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Abstract

Rheological flow laws can be obtained from studies using multi-anvil high-pressure systems with synchrotron-based
piezometers and strain metrics. The high flux X-ray source provides minute-scale time resolution with accurate measurement
of diffraction patterns and direct sample images. Measurements of length changes with an accuracy of one‘parein 10
being developed and will provide a new generation of rheological tools. Flow laws derived from peak broadening agree well
with literature data for corundum, spinel, and olivine.

Properties of several mantle phases are compared for the temperature and pressure regime appropriate to a subducting slal
Temperature dependence of these properties exhibits a strong, temperature insensitive low temperature region, a thermally
softened region and a weak high temperature region. The middle of these could be related to the seismogenic zone of a
subduction zone. The progression of the temperature for softening with mineral phase suggests that earthquakes deeper thai
400 km correspond to higher temperatures than for olivine in the upper 400 km. Plastic instabilities are suggested by these
data as the origin of deep earthquakes. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction stress over time, yet capable of catastrophic stress
release in these earthquakes. While the instability
Subduction zones are unique regions of the earth’s may be associated with dehydration, phase trans-
mantle as evidenced by the large lateral variations formation, or plastic shear instability, the rheology
in seismic velocity and high level of seismicity. In- of the material significantly influences the process.
deed the low temperatures expected in such regionsPlastic processes in a low-temperature, high-stress,
provide the basis for the distinction from ‘normal high-pressure environment for the mantle suite of
mantle’. The rheology of the materials in subduction minerals have not yet been studied owing to exper-
zones dictates many of the dynamic processes thatimental limitations. New advances in synchrotron
occur in this region. Deformation of the subducting X-ray studies at high pressure offer in situ piezome-
slab must occur by means of plastic deformation. ters and strain metrics that allow the determination
Earthquakes sample the rheology of the region. The of flow laws in the pressure and temperature regime
material must be strong enough to hold significant of a subducting slab for both low- and high-pressure
phases. Here, we examine the current state of devel-
This is a Mineral Physics Institute publication # MPI-276. opment of th_ese tools. We demonstrate that _the flow
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provide preliminary results for the major minerals of 2.1. High-pressure apparatus
the mantle.
We use two multi-anvil high-pressure toolings with
a 250ton press (SAM-85) on the superconducting
2. Experimental beam line (X-17) of the National Synchrotron Light
Source (NSLS) and at the GSECARS beamline at the
In this study, we use a multi-anvil high-pressure ap- Advanced Light Source. The DIA cubic anvil system
paratus to create pressures up to 20 GPa and deviatorids described by Weidner et al. (1992a,b), but we will
stress in the sample along with synchrotron generateddescribe a few of the salient features here. With this
X-rays to characterize the stress—strain field in the system, the force of a uniaxial ram is transmitted
sample. Temperature is increased up to 2&0@uring to six anvils that simultaneously advance into the
the experiment with special attention to the tempera- solid pressure medium that is cubic in shape. Gaps
ture range appropriate to the subducting slab. Yield is between the anvils of about 0.5 mm afford space for
determined if the stress that is supported by the sam- X-rays to enter the sample chamber and diffracted
ple saturates during loading (i.e. no longer elastic) and X-rays to exit. The cross-section of the pressure
decreases with heating as the strength is reduced. = medium is illustrated in Fig. 1. A cylindrical hole in
It is convenient to distinguish two scales of devi- the sample chamber contains a graphite furnace and
atoric stress relative to the X-ray sampling volume. the sample. The dimension of the sample volume is
We use the term macro-scale stress to indicate theabout 1 mm in diameter and 1.5mm long. A ther-
deviatoric stress field that is uniform over the sam- mocouple that passes through one of the anvil gaps
pling volume and micro-scale stress to indicate the monitors the temperature. A diffraction standard with
stress field that is heterogeneous in this volume. Both a well-known equation of state is used to define the
stress fields can be exploited to yield rheology infor- pressure. With 4 mm truncated, tapered anvils this
mation, but will require different experimental proto- system operates routinely to 10 GPa and on occasion
cols as they will have different manifestations in the to 13 GPa.
diffracted X-ray signal and they have different ex- The second tooling, the T-cup, is a 6-8 style sys-
pressions of the plastic strain field. Micro-scale stress tem using 10 mm cubes for the second stage (Vaughan
broadens the diffraction peak with the resulting plas- et al., 1998). Pressures to 23 GPa have been achieved
tic strain occurring at the expense of elastic strain with tungsten carbide anvils. The general operation of
of the sample. In this regard, micro-scale deforma- both pressure cells is similar with comparable X-ray
tion experiments are relaxation experiments in that optics. Together they afford the possibility of explor-
the volume of the sample remains quite constant as ing the rheological properties to pressures in excess of
the stress relaxes by converting the elastic strain to 20 GPa and temperatures up to 1500
plastic strain. Samples recovered from different stages White X-radiation yields an energy dispersive anal-
of yield have been examined with transmission elec- ysis with energies between 15 and 100 keV. We typ-
tron microscopy to determine the deformation mech- ically use a 2 angle of 5-10. Data gathering times
anism. Time resolution of the relaxation process has as short as 30s from an X-ray beam of dimensions
been quantified and the results interpreted in terms of of 100pum x 100um provide robust X-ray patterns
flow laws. To date, the observations are in good agree- that can be analyzed for position and width. The ac-
ment with existing data. In the case of macro-scale curacy of the lattice spacing determinations is often
stress, a uniform deviatoric stress is generated over0.00008 nm. This rapid mode of data acquisition en-
the entire sample by appropriate design of the cell as- ables analysis of the evolution of the stress—strain rate
sembly. The magnitude of stress can be determinedrelationship during fast relaxation of the stress.
by quantifying the strains recorded by the individual Monochromatic radiation at selectable energies up
diffraction lines, while strain is monitored using direct to 80keV can be used with an imaging plate record-
images of the sample with X-ray shadowgraphs. Time ing system or with a charge coupled device (CCD)
resolution allows definition of the stress—strain rate recording system. Monochromatic radiation offers an
relation. increase peak-width resolution of about a factor of 4
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Fig. 1. Cross-section of pressure cell for cubic DIA apparatus.

over the white radiation, but at a cost in time resolu- out the sample, with little or no variation from grain to
tion of about a factor of 6. grain, or it can be heterogeneous, varying in magnitude
By analyzing the lattice parameters of samples at and orientation from point to point as long as mechan-
several vertical positions within the sample chamber, ical equilibrium is satisfied. Homogeneous stresses
we have determined that the temperature variation over arise from anisotropy of the elastic and plastic proper-
the entire sample length is of the order of 20 at TZD0 ties of the pressurizing medium or from the symmetry
Using multiple thermocouples, we find that the radial of the loading system. A heterogeneous stress field re-

temperature gradient is less thatChat these condi-  sults from heterogeneities within the sample such as
tions. We find no evidence of a vertical pressure gra- a two-phase mixture or randomly oriented elastically
dient at room temperature. anisotropic grains. A sample comprised of loosely
packed grains will experience deviatoric stresses as it
2.2. Micro-scale stress is compressed owing to the void space between grains

and the point contacts of the grains. These micro-scale
Deviatoric stress generally accompanies hydrostatic stresses will occur even if the sample is externally
pressure in all high-pressure devices unless each indi-loaded hydrostatically.
vidual grain is surrounded by a fluid medium that has  Our experimental technique using micro-scale
no strength. This stress field can be uniform through- stress for rheological measurements is detailed in
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Fig. 2. Diffraction signal from spinel at ambient conditions, at
room temperature and 10GPa, and at 10 GPa and 1450K. Note
the evolution of peak width.

Weidner (1998) and Weidner et al. (1998). We model
the manner that the diffraction signal will reflect
this stress field. Each diffraction peak is the sum of
diffraction from only a subset of grains within the
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surface of the grain as well as dislocations internal to

the grains. Both sources of stress induce dislocation
flow as evidenced by the fact that internal strains can
be eliminated by annealing at high temperature in

the absence of applied stress by dislocation mediated
processes.

2.2.1. Case studies

2211 Spinel. Weidner et al. (1998) report the
micro-scale stress evolution of a spinel (Mg8l)
sample as shown in Fig. 3. All of these data were taken
in a single run in which pressure was first increased
to over 10 GPa and the sample was then heated to
400°C where the time evolution of the peak width
was monitored. Then the sample was heated t6 600
with continued monitoring of peak width. This pro-
cedure was repeated at 800 and XIDOOnN further
heating, the peak width was entirely dominated by the
instrumental peak width with strain broadening lost
in the noise. The stress values in this figure represent

specimen. These are the grains that have the particularthe differential stress and are obtained by deconvolv-

orientation that aligns the specific set of lattice planes
with the diffraction vector. The micro-scale deviatoric
stress field will broaden the X-ray diffraction lines
with the amount of line broadening determined by the
distribution of longitudinal elastic strain parallel to
the diffraction vector. Fig. 2 displays the diffraction
signal from MgAbLQ,, spinel at ambient conditions,

after the sample was compressed to 10.8 GPa at room

temperature, and after it was heated to 1450K at this
pressure. The amount of broadening of the peaks on
compression reflects the magnitude of the elastically
supported deviatoric stress. On heating, the sample
weakens, the amount of deviatoric stress that can be
supported reduces, and the peaks narrow. During this
process, the total sample-strain remains constant, with
elastic strain being relieved by plastic strain. Thus,
the amount of peak broadening yields the magnitude
of the deviatoric stress and the amount of narrowing
with time or temperature reflects the plastic strain.
Differentiating the plastic strain with time yields strain
rate.

Weidner (1998) and Weidner et al. (1998) demon-
strate the effects of sample grain size and elastic
anisotropy on peak shapes and how these can b
removed from the strain signal. Strain broaden-
ing results from stresses generated by forces at the

[S)

ing the instrument response from the diffraction peak
shape and multiplying by Young’s modulus (Weidner
et al.,, 1998). These relaxation experiments contain
information about strain rate as well as stress because

Strength of Spinel at 10 GPa
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Fig. 3. Differential stress in spinel (Mgé&D,) as a function of
time for a sample compressed to 10 GPa. The sample is heated
in steps from room temperature to 1@ The heating time is
about 1s; data collection times are about 30s.
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Spinel Flow Relations is limited by lattice resistance and governed by the
“+0 B rate equation
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Fig. 4. Stress—strain rate relations for spinel. Observed data are

shown by symbols and the experimental temperature is noted. At higher temperatures, the obstacles are overcome

Lines are from the model of Frost and Ashby (1982). by recovery processes and the flow law transforms to
a power law relation controlled by oxygen diffusion.
They derived the parameters for the low temperature

the total sample strain remains constant or region from the hardness data of Westbrook (1966)
after some corrections for cracking and for elastic dis-

ae ae ae - S
had == + = =0 (1) tortion. The power law region is modeled on oxygen
0 Jiot  \ 97 Jpjastic  \ 97/ elastic diffusion of Ando and Oishi (1974) and constrained

by compression tests of Choi (1965). The agreement
between our observations and the Frost and Ashby
model in Fig. 4 is quite good. Indeed the agreement
: . ', suggests that our observations, taken in a relaxation
on both strain rate and stress. Only elastic strain is mode, reflect the steady state flow law. As with the
directly observed in the experiment. Stress is deduced model, 600-80CC appears to represent a transition
from the magnitude of elastic strain and strain rate ¢, glide to power law creep as reflected by a change
is defined by the time variation of the elastic strain. in slope of the curves and the increased temperature
For these spinel data, we fit a parametric relation t0 gqqitivity of the flow law. Indeed, the new data can
the elastic strain versus time () = a + bIn(t)),  pe ysed to refine the flow parameters used in these
and differentiate to obtain strain rate. The resulting 415 A change oft() from 0.02 to 0.15 for the
shear strain rate versus shear stress is illustrated in Fig.gpctacle parameter and from 0.085 to 0.12 for the lat-
4. The slopes of the lines yield valuas,which are .o resistance brings the model flow law closer to the
the effective power for a power law stress strain rate data as shown in Fig. 5. Such changes are well within

model. This value is generally close to 3 in the region e |4tityde of the data used to constrain the Frost and
where dislocation recovery is operative and to 1 in Ashby (1982) model.

the region where diffusion processes dominate. High

values suggest that dislocation glide is the deformation

mechanism. 2.21.2. Corundum. Fig. 6 illustrates the stress—
The lines shown in Fig. 4 were obtained from the strain rate relations observed for corundum at 200,

flow law model of Frost and Ashby (1982) for this 600, 700, and 120@ from several relaxation exper-

temperature—stress—strain rate region. Their model hasiments in which the temperature was held constant

three mechanisms active in this temperature regime. and the time dependence of stress and strain were

At the lowest temperature and highest stress, their monitored. These data require a small temperature

model includes a dislocation glide region where flow dependence of strength for temperatures less than

Thus, the plastic sample strain rate is equal to the
negative of the elastic sample strain rate. Relaxation
data, by virtue of this equation, contain information
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Spinel Modified Flow Relations
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Fig. 5. Stress—strain rate relations for spinel. Observed data are shown by symbols and the experimental temperature is noted. Lines are

from the model modified from that of Frost and Ashby (1982) by changirig)(from 0.02 to 0.15 for the obstacle stress parameter and
from 0.085 to 0.12 for the lattice resistance stress parameter.
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600°C, but a rapid evolution of strength at highertem- at 600 and 800C under 1 GPa confining pressure.
peratures. The lines in this figure represent the model Their test at 800C with different crystallographic ori-
of Frost and Ashby (1982) for corundum. Their low entations gave yield stresses that ranged from 0.57 to
temperature curves (700 and less) are based on a 1.3 GPa. Goetze (1978) and Evans and Goetze (1979)
lattice resistance controlled glide relation and their measured indentation hardness to study the strength
high temperature curve is for a power law creep re- of olivine up to 800C. Meade and Jeanloz (1990)
lation controlled by oxygen and aluminum diffusion. studied the room temperature strength of olivine up to
In the region where their model has the strongest data 30 GPa with the diamond anvil cell. We have studied
control, namely from low temperature indentation olivine in a manner similar to that described above for
experiments and high temperature creep experiments,corundum and spinel. Our room temperature data are
the model is in excellent agreement with our results. in excellent agreement with these previous workers.
Furthermore, the slopes of the curves are in good Fig. 7 presents the differential stress calculated from
agreement with the data, thus, yielding similar stress line broadening as a function of loading pressure for
dependence of the strain rate. The differences be-San Carlos olivine. The stress increases rapidly with
tween model and data in the dislocation glide region pressure at low pressure, presumably indicating elas-
may suggest slight variations in the model parame- tic loading, until it saturates at about 5.5 GPa. With
ters. Again the strong agreement between the modelfurther loading, it increases only moderately, indicat-
and our data suggest that the data are providing aing a saturation of stress and hence plastic flow. Room
excellent sampling of the flow laws. temperature results from Evans and Goetze (1979) and
Meade and Jeanloz (1990) are also included in the
2.2.1.3. Olivine. Despite the abundance of studies figure. Their data suggest a slight increase in strength
of the rheology of olivine, there are relatively few in  with increasing pressure and are completely consistent
the low temperature regime. Phakey et al. (1972) ob- with our measurements. Strength as a function of tem-
tained stress—strain curves for single crystal forsterite perature from indentation experiments of Evans and
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Fig. 7. Differential stress in San Carlos olivine as a function of pressure. Data from this study are compared with that of Evans and Goetze
(1979) at room pressure and Meade and Jeanloz (1990) at elevated pressure.
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Fig. 8. Differential stress as a function of temperature. Data correspond to the stress after 1000s and are compared with data of Evans
and Goetze (1979) that was collected at room pressure using indentation techniques.

Goetze (1979) is compared with our data in Fig. 8. sample. For the X-ray diffraction vector parallel to
Our data correspond to strength at temperature mea-the cylinder axis (as in the DIA apparatus), a stress
sured about 1000s after relaxation at that tempera- field with a cylindrical symmetry does not broaden the
ture has begun. The sample will usually have a strain diffraction peaks, but displaces the peaks by differing
rate of about 107 s~ at this time. Our stresses are amounts. The displacement of each peak depends on
slightly larger than that of Evans and Goetze (1979) in the magnitude of the stress field and the elastic mod-
the low temperature regim& (< 500°C) as expected  uli of the sample (see discussions by Kinsland and
from the pressure effect indicated in Fig. 7. At higher Bassett, 1977; Singh and Kennedy, 1974; Singh, 1993;
temperatures, our strength is lower than their values, Singh and Balasingh, 1994; Weidner et al., 1992b,
suggesting a change in the flow mechanism. Nonethe-1994, 1998; Weidner, 1998).

less, it is clear that the values of stress as well as flow In order to measure rheological properties, strain
laws that are measured with this technique are consis-metrics are needed to monitor plastic strain of the sam-
tent with measured values that come from more tra- ple as a function of time. Monitoring of sample length
ditional techniques. The ability to resolve time in the or strain markers such as that used by Karato and
low temperature range of these measurements adds &Rubie (1997) hold a possible application for in situ,
significant dimension to results provided by standard time-dependent stress—strain determinations. We have

indentation experiments. conducted a study on an MgO sample using X-ray
shadowgraphs that demonstrate the feasibility of do-
2.3. Macro-scale stress ing this during a high pressure—high temperature ex-

periment. The cell was constructed to have a very hard
It is possible to generate non-hydrostatic stress that axial direction, with the sample sandwiched between
is uniform over the dimension of the X-ray scattering two corundum pistons. A thin gold foil was placed
volume, by introducing hard end plugs above and be- at each end of the sintered MgO sample. X-rays that
low the sample chamber. The anisotropy of the cell is bathe the sample were converted to visible light by a
thus, responsible for causing deviatoric stress in the fluorescence screen down-stream of the sample. This
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Fig. 9. X-ray shadowgraph of MgO sample at differér{T—time
conditions. Horizontal lines are due to gold foils placed at top
and bottom of sample. The width of the shadowgraph is defined
by the opening between anvils.
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held until the 300 min point, when it was further heated
to 1100C. Both heating cycles evidenced a further
shortening even though no further loading of the press
occurred. Thus, differential stress was maintained in
the sample and assembly throughout the experiment.
Fig. 11 shows the strain rate after the temperature in-
creases from 600 to 1100. In this experiment, we
estimate an uncertainty in strain of 0.001. Recent im-
provements in the camera system have improved the
resolution to 0.0001 for samples of 1 mm length.

The X-ray diffraction pattern has the possibility to
determine the time dependence of many aspects of the
experiment. For example, peak heights are sensitive to
any preferred orientations that develop within the sam-
ple. For the MgO sample reported here, a strong lattice
preferred orientation developed during cold compres-

image was magnified and recorded on videotape. A sion as shown by the X-ray intensities of Fig. 12. The

typical image is displayed in Fig. 9. The two dark lines
are from the gold foil at the top and bottom of the
sample while the width of the illuminated region is

top and bottom of the sample demonstrate unusually
small intensities in the (200) and (4 00) peaks com-
pared to the (111), (220), and (22 2) peaks, while in

determined by the size of the gap between the anvils. the center, the reverse is true. This suggests that dislo-
Captured digital images were analyzed to determine cation flow was responsible for a significant amount of
length, strain, and strain rate. Length as a function of the shortening as the equant-shaped grains should not

time is illustrated in Fig. 10 in units of pixels, where
one pixel is about 4m. The regions with no data were
periods when the X-rays were used for diffraction. The

develop a fabric if the flow occurred by rotation. Fur-

thermore, the orientations of the finite strain ellipses

and hence the flow lines vary with position in the sam-

sample was compressed during the first 150 min of the ple. Once in place, the fabric remained throughout the

experiment. During this time, the length was reduced
to half of its initial value. At the final pressure, the
sample was heated to 60D at the 210 min point and

600

experiment.
The magnitude of the deviatoric stress may be de-

termined from the elastic strain recorded by individual

500 ™
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300 ¢
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Fig. 10. Length of MgO sample as a function of time measured in pixefsum) of digital image.
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Fig. 11. Strain rate as a function of time of MgO sample determined from digital images as the temperature is increased from 60D.to 1100
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Fig. 12. X-ray diffraction patterns measured along the length of the MgO sample during cold compression. The patterns have been displaced
along both axes to aid the viewing of the signals.
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diffraction peakslikl), as is given by
Adpki
dinkn

significantly during loading can result with stresses
in individual grains that represent the strength of the
individual orientation of the grain. For example, if a
cubic material has a very soft slip system on (100)
where the compliance tensd@, is rotated to the co-  planes, then grains with (100) parallel to the max-
ordinate system of the stress system. The importantimum stress will support higher values of; than
point here is that each peak is generated from a subsetother grains. Thus, the elastic strain for these grains
of the crystals in the sample. This subset are all ori- will be greater than others. Such information would
ented with the particular crystallographic axikk(), be incorrectly interpreted by using the above equation.
parallel to the diffraction vector, which in our case is The results for MgO include effects of anisotropic
also the maximum stress axis. Since each peak cor-strength. Analysis of the stress field using Eq. (4) dur-
responds to a different orientation, the values of the ing compression yielded a tensional stress in excess
Ss will change with Kkl). However, the magnitude  of 2 GPa parallel to the cylinder axis, yet the sample
of the variation of theSs with (hkl) depends on the  shortened considerably during this phase of the exper-

= S1101 + (S12+ S13)03 4)

Ekl =

elastic anisotropy of the sample. An isotropic material
will have the same value &; for all crystallographic

orientations. Thus, an isotropic material will manifest
strains for each diffraction peak that are shifted from
the hydrostatic value, but the magnitude of the shift

iment. Uchida et al. (1998) observed the same strain
distribution for MgO, but concluded that it was due to
a change in the sign of anisotropy at about 3 GPa. This
conclusion is contradicted by the elastic moduli data
of Chen et al. (1998a) who found very little change in

will be the same for each diffraction peak. A material
that is elastically anisotropic, will exhibit strains that
vary with orientation (ori{kl)), and the magnitude of

elastic anisotropy to much higher pressure. The spe-
cific observation is that the (2 0 0) diffraction peak in-
dicated a larger strain than the other peaks. This could
the variation will be proportional to the magnitude of be due to tension along the diffraction direction (high
the differential stress. stress axis) or higher stress on grains with (10 0) par-
Eq. (4) has been used to define the stress field allel to the compression axis. The latter results if the
in the case where the elastic anisotropy is known easy slip systems are on (10 0) planes. Taken together
(Weidner et al., 1994) and to define the elastic proper- with the preferred orientation, this information indi-
ties of the material (i.e. th§;s) in the case where the cates that the low temperature flow in MgO occurred
stress state is defined (Mao et al., 1998). In both cases,on (100) planes and that the flow directions varied
it is assumed that the stress is uniform and does notbetween the middle and the ends of the MgO sample
vary with orientation of the grains. Indeed, the grains in this study.
that contribute to a (2 2 2) X-ray peak do not contribute ~ On heating, the situation changed for this MgO
to the (200) peak, as mutually exclusive orientations sample. Applying Eq. (4) to the diffraction data indi-
are required for each peak. The local stress field is in- cated a compressive stress parallel to the shortening
fluenced by the orientation of the particular grain since axis of about 1 GPa at 60Q. The most stable results
some directions in the grain are stiffer than others. A were obtained using only the two strongest peaks in
Reuss type assumption would assert that each grainthe diffraction pattern (200) and (220). Heating to
samples the local stress field, while a Voigt type as- 1100°C resulted in a decrease in the differential stress
sumption would assert that each grain samples the lo-to about 0.5GPa. In both cases, the diffraction pat-
cal strain field. The Voigt state would result in exactly terns were taken about 20 min after the temperature
the same displacement (strain) of each of the diffrac- increase when strain rate was about 1§, Frost
tion peaks and there would be no signal originating and Ashby (1982) estimated the differential stress to
from the deviatoric stress. Eq. (4) is actually appropri- overcome obstacles to be about 1.2 GPa for MgO.
ate for the Reuss state. An intermediate state, such asTheir model would suggest that obstacles should limit

the Hill state, would imply that the stress calculated
in this equation is about a factor of 2, too small.

A more profound effect can result from an
anisotropy in strength. A material that flows

flow at 600C but that power law creep may be ef-
fective by 1100C with a differential stress of about
0.4-0.5 GPa for a strain rate of 10s~1. Thus, for the
elevated temperature measurements of flow in MgO,
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the macro-scale stress—strain rate relation that is mea-properties here. The effect of water on the observed
sured for a reference material is in excellent agreement strength has already been presented (Chen et al.,
with existing models. 1998b) and would not be further discussed below.
Clearly there are uncertainties with the stress mea- One useful measure of the mineral rheology is the

surements in the macro-scale stress analysis. Thel000 s strength, that is the deviatoric stress supported
approach outlined here determines this stress from by the sample upon holding temperature constant for
diffraction data obtained at a fixed position relative to 1000 s. In our studies, this stress is relatively indepen-
the stress axis. If the entire Debye ring can be defined, dent of the time—temperature path that precede the data
then it is much more straightforward to define the point as long as the stress exceeded saturation. From
stress. Weidner (1998) demonstrate that the ellipticity a flow law viewpoint, this is the stress for a strain rate
of the Debye ring can yield a more robust measure of about 167 s~1. The 1000s strength is illustrated
of the differential stress and has fewer of the ambi- in Fig. 13 for these minerals as a function of temper-
guities discussed here. Our DIA geometry does not ature. All minerals exhibit a strength of several GPa
allow measurement of the full Debye ring, however, at low temperatures and a thermally induced soften-
other guide-blocks and future strategies may. ing at higher temperatures which is probably the result

of a thermally activated process. The temperature for

this process is lowest for olivine for which it is about
3. Mantle minerals 500°C. Wadsleyite and majorite soften at about 700

and ringwoodite softens at a slightly higher temper-

We have carried out micro-scale stress measure-ature. We did not observe a significant thermal soft-

ments on several mantle minerals including olivine, ening of perovskite in the experimental range, which
wadsleyite, ringwoodite, majorite-rich garnet, and extended to 80CC.
magnesium silicate perovskite. While many of these  The point of thermal softening is still not in the
studies are still in progress to define the flow laws and power law creep regime, because the effeatiiswell
deformation mechanisms, we will describe the relative above 5 for all of these materials. Thus, we conclude
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Fig. 13. The 1000s strength of mantle minerals as a function of temperature. This is the measured differential stress that can be supportec
during a relaxation experiment 1000s after the initial load was applied.
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that this region generally corresponds to glide or to a and Ord (1988) demonstrate that a plastic instability
transition region between glide and climb. Tempera- mechanism for deep earthquakes requires a rheology
tures above the softening region may well correspond with a strong stress and temperature dependence. This
to power law creep. is precisely the characteristic of the softening region
The picture that emerges includes three thermally that is identified by our data. At lower temperatures,
defined regions. The low temperature region exhibits the stress dependence of the strain rate is high, but
a strength of several GPa, which is relatively tem- the temperature dependence is low. Thus, softening
perature independent. Strain rate depends strongly ondue to flow-induced heating will not be so significant.
stress. For stress higher than the 1000 s strength, strainAt higher temperatures, the stress dependence dimin-
rate becomes very fast, yet for lower stresses, the strainishes, reducing the effect of stress concentrations at
rate is quite slow. Expressed as a power law flow law, the ‘crack’ tip.
the effective value afi is often above 20. The softening Elevated temperatures will eventually cause seis-
region is characterized by a strong temperature depen-micity to cease as there is insufficient strength to
dence of strength, with an effectivestill greater than support seismogenic stresses for sufficient times. Holt
that expected in the normal power law creep regime. (1995) and Bevis (1988) estimate a strain rate of
The high temperature region demonstrates a reduced10-1°s™ for the flow process that results from deep
temperature dependence of strength and less depenearthquakes. If creep becomes sufficiently active that
dence of strain rate on stress. Valuesi@re often in it exceeds this flow rate, then we would expect that
the range of 3-5. deep seismicity would shut off since plastic flow will
The thermal softening region has important rheo- drain stress from the region more efficiently than seis-
logical characteristics that may have a bearing on the mic activity. Using the power law creep law of Hirth
deep earthquake process. Ogawa (1987) and Hobbsand Kohlstedt (1996), we estimate that for 100 MPa

2.5

n

Shear Stress (GPa)

Depth (x100Km) 7 8 —

Fig. 14. Stress capacity of the subduction zone. The 1000s strength is projected along a geotherm in the cold center of a subducting slab.
Phase transformations give rise to sudden increases in strength at the appropriate depths.
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of shear stress, creep will shut down the seismic pro- to deviatoric stresses greater than about 100 MPa. This
cess at 600C in wet olivine (their preferred oceanic has allowed analyses of only a small region of pa-

lithosphere model) and at 700 for dry olivine. rameter space where the defining flow regime is the
Thus, we expect that such temperatures represent ahigh-temperature power law creep regime. However,

maximum temperature for seismicity above 400km the lower temperature regimes probably control flow

where olivine is the stable mineral. in the cold part of a subducting slab.

A plastic instability origin of deep earthquakes is Preliminary data are presented for most phases that
consistent with many of the depth variations in seis- exist within a subducting slab. Higher pressure phases
mic character. The decrease in seismicity from 350 to tend to be stronger at elevated temperatures. In par-
400 km could reflect the approach of the temperature ticular, thermal activation of the weakening process
to 600°C in the bulk of the slab by this depth. The in- occurs at higher temperatures for the higher pressure
crease in seismicity below 400 km depth reflects the phases. Association of the seismogenic zone with the
higher temperature for thermal softening of the high temperature regime where strength is a strong func-
pressure phases. Cessation of seismicity at the per-tion of temperature suggests that earthquakes in high
ovskite boundary may be a result of the strong, tem- pressure phases occur at higher temperatures than
perature independent nature of perovskite. those in olivine. In fact, olivine probably becomes too

These measurements also provide important con- weak to support earthquakes at temperatures in ex-
straints on the rheology of the slab as is required for cess of 600-70@. Thus, the decrease in seismicity
dynamic models of subduction. Fig. 14 illustrates the with depth to 400 km may result from the weakening
stress capacity of the subduction region along the cold of olivine in the slab at these depths. The increase in
center of the slab. Again, the 1000s strength is il- seismicity deeper than 400 km would then result from
lustrated. Phase transitions mark strong increases inthe increased strength of the higher pressure phases.
strength as is illustrated here, with the perovskite re- The disappearance of earthquakes in the perovskite
gion being extremely strong. We do not account for field may reflect the loss of a plastic instability mecha-
secondary phases. In the upper mantle and transitionnism associated with the rheology of perovskite. More
zone, they should be as strong as those that are rep-experiments are required to verify this possibility.
resented here. In the lower mantle, we expect up to
15% magnesiowustite in addition to perovskite, which
might weaken the slab. However, the amount of weak- Acknowledgements
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