velocity regimes (Fig. 1b): (1) For
V , 0.003 m s21, friction varies widely with m 5 0.45–0.95 between
different runs, but is relatively stable in a given run. (2) For
V 5 0.003–0.01 m s21, friction values are scattered and decrease to
m 5 0.4–0.6 with increasing velocity. Friction may drop abruptly dur-
ing a single velocity step. (3) For V 5 0.01–0.05 m s21, friction reaches
a minimum of m < 0.3. (4) For V 5 0.05–0.25 m s21, friction rapidly
rises up to m 5 0.80. (5) For V 5 0.25–1.0 m s21, slip becomes unstable
with stick-slip activity and sample failure; the few data points in this
range suggest friction drop. The current friction reduction at
V 5 0.001–0.05 m s21 was previously observed6 (Fig. 1b).

Each rock sample was surface ground, mounted in the loading
frame and tested at room temperature and humidity (estimated as
23 uC and 40–60%, respectively). A thin gouge layer developed after
slip distances of only a few millimetres, as commonly oberved18–20. The
initial surface roughness was quickly modified by wear and gouge
accumulation. When the sample blocks were separated, they displayed
layers of fine-grain gouge that adhered to the sliding surfaces, forming
a continuous coating (Fig. 2a–c). The gouge layer thickness was 100–
300mm. The gouge was continuously created by wear of the rock
surfaces and excess gouge was extruded (Fig. 2b).

The wear-rate of the experimental fault is reported here as the ratio
of fault-normal closure to slip distance, in micrometres per metre (see
Supplementary Information). In run 616, the total wear approaches
0.6 mm after 35 m slip (blue line in Fig. 1a), and the non-monotonic
wear-rate is 4–12mm m21 (black line in Fig. 1a). We note the similarity
between wear-rate and friction variations with slip velocity (Fig. 1a and
Supplementary Information).

The fault surfaces after test 556 (run 3 s, V 5 0.97 m s21 and
sn 5 4.7 MPa) exposed a slightly cohesive gouge layer with thickness
0.45 6 0.15 mm. Scanning electron microscope (SEM) images of this
gouge revealed that most grains are angular and in the submicrometre
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range (many grains are below the 0.1mm SEM resolution; Fig. 2c).
Also, partial-melt regions appeared with patches of glassy material
that agglomerated submicrometre grains (Fig. 2d).

The fault temperature was measured by two thermocouples embed-
ded at 3 mm and 6 mm from the sliding surface (Methods). Figure 3
displays friction versus thermocouple temperature in two tests of
increasing velocity (final V 5 0.16 m s21), and two tests of decreasing
velocity (initial V 5 0.15 m s21). Slip at each velocity step was 2.0 m,
and sn 5 3.1 MPa. Increasing velocity tests show an abrupt friction
increase from m < 0.37 to 0.71 when the temperature was increased
from 100 to 120 uC; a further increase to 470 uC had no additional
effect. Decreasing-velocity tests show an approximately reverse pat-
tern: roughly constant friction above ,200 uC and then weakening
from m < 0.60 to 0.42 as the temperature dropped below 200uC.
(Our thermal model predicts a time-delay between fault and thermo-
couple: in an increasing-velocity test, the thermocouple temperature of
100–120 uC corresponds to a fault surface temperature of 130–150 uC,
and in a decreasing-velocity test, 200 uC on the thermocouple corre-
sponds to ,170 uC on the surface.)

These friction–temperature curves in Fig. 3 provide a clue to the
micro-mechanism of gouge behaviour. If the abrupt friction transition
occurs at a temperature of 130–150 uC, then the friction transition may
indicate dehydration of gouge-adsorbed water during temperature
increase, and water re-adsorption during temperature drop. We mea-
sured the amount and rates of water adsorption by heating three
samples of gouge powder for 24 h at 210 uC, and then continuously

weighing the powder while exposed to room humidity and temper-
ature. The gouge adsorbed ,0.8% water within 15 s after removal from
the oven, ,1.5% within 90 s and ultimately ,2% water. The present
gouge has a Brunauer–Emmett–Teller surface area of ,16 m2 g21.
Thus, 1.5% of adsorbed water corresponds to an average thickness
of 3 to 4 monomolecular layers. The adsorption and removal of this
thin film drastically modified the macroscopic frictional properties of
the gouge5,22 (Supplementary Information).

We also ran a series of slide–hold–slide experiments. In the initial
run, the fault slid first at 0.046 m s21 for 600 s (brown curve in Fig. 4) to
steady-state m < 0.3 after about 10 m slip, the fault was then held
stationary for ,30 s. When sliding was resumed at the same velocity,
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Figure 1 | Experimental friction-velocity relations in Sierra White granite
samples. a, Friction (red), fault wear (blue), and wear-rate (black) in run 616 as
function of slip velocity. Run includes 31 velocity steps from 0.002 to
0.16 m s21; ,1.1 m slip at each step; 35 m total slip; sn 5 2.4 MPa. The wear-
rate is explained in the online-only Methods. We notice similar trends in
friction and wear-rate variations. b, Experimental friction coefficients for 35
runs (run numbers shown) with 254 values; each datum point is the average
friction value at the velocity interval; standard deviation bars are shown only for
one run for the sake of clarity; yellow shading bounds the data without outliers;
data from ref. 7 also shown.
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Figure 2 | Gouge formation during the experiments. a, b, Blocks of Sierra
White granite after experiment 652. LB, lower block; UB, upper block; SR,
sliding ring; EG, gouge ejected. Note adhered gouge coating on the sliding ring
(a) and heaps of ejected gouge on the lower block (b). c, Close-up view of a
sliding surface showing adhered gouge and gouge layer. d, SEM image with
melted-like area in which glass ‘glues’ fine angular grains (test 556). e, Atomic
force microscope image of gouge grains of test 670 on glass plate; note the
submicrometre grains and agglomerated grains in the lower left corner.
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LETTER RESEARCH

2 3 S E P T E M B E R 2 0 1 0 | V O L 4 6 7 | N A T U R E | 4 5 3

Macmillan Publishers Limited. All rights reserved©2010



a slight strength recovery was followed by weakening back to m < 0.3
(blue curve in Fig. 4). But when the sliding was resumed at a much
lower velocity of V 5 0.0003 m s21 (green curve in Fig. 4), the friction
increased to m < 0.92 within 600 s. Similar behaviour was observed for
quartzite7, and time-dependent strengthening of fine-grained rock
powder23, and this behaviour has been incorporated in the ‘slowness’
law form of rate- and state-friction6. The present strength recovery
reflects grain agglomeration (Fig. 2e), sintering (Fig. 2d), or re-
crystallization. Because strength recovery is active even during slip
(green curve in Fig. 4), it may lead to self-healing of a slipping fault.

Different lines of evidence indicate that the new gouge, which formed
during slip, controls friction in our experiments. First, because gouge
accumulates from the onset of slip18 and adheres to fault surfaces (Figs
2a–c), it is always present during slip. Second, the 100–300-mm-thick
gouge layer (Fig. 2c) eliminates asperity–asperity contacts, and the slip
is accommodated within this layer. Third, the strength transition at
,150 uC (Fig. 3) is consistent with a surface hydration–dehydration
mechanism of fine-grained powder. Fourth, steady-state friction is
achieved here after slip distances of 3–10 m (brown curve in Fig. 4),
,1 m in quartzite7, and ,15 m in gabbro5; these distances indicate that
the steady state requires prolonged wear and gouge accumulation4 (Fig.
2). Fifth, the time-dependent strength recovery5 is common to fine-
grained rock powders23 with large surface area. Finally, the experiments
show that friction and wear-rate vary similarly with slip velocity (Fig. 1a
and Supplementary Information), and both are high at low velocities,
low at intermediate velocities, and high again at high velocities. This
inter-dependence of friction and wear-rate24 implies that gouge forma-
tion and accumulation are linked to friction intensity.

Although our results may be quantified using rate- and state-
friction2,13, we choose to first present a physical, phenomenological
description of the evolution of fault strength as it accelerates from rest
to about 1 m s21. The preceding text suggests a five-stage process (Fig. 5):
Stage (1) Initially, the fault includes bare surfaces (ground sample), or a
healed gouge zone.
Stage (2) At low velocity, the friction and wear-rate are high (Fig. 1a),
but only minor gouge amount is accumulated owing to the short slip
distance and competing healing processes (Fig. 4).
Stage (3) Distinct fault weakening occurs at an intermediate velocity
(V 5 0.01–0.05 m s21), when the gouge layer reaches a critical thick-
ness and structure, resulting in low strength and wear-rate (Fig. 1).

Stage (4) The fine-grained gouge powder is highly reactive and may
undergo temporal strengthening even during slip, for example, dehyd-
ration due to heating (Fig. 3) or agglomeration (Fig. 4).
Stage (5) Slip becomes unstable at high velocity (0.25–1.0 m s21), ulti-
mately leading to fracturing and failure of our granite sample.

Fault gouge is not the only fine-grained powder that reduces friction.
Tribological investigations have shown similar behaviour for dry powders
of graphite, MoS2, talc or quartz21. Part of the cohesive powder adheres to
the solid blocks, while the remainder forms a ‘third body’ that flows and
lubricates25–27. We propose that rock gouge develops a ‘third body’ that
separates the sliding blocks (Fig. 2c) and lubricates the fault.

The experimental results reported here are applicable to important
issues of earthquake physics such as fault-weakening efficiency and
non-seismic slip. Low-speed velocity-stepping experiments find that
weakening typically develops within ,1025 m slip2,9,11. In contrast,
near-field seismic observations suggest that weakening distances are
on the order of metres for large earthquakes28. Weakening distances
reported here and previously5,7 are from 1 to 10 m (Fig. 4) and may
reflect weakening mechanisms (that is, gouge layer formation) that
cannot be sampled by short-distance experiments. Furthermore,
low-speed short-distance experiments have a very small rate-dependent
strength loss: typical rates for quartzo-feldspathic rocks2,28,29 are
hm/hlnV < 20.002, whereas the weakening shown in Fig. 1 between
0.001 and 0.04 m s21 is hm/hlnV < 20.1. Thus, once the initial
nucleation phase for an earthquake is complete and the fault accelerates
to a modest velocity (for example, ,0.05 m s21), gouge friction reduc-
tion is likely to take over and dominate fault weakening.

The present experiments provide a powerful concept for under-
standing earthquake instability. Yet there are no experimental data
on effects of gouge composition, and gouge confinement under com-
bined high normal stress, water saturation and pore pressure. These
conditions will be explored in future experiments.

METHODS SUMMARY
The present phase of the experiments included study of rate- and time-dependent
friction on bare, solid blocks of Sierra White granite (supplied by ColdSprings).
Each sample includes two cylindrical blocks 101.6 mm in diameter and 50.8 mm in
height. The upper block has a raised ring structure with inner diameter of 63.2 mm
and outer diameter of 82.3 mm (Supplementary Fig. 1d, e). The blocks were
pressed against each other along the raised ring; the velocity at outer diameter is
only about 14% higher than the velocity at the inner diameter. The deformation
and heat generation in the sample were simulated in a finite-element model. The
granite blocks are glued by epoxy to aluminium cylindrical grips, surface-ground
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and roughened with 600 grit SiC powder. Thermocouples were cemented into
holes drilled 3 mm and 6 mm away from the sliding surfaces (Supplementary Fig.
1). The normal stress sn was kept constant during a given experiment within the
range 0.5 MPa to 7.1 MPa. The experimental run times ranged from 2 s (high
velocity) to 3,000 s.

Full Methods and any associated references are available in the online version of
the paper at www.nature.com/nature.
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METHODS
We describe here the experimental set-up of our rotary friction apparatus and the
wear-rate calculations.
Experimental set-up
General features. Our experimental system was funded by an NSF ‘‘Equipment
and facilities’’ grant, and it was built by J. Young in the Department of Physics and
Astronomy, University of Oklahoma. The system has the essential properties for
the study of earthquake fault weakening: (1) the capability to apply normal stress
up to 35 MPa, slip velocity of 0.001 to 2 m s21, rise-time to full velocity ,0.1 s, and
unlimited slip distance; (2) Continuous control of slip velocity without the need to
periodically reverse the sense of slip7; (3) A ring design of the fault blocks with
minor velocity difference (14%) between the outer and inner diameters, eliminat-
ing the need for the velocity corrections required for solid cylinders4,5; and (4)
high-frequency, up to 10 kHz, continuous monitoring of the laboratory fault
behaviour, including measurement of normal load, shear load, slip velocity, dis-
placement normal to the fault surface, and temperature.
Loading system. The apparatus frame is 1.8 m high with two massive decks
(Supplementary Fig. 1a–c). The decks are connected to each other by four rect-
angle legs that are internally reinforced. The sample is placed between the two
decks, and it is loaded by the rotary drive-train from below and by normal stress
from above (Supplementary Fig. 1). The power system includes:
(1) A 100 HP three-phase electric motor (Reliance) and controller (Baldor) that
provide constant torque of up to 3,000 N m from 0 to 3,300 revolutions per minute,
and which can accelerate to full speed in 0.1 s. The motor velocity is controlled and
monitored through an 8192 line encoder.
(2) The main rotation shaft is powered by the motor with 1:6 velocity reduction
sprockets.
(3) A 225-kg flywheel can boost motor torque.
(4)Alargeelectromagneticclutch(Ogura)thatisdesignedtofullyengagewithin30 ms.
(5) A hydraulic piston system (Enerpac) with axial load up to 9,500 N and pneu-
matic accumulator.
(6) Torque monitoring system (Supplementary Fig. 1a, b) designed to measure to
shear stress in the gouge.
(Reference to commercial product names should not be construed as an endorse-
ment. Rather, specific components are identified to provide a reference for inde-
pendent determination of machine performance.)
Control and monitoring system. The control and monitoring system is based on
National Instruments components, and includes a SCXI-1100 with modules 1124
(analogue control), 1161 (relay control), 1520 (load cell/strain gauge), and 1600
(data acquisition and multiplexer), as well as a USB-6210 for encoder measure-
ments. We use LabView as the control software. Digital sampling rate is up to
10 kHz. Load-cells for axial load and torque are made by Honeywell, displacement
normal to the fault surface is measured with four eddy-current sensors made by
Lion’s Precision (61mm accuracy), temperature measurement is with thermo-
couples and infrared sensor (Omega), and sample angular velocity is monitored by
a Sick–Stegmann encoder. We also monitor the motor velocity and motor torque
through the channels of the Baldor controller.
Samples composition. The samples of the Sierra White granite were supplied by
ColdSprings. The electron-microprobe modal analysis of Sierra White granite is
comprised of six main minerals: plagioclase (48%), quartz (38%), alkali-feldspar
(5%), ferromagnesian-mica (5%), and muscovite (5%) (Supplementary Fig. 2).
Mean grain size is about 0.3 mm, mean void space in electron-microprobe images
is ,4%.

Sample preparation. Each sample includes two cylindrical blocks 101.6 mm in
diameter and 50.8 mm in height. The upper block has a raised ring structure with
inner diameter of 63.2 mm and outer diameter of 82.3 mm (Supplementary Fig.
1d, e). The blocks were pressed against each other along the raised ring; the velocity
at the outer diameter is only about 14% higher than the velocity at the inner
diameter. The deformation and heat generation in the sample were simulated in
a finite-element model, and presented here. The granite blocks are glued by epoxy
to aluminium cylindrical grips, surface-ground and roughened with 600 grit SiC
powder. Thermocouples were cemented into holes drilled 3 mm and 6 mm away
from the sliding surfaces (Supplementary Fig. 1). The normal stress sn was kept
constant during a given experiment within the range 0.5 to 7.1 MPa. The experi-
mental run times ranged from 2 s (high velocity) to 3,000 s.
Wear and wear-rate calculations
Measuring wear. The common methods of wear measurements are by weighing
wear products20, measuring displacement normal to the sliding surfaces20,30,31, or
optical techniques. Each method has its limitations: weighing powder is time-
consuming and it disrupts the structure of the fault. After a measurement, it is
practically impossible to return to the previous stage. The optical methods are
difficult to perform in situ, and require an accurate reference surface. Instead, we
determine wear by continuously measuring the fault closure/opening with high
precision (61mm) sensors (see above).
Wear-rate calculations. We continuously monitored the change in closure/open-
ing U, normal to the fault; positive U represents closure. The closure has three
contributions: (1) surface wear W, indicated by closure (U . 0); (2) thermal
expansion (U , 0) due to frictional heating; and (3) compaction (U . 0)or dilation
(U , 0) of the gouge zone or the granite. We calculate the time-dependent wear-
rate as follows. First, the thermal contribution is determined by using the temper-
ature measured by the thermocouple embedded 3 mm from the sliding fault. We
monitored the closure due to sample cooling after the sample stops, and used an
empirical cooling–closure curve to determine the opening (U , 0) during shear.
The validity of this procedure was tested by simulating frictional heat with a
specially built ring heater that fits under the sliding ring and can heat the sample
without fault motion. An example of temperature-corrected closure is shown in
Supplementary Fig. 5. Once the gouge layer is established and its thickness is
nearly constant, the excess gouge is ejected from the fault surface. Under this
condition, the fault wear is approximately equal to the thermally adjusted closure,
W < U. Thus, the wear is the thermally corrected closure (in mm).

Next, we fit a polynomial curve (order of 5–13) to the wear data (Supplementary
Fig. 5) and take the derivative of this curve with respect to fault slip to obtain the
dimensionless wear-rate dW/dx, where x is the fault-parallel slip. We use a simple,
purely geometric unit:

Experimental wear-rate ; [volume of wear products/area of sliding surfaces]/
[slip distance] ; [thermally corrected closure]/[slip distance]

There is no universal wear-rate unit; it can be dimensionless (m m21, namely
metre per metre), or it can be 1026 m m21 5mm m21, which is the one more
suitable for experimental results and the one we use.

30. Hiratsuka, K. & Muramoto, K. Role of wear particles in severe–mild wear transition.
Wear 259, 467–476 (2005).

31. Hird, J. R. & Field, J. E. A wear mechanism map for the diamond polishing process.
Wear 258, 18–25 (2005).
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