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[1] We investigate the strength and frictional behavior of olivine aggregates at
temperatures and effective confining pressures similar to those at the base of the
seismogenic zone on a typical ridge transform fault. Triaxial compression tests were
conducted on dry olivine powder (grain size �60 mm) at effective confining pressures
between 50 and 300 MPa (using Argon as a pore fluid), temperatures between 600�C
and 1000�C, and axial displacement rates from 0.06 to 60 mm/s (axial strain rates from
3 � 10�6 to 3 � 10�3 s�1). Yielding shows a negative pressure dependence,
consistent with predictions for shear enhanced compaction and with the observation
that samples exhibit compaction during the initial stages of the experiments. A
combination of mechanical data and microstructural observations demonstrate that
deformation was accommodated by frictional processes. Sample strengths were
pressure-dependent and nearly independent of temperature. Localized shear zones
formed in initially homogeneous aggregates early in the experiments. The frictional
response to changes in loading rate is well described by rate and state constitutive
laws, with a transition from velocity-weakening to velocity-strengthening at 1000�C.
Microstructural observations and physical models indicate that plastic yielding of
asperities at high temperatures and low axial strain rates stabilizes frictional sliding.
Extrapolation of our experimental data to geologic strain rates indicates that a
transition from velocity weakening to velocity strengthening occurs at approximately
600�C, consistent with the focal depths of earthquakes in the oceanic lithosphere.
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1. Introduction

[2] While the composition of the oceanic lithosphere is
probably the simplest and most well constrained of any
seismogenic region on Earth, few data on its frictional
properties exist. Comparison of the depths of oceanic earth-
quakes with thermal models indicates that the seismicity is
thermally bounded [Wiens and Stein, 1983; Engeln et al.,
1986; Bergman and Solomon, 1988; Stein and Pelayo,
1991; Scholz, 2002]. The most recent studies of mantle
seismicity [Wilcock et al., 1990; Abercrombie and Ekström,
2003] and thermal models [McKenzie et al., 2005] suggest
that seismicity is restricted to depths where the temperature
is less than approximately 600�C, indicating that a transition
from unstable to stable frictional sliding occurs with an
increase in temperature above 600�C. By contrast, previous
experimental work on the frictional behavior of olivine

aggregates showed this stability transition at significantly
lower temperatures, T � 200�C [Stesky et al., 1974; Stesky,
1978a, 1978b]. We present new experimental data that are
consistent with the geophysical observations.
[3] In our experiments we observe shear localization in

olivine aggregates and investigate the experimental condi-
tions at which localized sliding transitions from exhibiting
velocity weakening to velocity strengthening behavior. We
use microstructures to constrain deformation mechanisms at
grain-to-grain contacts and discuss the processes controlling
the transition from unstable to stable deformation in the
context of rate and state friction. Finally, we extrapolate our
laboratory results to geologic conditions using flow laws for
low-temperature plasticity of olivine [Goetze, 1978; Evans
and Goetze, 1979].

2. Experimental Design

[4] Deformation experiments were conducted in a servo-
controlled, internally heated, gas-medium apparatus from
‘‘Paterson Instruments’’ [see Paterson, 1990; Xiao and
Evans, 2003]. Crystals of San Carlos olivine (�Fo91) were
ground to a powder, producing a starting grain size of less
than 60 mm. The powders were oven dried, then cold
pressed at approximately 5 MPa into 26 mm long copper
jacketswith inner and outer diameters of 10mmand 11.2mm,
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respectively. In a few experiments, two thin layers of
enstatite powder were inserted during cold pressing to serve
as strain markers. Experiments were conducted at
temperatures of 600�C � T � 1000�C and effective
confining pressures of 50 MPa � PC

eff � 300 MPa, where
PC
eff is confining pressure minus pore pressure PC

eff = PC �
PP. To reach the desired PC

eff and T, confining pressure and
pore pressure were increased simultaneously, followed by
heating at 0.25�C/s. Argon was used for both the confining
and pore fluid media; volumetric strain was measured with a
volumometer. In some cases a small pore pressure leak
occurred through the volumometer. For these samples,
noted in Table 1, the leak rate prior to deformation was
measured. We assumed that the leak rate remained constant
throughout the experiment and corrected the raw volumetric
strain data accordingly.
[5] Prior to deformation, each sample was subjected to an

hour-long hot press at the experimental pressure and tem-
perature conditions. A micrograph of a sample that was
removed after the hot-pressing step is shown in Figure 1.
After hot-pressing, we confirmed that samples were perme-
able by applying a fluid pressure wave to the upstream end
of the sample and observing the wave with little to no delay
on the downstream side. Experiments were conducted at
axial displacement rates of 0.06 mm/s � V � 60 mm/s,
resulting in bulk axial strain rates of 3� 10�6 s�1 � _�� 3�
10�3 s�1. All experiments were terminated prior to 5.5 mm
of axial displacement. This constraint limited rotations of
the stress field caused by buckling of the load column and
ensured that the jacket separating the pore fluid from the
confining pressure did not rupture. An example of a
deformed specimen illustrating the sample assembly is
shown in Figure 2.
[6] After deformation, samples were impregnated with

epoxy, cut perpendicular to the shear zone, and thin sections
were prepared to observe microstructures. Some deformed
samples were heated in air for 1 hour at 900�C to decorate
dislocations [Kohlstedt et al., 1976] prior to thin section
preparation. Raw data in the form of load, axial displace-
ment, and volumometer displacement were converted to
differential stress, axial strain, and volumetric strain, as-
suming homogeneous deformation. For samples with no

pore fluid pressure, differential stress was calculated
assuming a constant sample volume. When volume changes
were recorded, they were used to obtain differential stress,
which reduced the calculated values by 0.5–3%.

3. Results

[7] The results of 13 triaxial deformation tests are sum-
marized in Table 1. As illustrated in Figure 3, differential
stress versus displacement behavior was reproducible,
showing only modest variation throughout the experiment
for tests conducted at the same conditions (e.g., OF-02 and
OF-04 in Table 1).

3.1. Mechanical Data

[8] Differential stress versus axial displacement curves
for samples deformed at 800�C show that maximum sample
strength increases with increasing effective confining
pressure (Figure 3). In each experiment the initial stages

Table 1. Experimental Parameters

Experiment T, �C PC
eff, MPa PC, MPa V, mm/s smax,

a MPa dmax, mm axial �, % (a-b), �/+

OF-01 740 300 300 0.6 395 2.37 10.4 �
OF-02 800 300 300 0.6 510 4.22 20.8 �
OF-03b 800 300 300 n/a n/a n/a 0 n/a
OF-04 800 300 310 0.6 495 4.56 21.4 �
OF-05c 800 50 300 0.6, 6 125 2.66 14.1 �
OF-06c 800 200 310 0.6, 6 370 3.39 16.1 �
OF-07d 1000 200 300 0.6, 6 380 5.18 24.1 �,+
OF-08b,d 1000 200 300 0.6 259 1.22 6.2 n/a
OF-11b,d 1000 200 300 0.6 174 1.11 4.9 n/a
OF-12b,d,e 1000 200 300 0.6 187 0.97 4.9 n/a
OF-13b,d,f 800 100 300 0.06 – 60 205 4.80 23.8 �
OF-15d,f 1000 100 300 0.06 – 60 225 4.11 22.6 �,+
OF-19f 600 100 125 0.06 – 60 215 3.83 20.9 �

aMaximum differential stress reached while subject to a loading rate of 0.6 mm/s.
bExperiment was stopped after little to no axial strain.
cVolumetric strain was recorded and a correction for a leak was applied to the raw data.
dVolumetric strain was recorded.
eSamples were oxidized to decorate dislocations.
fEnstatite strain markers were included in the sample volume.

Figure 1. Optical micrograph (plane light) of sample
OF-03 hot-pressed for 1 hour at 800�C and PC

eff = 300 MPa.
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