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Flow-law for ringwoodite at subduction zone conditions
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Abstract

The plastic properties of ringwoodite, a high-pressure modification of olivine, are experimentally determined at the pressure
of 20 GPa and temperatures up to 1350◦C. Stress relaxation experiments have been carried out on fine-grained samples using
a two-stage T-cup multiple anvil high-pressure apparatus with synchrotron-generated X-rays. We observe the presence of a
significant weakening of the shear strength with a decrease from 2.5 to 0.2 GPa between 600 and 1000◦C. In this region, the
activation energy,U, is about 275 kJ/mol and it decreases with increasing stress, reaching a value of about 200 kJ/mol when
the shear stress attains 2.5 GPa. We propose that the plasticity is associated with vigorous dislocation glide controlled by
short-range lattice resistance forces. At lower temperatures, the shear strength is mildly dependent on temperature reaching
3 GPa at room temperature, while above 1000◦C, the flow may be governed by a power-law relation withn about 3.5.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction

Ringwoodite is generally expected to be the most
abundant mineral in the earth for the depth range of
550–660 km. Forming the lower half of the transition
zone, the ringwoodite layer plays a pivotal role in man-
tle dynamics, making the plastic properties of ring-
woodite important constraints on the flow of material
in this part of the mantle. In regions of subduction
zones, the ringwoodite stability field hosts high levels
of seismicity, including some of the earth’s greatest
events such as the 1994 Bolivian earthquake (Silver
et al., 1995). Two processes vie for the mechanism
of deep faulting. One involves the metastable trans-
formation of olivine to ringwoodite throughout the re-

∗ Corresponding author. Tel.:+1-631-632-8241.
E-mail address: dweidner@sunysb.edu (D.J. Weidner).

gion where ringwoodite is the stable phase (Green and
Burnley, 1989; Griggs and Baker, 1968; Kirby et al.,
1996). In this model the transformation is kinetically
inhibited by the low temperatures, and the transforma-
tion process results in faulting. The second mechanism
is a plastic-instability process in which the material
begins to deform plastically, heats up, the higher tem-
perature induces softening which further localizes the
flow and concentrates more heating (Hobbs and Ord,
1988; Ogawa, 1987). This process may end in melting
or it may terminate simply with high flow rates in a
plastic media. The plastic-instability process requires
that the strength be strongly temperature dependent.
Needed to further our understanding of all of these pro-
cesses is a quantitative model of the plastic flow-laws
for ringwoodite at the pressure, temperature, and stress
levels that act in these various regions. However, such
fundamental parameters have never been measured at
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the appropriate conditions. A major challenge for rhe-
ological studies is how to measure strain/stress at such
high pressures and high temperatures. Here we ex-
ploit the stress/strain metrics derived from X-ray stud-
ies. Since a high-energy synchrotron X-ray beam is
able to penetrate thick ceramic pressure media, the
strain/stress in the sample can be measured in situ by
analyzing diffraction peak-broadening (Weidner et al.,
1998). This newly developed high-pressure technol-
ogy with the aid of the synchrotron allows us to acquire
rheological properties of mantle minerals throughout
the P–T range of the upper mantle. Here we report
quantitative flow-laws and investigate the deformation
mechanisms at high pressures and temperatures up to
20 GPa and 1350◦C. Our data span a range of strain
rate from 10−5 to 10−7 s−1. This is typical of labora-
tory experiments, but is, of course, much faster than
the mantle flow processes. Earthquakes, however, are
very fast events, and the earthquake process will in-
clude deformation that is both faster and slower than
those of these experiments. In like fashion, the stresses
during the earthquake process in the rupturing media
are expected to be in the range of stresses studied here
(a few GPa) as even the deep Bolivian event demon-
strated an average stress drop—which is measured for
the entire affected region—of 0.1 GPa.

2. Experimental details

The polycrystalline ringwoodite sample was syn-
thesized from a fine powder of San Carlos olivine
at 19 GPa and 1300◦C for 2 h using the multi-anvil
2000 t uniaxial split-sphere apparatus (USSA-2000)
at the Stony Brook High Pressure Laboratory. X-ray
diffraction demonstrated that the San Carlos olivine
was fully transformed to ringwoodite with no impurity
phases observed in the sample.

A two-stage T-cup high-pressure apparatus with
eight tungsten carbide second-stage cubes each with
2 mm truncations (Vaughan et al., 1998) was used to
generate high pressure up to 20 GPa for the stress
relaxation experiment. The pressure medium for the
cell assembly is a boron-epoxy octahedron. The pres-
sure in the sample was measured in situ by the anal-
ysis of the X-ray diffraction pattern from NaCl. A
disk-type heater was made from the rhenium foil with
a LaCrO3 insulator. The temperature in this cell can

reach 2000◦C and was monitored by a thermocouple
during the experiment.

In this study, the deviatoric stress is heteroge-
neous within the X-ray scattering volume and is
manifested as a strain-broadening of the diffraction
peaks (Cullity, 1978; Weidner, 1998; Weidner et al.,
1992,1994a,b,c,1998). The deviatoric stress is gen-
erated as the sample is pressurized owing to elastic
heterogeneity and anisotropy within the powdered
sample. Ringwoodite powders with a mean grain
size of <5�m were directly loaded into the sam-
ple chamber and hydrostatically cold-compressed to
a high pressure of 20 GPa at room temperature and
then heated to a high temperature for the stress relax-
ation. We kept the pressure relatively constant during
heating. This microscopic strain, determined from
peak-broadening, is elastic strain. The microscopic
elastic stressσ in the lattice is determined by mul-
tiplying the Young’s modulus by the elastic strain
ε. The Young’s modulus of ringwoodite used in this
study is taken to be

E = 295+ 3.7P − 0.0569T

where P is the pressure (GPa),T the temperature
(◦C), andE is given in GPa (Weidner et al., 1984;
Meng et al., 1993; Jackson et al., 2000; Sinogeikin
et al., 1998). The resolution of the shear stress is
about 0.2 GPa. Since total strain does not change with
time, the plastic strain rate is simply the negative of
the elastic strain rate. Taken together, these results
yield both stress and strain rate as a function of the
environmental conditions.

These are relaxation experiments with all of the
attendant limitations of this style of measurement.
Steady state is difficult to demonstrate.Weidner et al.
(2001) demonstrate that the stress/strain rate val-
ues obtained by this method agree very well with
those derived from the models ofFrost and Ashby
(1982) for spinel and corundum. Their models are
based mostly on the indentation method for the re-
gion of comparison. Indeed, the method described
here is very similar to the indentation method, where
the material is ‘self’-indented and the stress/strain
relation is measured with X-ray methods. The big
advantage here is that a much broader range of ex-
perimental environments can be interrogated. In this
study, the uncertainties in the results come mostly
from the limitations of the physical model. The
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uncertainty of pressure, temperature, or Young’s mod-
ulus will contribute a few percent to the final result.
The model, however, could be several percent. The
only confirmation of the model effects must come
from comparisons with existing data such as sug-
gested previously. In such comparisons, we generally
find good agreement within 10–20% of the absolute
values for stress.

3. Experimental results

In these experiments, we followed two distinct
pressure–temperature–time paths. In the first, illus-
trated inFig. 1, the ringwoodite sample in the pressure
chamber is compressed to 20 GPa at room tempera-
ture, then the decay of stress with timet is monitored
as the temperature is increased in distinct steps. Be-
low 600◦C, stress relaxation is relatively slow with a
strain rate<10−7 s−1. Above 600◦C, the stress first
drops rapidly within 20 min corresponding to a strain
rate higher than 10−5 s−1, then the stress relaxes more

Fig. 1. Shear stress in sample during experiment. Initially as the sample is loaded to 20 GPa of pressure at room temperature, the shear
stress increases elastically and then saturates as yielding occurs. As temperature is increased to 200◦C little relaxation of the shear stress
occurs. Temperature is thereafter illustrated as a function of time during which the temperature is raised in steps.

slowly with a strain rate<10−7 s−1. However, the
stress never stops dropping and will, presumably, ap-
proach to zero if the time is long enough. Strength is
a useful concept even within the plastic flow regime;
it expresses the amount of stress that the solid can
support for very long times (or at very low strain
rates). The 3000 s strength, or the maximum shear
stress that the sample can support after more than
3000 s relaxation at which the strain rate is less than
about 10−7 s−1, is illustrated inFig. 2. These data
are very straightforward and are robust. The 3000 s
strength measured at different temperatures for five
samples with different heating paths are illustrated
here and are sensitive to temperature, but are rela-
tively insensitive to the heating history of the sample.
Below 600◦C, the shear strength decreases slowly
with temperature, beginning at about 3 GPa at room
temperature. Between 600 and 1000◦C, the strength
decreases dramatically from 2 to 0.2 GPa; between
1000 and 1350◦C, the strength is nearly a constant
value of 0.2 GPa, which is very close to the detection
limit.
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Fig. 2. 3000 s strength as a function of temperature. The shear stress supported by the sample from different experiments after the first
3000 s is illustrated as a function of temperature. Each symbol given in the caption represents a different experimental run. The runs that
begin with the letter ‘g’ are experiments where temperature is increased in steps and held constant for a period of time. The experiment
defined by ‘Temperature ramp’ is for an experiment where the temperature is gradually increased as a function of time. The solid line
illustrates the shear stress given by the model described in theEq. (3).

Fig. 3. Flow-law of ringwoodite. Symbols represent inferred stress and strain rate for different temperatures. These data represent several
experimental runs of the type illustrated inFig. 1. The vertical line represents the low temperature strength (3 GPa) while the curves reflect
the relationships given by the model ofEq. (3).
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The second style of experimental path is to increase
temperature at a constant slow rate during the entire
experiment (1◦C/min). These data are also illustrated
in Fig. 2 and show an identical weakening/instability
process throughout this temperature range.

As in the classic relaxation experiment, where total
strain is maintained as constant, the measurement of
elastic strain with time suffices to yield both stress and
strain rates (Poirier, 1985). Stress is simply obtained
by multiplying the elastic strain by an elastic modulus.
The elastic strain rate is equal to the negative of the
plastic strain rate. The first style of data can be easily
expressed as stress/strain rate and several experimen-
tal runs are represented as such inFig. 3. Since the
sample always enters a new temperature regime from
one with higher stresses and significant plastic yield-
ing, it is justified to assume that new dislocations need
not be generated for ‘equilibrium’ flow. We fit para-
metric models to these data assuming that they are at
least a quasi-steady state relationship.

We choose a few possible parameterizations of the
flow-law. The general form is given as

ε̇ = A

(
σ

µ

)n

exp

[−U(σ)

RT

]
(1)

where A is the pre-exponential constant,R the gas
constant,n the stress exponent,U(σ ) the activation
energy which may be a function of the stressσ , and
µ the shear modulus.

The values ofn and of the stress dependence of the
activation energy depend on the mechanism respon-
sible for deformation. The case where activation en-
ergy is independent of stress, that is power-law creep,
typically yields n between 3 and 5. In this case all
curves inFig. 3 should be parallel with this slope.
Only the highest temperature data, those at 1030◦C,
with a slope of about 3.5, yield slopes<10 or so. We
thus conclude that the deformation observed here is
not in the power-law creep regime.

Dislocation glide that is thermal and stress driven
is typically described with a value ofn = 2 and an
activation energy that is stress dependent such as

U(σ) = U0

(
1 − σ/µ

τ

)
(2)

where τ is a material constant related to the yield
strength. The activation energy, which involves both
τ andU0 determines the spacing between the curves

in Fig. 3, while τ defines the slope of the curves. The
parametersτ andU0, as well as the pre-exponential,
A, of Eq. (1), were determined as

ε̇ = 5 × 109
(

σ

µ

)2

exp

{
275

RT

(
1 − σ/µ

0.075

)}
(3)

to optimize the fit to the data inFigs. 2 and 3.
This model is used to calculate the stress as temper-

ature is ramped and compared with the observations in
Fig. 2and is also used to calculate stress/strain rate re-
lations and compared with the observations inFig. 3.
The model does accurately represent the observations
between 600 and 1000◦C. For lower temperatures, we
set the strength to a fixed value:

σ = 3.0 − Tb

where shear stress is given in GPa andT in ◦C. We
used a value ofb = 0.001 GPa/K.

4. Discussion

We proposed two deformation regimes and possi-
bly a third can be classified in terms of the stress and
temperature from these experiments. At high stress
(σ > 2 GPa) and low temperature (T < 600◦C),
stress relaxation is controlled by dislocation glide
assisted solely by the effective stress and with little
help from thermal energy since the temperature is too
low for thermal activation of dislocation. This region
is characterized by a high apparent stress exponent
(>20), a low activation energy and insensitivity of
strength to temperature and time. The shear strength
in this region is relatively insensitive to temperature
or strain rate and can be approximated by a constant
of about 3 GPa. This strength is significantly lower
than that ofMeade and Jeanloz (1990)who found a
room-temperature shear strength of about 8 GPa. They
determined strength in a diamond anvil cell study that
measured the pressure gradient with ruby fluorescence
and the sample thickness after the experiment. A
more recent diamond anvil study by Kavner deduced
a room-temperature strength of about 3 GPa (Kavner
and Duffy, 2001). This is in excellent agreement with
our room-temperature results. Their study directly
measures the deviatoric stress using side-entry X-rays
and from the lattice spacings parallel and perpendic-
ular to the principle stresses. Furthermore, the data
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reported in this paper is consistent with similar data
from a previous study that focused on comparing wet
and dry samples (Chen et al., 1998).

At temperature above 600◦C, thermal energy as-
sists glide activity in the sample. The flow mechanism
for stress relaxation and for the weakening/instability
of strength is associated with dislocation glide with
a vigorous thermal activation of dislocation over
short-range barriers, probably Perierls lattice re-
sistance or short-range obstacles. The shear stress
supported in the sample ranges from 0.2 to 2.0 GPa
and the relaxation rate depends on temperature,
time, and stress. The activation energy is strongly
stress-dependent, which is anticipated by dislocation
glide. The high apparent stress exponent of about
5–20, indicates that the power-law for dislocation
climb is not active.

By 1000◦C, the effective power,n, of a power-law
creep relation has decreased to 3.5. Yet, the strain rate
at this temperature is compatible with the dislocation
glide values forEq. (3)deduced from lower tempera-
ture data. This suggests that this region is at the bound-
ary between glide and climb. Higher temperature data,
with high stress resolution is required to determine if
this is indeed the onset of power-law creep, or whether
power-law creep is yet a higher temperature phenom-
ena at these stress levels.

These results provide constraints on models for deep
focus earthquakes involving plastic instabilities. We
find that below 600◦C, the rheology of ringwoodite re-
sembles an ideal plastic material. The maximum shear
stress that ringwoodite can support is about 3 GPa.
Higher stresses are relaxed more quickly than our
ability to observe them in the laboratory (faster than
10−3 s−1), yet lower stresses do not further relax at
strain rates slower than the minimum that we observe
in the laboratory (10−7 s−1). Furthermore, the strength
is almost independent of temperature. Such a region
would not be capable of a plastic-instability that re-
quires a strong temperature dependence of strength.
We thus conclude that 600◦C marks the lower tem-
perature bound for a plastic-instability in ringwoodite.

The high temperature limit for a plastic-instability
mechanism of earthquakes can also be estimated
with this data. If the sample has indeed reached the
power-law creep regime at 1000◦C with n = 3.5
(which is consistent with our data but not required
by our data), then obstacles will be overcome and

the stress/strain rate relation should continue with no
discontinuity to lower values of each. Extrapolating
our curves along a power-law relation, we find that
a shear stress of only 30 MPa will produce a flow
rate >10−11 s−1. Seismic activity produces a flow of
10−15 s−1 (Holt, 1995), considerably slower than this
plastic flow. Thus, at these conditions, plastic flow
will continue to decrease the stress below the stress
drop levels observed seismically and bring a halt to
earthquakes. Thus, the critical temperature regime for
triggering a plastic-instability-type earthquake in a
ringwoodite region is estimated to be 600–1000◦C.
Above 1000◦C, we suggest that ringwoodite is too
weak to sustain the stresses necessary to generate
seismicity and below 600◦C it does not exhibit a
temperature dependent strength that can give rise to
an instability.
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