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Knowledge of the rheology of the upper mantle is important for understanding both 

subduction related phenomena and mantle flow in general. Here we report the results 

of stress relaxation experiments on San Carlos olivine at pressures between 5.3 and 

1.3 GPa and from 350 to 900oC. At 5GPa and 500oC the deformation best follows a 

model governed by long-range resistance to movement of dislocations. The yield 

stress of olivine has been measured at low strain rates of 10-7 s-1. We conclude that the 

upper limit for the long term yield stress of olivine at 500oC is 68 +180/-44 MPa. 

We observe significant weakening and infer an associated change in 

deformation mechanism in olivine between 500 and 730oC. This change is coincident 

with the limit of the seismogenic layer and the greatest elastic thickness 

measurements in oceanic crust. 

Abstract
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Introduction1

The Earth's upper mantle and subducting oceanic lithosphere are composed 2

principally of olivine (-(Mg,Fe)2SiO4) (e.g. Bina & Wood, 1986). Freed & 3

Bürgmann (2004) estimated the rheology of the upper mantle using post-seismic 4

deformation and concluded that upper mantle rheology is consistent with that of 5

olivine. Therefore, the rheology of olivine is important for understanding the 6

dynamics of the upper mantle and of subducting slabs.7

Over longer time scales than those of post-seismic relaxation, the upper limit to 8

the seismogenic (McKenzie et al., 2005) and elastic thicknesses (Watts, 2001) of the 9

oceanic crust appears to be approximated by the 600oC isotherm of McKenzie et al. 10

(2005). Similarly, the cessation of intermediate seismicity corresponds closely with 11

the 800oC isotherm in subducting slabs (Frohlich, 2006).  The concurrence of these12

measurements, which sample a large range of time scales and tectonic settings,13

indicates something about the fundamental properties of the material in which they 14

occur, namely olivine.15

Another proxy for the material properties of the upper mantle are the stress 16

drops measured from intemediate and deep earthquakes. The stress drop observed 17

during earthquakes shows an increasing trend with depth (Frolich, 1989; 18

Venkataraman & Kanamori, 2004, and references therein); above 40km the typical 19

stress drop observed is ≈ 1 to 10 MPa (Kanamori & Anderson, 1975). Between 50 and 20

100 km the stress drop rises to ≈ 11 to 42 MPa and at depths of 600 km stress drops of 21

16 to 280 MPa are observed.22

Fundamental to this mechanical behaviour is the yield stress which, in a 23

Bingham plastic fluid, is the stress required for the onset of plastic flow ‘under the 24

conditions of the experiment’ (Scott Blair, 1933). Experimental measurement of the 25

onset, or in a stress relaxation experiment the cessation, of flow is very difficult and 26

so flow stresses are normally measured. The flow stress is the stress needed for flow 27

at a given strain rate. 28

Despite the large body of work on the rheology of olivine, relatively few studies 29

have attempted to determine its yield stress.  Evans & Geotze (1979) used indentation 30

techniques to show that the flow stress of olivine reduces with increasing temperature 31

to 1500oC and Green & Borch (1987) showed that it scales to the homologous 32

temperature. The rheology of olivine has been studied at low pressure (<2 GPa) by 33

* Manuscript
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Ross et al. (1979) among others and, with the development of higher pressure 34

techniques, at up to 10 GPa by Li et al. (2004), Raterron et al. (2004) and Yamamoto35

et al. (2008). These studies find that at high temperatures a power law rheology 36

(equation 7) is observed while at lower temperatures (<700oC) a short-range obstacle 37

(Peierl's) plasticity is observed (equation 6a).38

In this study the rheology of olivine has been investigated by stress relaxation 39

experiments on polycrystalline San Carlos olivine at up to 5.3 GPa confining pressure 40

and temperatures of 350 to 900oC, which are appropriate to the temperature within a 41

subducting slab (Kincaid & Sacks, 1997). The flow stress of polycrystalline olivine at 42

500oC and 5 GPa has been estimated at an ultimate strain-rate of ~10-7s-1 which is 43

significantly lower than strain rates achieved in previous studies.44

45

Flow Laws46

Plastic deformation takes place on an atomic scale by the movement of lattice 47

defects (dislocations) through the crystal (Poirier, 1985, chapter 2). Orowan (1940) 48

proposed that the plastic strain rate ( ) is proportional to the dislocation density () 49

and the average velocity of these dislocations (v ): 50

 v (1),51

where v  is a product of the force acting on the dislocation and its mobility (Frost & 52

Ashby, 1982) and  is a function of differential stress () with the form (after Argon, 53

1970): 54

m  (2).55

The stress dependence, m, of the dislocation density has been measured for olivine to 56

be 1.41 ± 0.16 (Karato & Jung, 2003). Since dislocations are not generated or 57

annihilated homogeneously throughout a crystal it takes a finite amount of strain, at a 58

given stress, for the equilibrium dislocation density to be achieved. In a constant stress 59

experiment approximately 3% strain is required for the dislocation density to reach 60

the equilibrium value; at about 1% strain the crystal is within ≈ 85% of the 61

equilibrium dislocation density (Durham et al., 1977). In stress relaxation experiments 62

the equilibrium dislocation density will reduce as the sample deforms. At very low 63

strain rates it is not certain that there will be enough strain on the experimental 64

timescale to reduce the dislocation density to that approaching the equilibrium value. 65

In this case measurement of the dislocation density overestimates the differential 66



Page 5 of 29

Acc
ep

te
d 

M
an

us
cr

ip
t

stress.67

The mobility of dislocations is controlled by their interaction with obstacles to 68

their motion. The average velocity of dislocations ( v ) is a function of the time that 69

they spend overcoming obstacles while passing through a crystal. If the velocity of the 70

dislocations, v , is determined by the strength and density of discrete obstacles in the 71

crystal, then v  is given by the kinetic equation (Frost & Ashby, 1982): 72







 


T

G
Kv

R

)(
exp=


(3).73

In this equation R is the gas constant, T the temperature, K′ is a constant and G() is 74

the Gibbs free energy of activation for passing an obstacle. The shape and distribution 75

of the obstacles define G(); for short-range obstacles that are sensitive to thermal 76

activation G() has a general form (Kocks et al., 1975): 77

qp

FG



















 1=)( 0 (4),78

where  is the strength stress at 0 K, F0 the free energy needed to overcome the 79

obstacle without any external work and p and q take values in the range 0 < p ≤ 1 and 80

1 ≤ q ≤ 2. Ono (1968) concluded that for most values of  it is sufficiently accurate to 81

take p = 1/2 and q = 3/2.82

If, on the other hand, obstacles to dislocation motion act over a large region of 83

the crystal (long-range obstacles), the form of G() will be (Kocks et al., 1975): 84









 ln)(G (5).85

Possible physical mechanisms with an activation energy with this form have been 86

discussed by Seeger (1956) and Schoeck & Seeger (1955) but are beyond the scope of 87

this discussion. 88

Combining equations 4 and 5 with equations 2 and 3 gives two possible strain-89

rate equations for short-range and long-range obstacles respectively:90



































qp

m Q
A


 1

RT
exp= 0 (6a),91







 

RT
exp= 1

0

Q
A m (6b);92

where Q is the activation energy per mole and A0 is a constant of proportionality. 93
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Equation 6a is commonly used to describe flow in the Peierl’s regime. 94

At high temperatures the dependence of strain rate on stress is stronger and the 95

flow law becomes the familiar power-law creep flow law (equation 7) (e.g. Poirier, 96

1985); in which n is the stress exponent and takes values of between 3 and 10 (Frost 97

& Ashby, 1982). 98







 

RT
exp= 0

Q
A n (7).99

For olivines n has been measured to be approximately 3.5 (e.g. Li et al. 2004 and 100

references therein). Despite the identical form of equations 6b and 7 it is possible to 101

distinguish between the underlying mechanisms since the value of the stress exponent 102

should be approximately 0.41 for equation 6b (after Karato & Jung, 2003) but greater 103

than ≈3 for equation 7. It is also possible to identify a short-range defect (equation 6a) 104

dependence because a fitted power law stress exponent should be slightly smaller than 105

1.41, by an amount determined by the stress dependency of the exponential term.106

107

Experimental Methods108

Experiments were performed in a belt-type pressure cell in a modified 250-109

tonne Paris-Edinburgh load frame (Dobson et al., 2005), at a constant end load of 40 110

tonnes. The apparatus has been designed for stress relaxation experiments on the 111

ENGIN-X instrument at the ISIS spallation neutron facility, Rutherford-Appleton 112

laboratory, UK.  The belt has a pre-stressed central cylindrical tungsten carbide core 113

with a 10 mm diameter, 7 mm long cylindrical aperture with 47o conical openings at 114

each end. Natural massive fluorite was used as the gasket material and pressure 115

medium, inside which was a tapered graphite furnace, the olivine sample, and end 116

plugs made from magnesium oxide and tungsten carbide. A thermocouple was run 117

through the furnace across one end of the sample and out through the gaskets. A 118

schematic of the belt design is shown in figure 1. The sample was cored from hot-119

pressed San Carlos olivine block, with a grain size of between 10 and 100m grains; 120

it is the same sample as used in the previous study of Dobson et al. (2004). The hot 121

pressing was performed at 300 MPa and 900oC for 5 hours, in a nickel jacket.122

123

124

[insert figure 1 about here] 125

126
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127

Several changes were made to the experimental setup of Dobson et al. (2005) in 128

order to improve the diffracted signal: (1) the inner pistons were made from tungsten 129

carbide and magnesium oxide, instead of corundum, reducing the number of materials 130

in the diffracting volume; (2) the supporting rings on the tungsten carbide pistons 131

were removed, allowing a larger section of the detector banks to be used which 132

increases the signal to noise ratio. Finally, water cooling has been added to the sides 133

of the belt and the end pistons.134

The axisymmetric geometry of the experimental apparatus constrains the radial 135

stress, r = 2 = 3 and the axial stress, a = 1 under compression. Therefore 136

measuring the axial and radial elastic strains, e
a  and e

r , is sufficient to constrain the 137

stress and strain of the system.138

ENGIN-X is a time of flight neutron diffractometer designed for making strain 139

measurements in potentially bulky systems (Santisteban et al., 2006). Two 140

independent detector banks are located at 2± to the incident beam; each has a141

solid angle coverage of ±15o in both 2 and . With this machine geometry,142

diffraction from lattice planes aligned at ±45 to the incident beam will be observed in 143

the detector banks. Thus if an experiment is performed with the principal stress axis 144

(a) aligned at 45 to the incident beam, independent measurements of the elastic 145

strains e
a  and e

r  can be performed simultaneously using the two detector banks.146

The total neutron flight path of ENGIN-X is 51.5 metres and lattice spacings 147

can be measured to a precision of tens of microstrains (Santisteban et al., 2006). For 148

this study the d-spacing range collected was 1.03 to 2.75Å.149

Each data collection was 20 minutes long; these were then summed into 60 to 150

100 minute sequential time bins to improve the counting statistics. The diffraction 151

patterns were refined using the Rietveld method implemented in the GSAS suite of 152

programs (Larson & Von Dreele, 2000) with EXPGUI (Toby, 2001) and the resulting 153

cell parameters were then used to calculate the elastic strains. Olivine is orthorhombic 154

and so the strain is not necessarily the same in each crystallographic direction. The 155

Rietveld refinement gives the lattice parameters of the sample measured in the axial 156

and radial directions, as a function of confining pressure, P, temperature, T, and time, 157

t. In this study, the linear elastic strain value in the axial and radial directions was158

calculated from the volume returned by the Rietveld refinement by:159
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,0

=
T

tTPTe

V

VV 
 (8),160

Here V0,T is the unit cell value measured from the sample in the cell prior to initial 161

compression, which has then been thermally expanded to the temperature of the  162

experiment, and the superscript, e, denotes elastic strain. The value for the thermal 163

expansion used in this study was 28.1 × 10-6 (average of the values for fosterite in Fei, 164

1995). 165

Assuming that the grains in the olivine sample are randomly orientated, the 166

axial and radial stresses, a and r, are calculated from e
a  and e

r  by the following 167

relationships (Nye, 1957):168

e
r

e
aa cc  1211 2=  (9a);169

)(= 1211
e
r

e
a

e
rr cc   (9b).170

Where the elastic stiffnesses, cij, are those of the isotropic aggregate.171

The elastic stiffnesses have been measured for single crystals of olivine 172

(Abramson et al., 1997; Isaak, 1992). For randomly orientated polycrystalline 173

aggregates some form of isotropic averaging is needed; we have used the Hill (1952) 174

average of the Voigt (1928) and Reuss (1929) bounds for the polycrystalline average 175

of the single-crystal elastic properties. The room pressure and temperature values and 176

the pressure dependencies of cij used in this study are taken from Abramson et al.,177

(1997) for Fo92Fa8 and the temperature dependencies are obtained from a linear fit to 178

the cij(T) of Isaak (1992) for Fo90Fa10. These compositions are sufficiently close to that 179

of the present sample (Fo92Fa8) that errors introduced by the compositional 180

dependence of the parameters are not significant. The cross terms between the 181

pressure and temperature dependencies, as well as the non-hydrostatic effects on the 182

elastic modulii, are assumed to be negligible in the pressure and temperature range of 183

the study. The cij values used are calculated for each temperature at the average 184

confining pressure of all data points at that temperature.185

In order to calculate the plastic strain in the system and hence the plastic strain 186

rate the total strain (t) on the system is assumed to remain constant. In order for this 187

to be the case the gaskets and press are assumed to be infinitely stiff, conditions which 188

mean that for a given set of pressure and temperature conditions the experiment is run 189

at constant sample geometry and volume. The total strain in a given direction, d, can190
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be defined as: 191

p
d

e
d

t
d  = (10),192

where the superscripts, t, e and p, refer to the total, elastic and plastic strains 193

respectively. The plastic strain cannot be directly measured by diffraction and it 194

results in the sample changing shape at constant stress or, conveniently, a change in 195

elastic strain at constant sample volume and geometry. During plastic deformation of 196

the sample, at a given temperature, the elastic strain, e , is transformed to plastic 197

strain, p. The elastic strain can be divided into components arising from the mean 198

elastic strain, e
m , and the deviatoric elastic strain, e

 , and so equation 10 in the axial 199

direction becomes: 200

p
a

e
a

e
m

t
a   = (11),201

where202

e
m

e
a

e
a   = (12).203

Similar equations apply to the radial direction.204

For the axisymmetric system employed here, the mean strain, e
m , on the 205

sample is calculated as )/32( e
r

e
a    and if the experiment is run at constant volume 206

this has to remain constant. For stress relaxation at a given pressure and temperature 207

e
m  can be measured and if it remains constant it can be assumed that the experimental 208

system is stiff, with t constant. At t = 0 the amount of plastic strain is taken to be 209

zero, therefore at t = 0 e
a

t
a  = . This is schematically presented in figure 2.210

211

212

[insert figure 2 about here]213

214

215
If e

m  and t
a  are constant, differentiating equation 11 with respect to time 216

gives: 217

dt

d

dt

d p
a

e
a 

 = (13)218

and so the rate of plastic deformation in the sample can be determined by measuring 219

the changing deviatoric elastic strain with time in the system. The above relations are 220



Page 10 of 29

Acc
ep

te
d 

M
an

us
cr

ip
t

true in both the axial and radial directions independently but in the radial direction the 221

deviatoric strain is negative.222

The flow laws outlined above (equations 6a, 6b and 7) relate the deviatoric 223

strain rate ( p
a ) to the differential stress () and are applicable assuming that the 224

dislocation density approaches the steady-state value. The value of  may, in turn, be 225

obtained from the strains and the elastic moduli, via226

  racc   1211= (14),227

leading to a set of equations for strain rate in terms of differential strain. If the 228

available data are at closely separated time intervals and show little noise the strain 229

rate may be derived directly from the strains by, for example, fitting a polynomial to 230

the data. In the present experiment the data were not sufficient to allow this approach 231

and so the alternative approach was adopted of integrating the flow laws with respect 232

to time to give strain as a function of time.233

The Peierl's stress equation (equation 6a) is not analytically integrable with 234

respect to time and therefore it was numerically integrated. The time steps used were 235

3 seconds or less; convergence of the fitting solution against time-step was 236

determined by varying the time-step size as an initial iteration of the fitting procedure.237

The median differential strain in each time step was used to calculate the strain rate at 238

that step by an iterative procedure. This was done for both e
a  and e

r  simultaneously. 239

The Peierl's stress parameters and the starting strains, e
ta 0=,  and e

tr 0=, , were then 240

optimized to the experimental data. For the sake of consistency the same technique 241

was also employed for fitting equations 6b and 7 as well as analytically integrating; 242

both methods gave the same results to within one standard error.243

To investigate the long term strength of olivine the 500oC experiment was run 244

for 96.5 hours. At the end of the experiment   was barely resolvable by neutron 245

diffraction measurements so we used the dislocation density of the recovered sample 246

as a proxy for the differential stress in the sample at the time the experiment was 247

quenched. The dislocation density was measured using a JEOL JSM6480 LV 248

scanning electron microscope (SEM) after decoration of the sample in a furnace at 249

900oC in air for an hour, following the method of Kohlstedt & Vander Sande (1975). 250

For the imaging, a 3.5k magnification was used in back-scattered mode. The 251

accelerating voltage was 20kV and the beam current was ≈700nA. Oxidation of the 252
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dislocations results in lines of higher back-scattering intensity in the SEM images; 253

these were counted and their density determined. The differential stress was then 254

calculated from equation 2, with m = 1.41 ± 0.16 and a constant of proportionality of 255

109.04 ± 0.41 (Karato & Jung, 2003) and assuming there is negligible change in the 256

length of the Burgers vector between room pressure and temperature and 5 GPa, 257

500oC.258

The unit cell measurements were made over two experimental runs: the first 259

experiment was at 350 and 500oC after which the sample was recovered for 260

microanalysis; the second experiment was run at 730 and 900oC. For each experiment261

the unit cell values were measured from the sample in the open press, at pressure but 262

before heating, and then during stress relaxation. Measurements of the heated sample 263

were started immediately upon arriving at the desired temperature. The experimental 264

runs at 730 and 900oC are short because of technical difficulties with the experimental 265

equipment but we do not think that this impacts on the results of the experiments.266

267

Results268

A typical diffraction pattern, collected at 500oC, is presented in figure 3; the 269

collection time was approximately 60 minutes. The data have been fitted by270

diffraction peaks for olivine, MgO and fluorite, along with a background, using the 271

Rietveld refinement method; with this collection time strains of ≈5 × 10-4 can be 272

resolved.273

274

[insert figure 3 about here] 275

276

Linear strains calculated from the diffraction data (equation 8) are presented in 277

figure 4 and table 1; for completeness, the V0 values are also included in table 1. At 278

350oC e
r  is approximately constant for the duration of the experiment, suggesting 279

that the constant volume and geometry assumptions are not valid; this is probably due 280

to the gaskets flowing. At 500oC and above the data show approximately constant e
m . 281

At 350 and  730oC the points at t = 0 have been calculated from the room temperature 282

data, assuming constant sample geometry and instantaneous heating. It is possible to 283

do this because a new experiment was started between the 500oC and 730oC runs. The 284

mean stresses calculated from the diffraction data and elastic constants for these 285
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pressure and temperature conditions are given in table 2.286

287

288

[insert table 1 about here]289

290

291

[insert figures 4a, b, c and d about here]292

293

294

[insert table 2 about here]295

296

297

It is not known a priori which of the flow laws will best describe the behaviour 298

of olivine at each temperature and so firstly the power law (equation 7) was fitted to 299

the data by the numerical integration method. If n < 3 then the low temperature laws 300

(equations 6a and 6b) were then fitted to the data using values of m = 1.41 (after 301

Karato & Jung, 2003), with p = 1/2, q = 2/3 (Ono, 1968) where needed.302

Equation 7 gives values for n of 0.46 and 0.54 for the data at 350 and 500oC 303

respectively with R2 values of 0.987 and 0.973. These exponents are much less than 3 304

and closer to the value of the stress exponent expected for equation 6b. It is not 305

possible to determine accurate values of the parameters from equation 7 for the 730 306

and 900oC data because the sample relaxation was faster than the time resolution of 307

the experimental method.308

For the 500oC data, minimising the sum of the squares of the misfits for 309

equation 6a results in unreasonably large values for   (greater than 1010 GPa) and R2310

= 0.949; the very high, physically unreasonable, value for   has the effect of making 311

the exponential term independent of stress. Conversely, fitting the data to the long-312

range obstacle law (equation 6b) is more sensible because the fit is consistent with the 313

observed stress dependence and does not produce any physically unreasonable values. 314

The fits to the 500oC data for the short-range and long-range obstacle laws are 315

presented in figure 5; their coefficients are given in table 3 together with the 316

coefficients from equation 7 (the power law), which are included for comparison. 317

If this fitting is also performed on the 350oC data, assuming that the constant 318
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volume and geometry assumptions are valid, equation 6b (R2 = 0.987; constant of 319

proportionality = 3.1 × 10-7s-1GPa-0.41) also fits the data better than equation 6a (R2 = 320

0.974). Fitting the power law equation (7) to the data the optimum value for the stress 321

exponent is 0.46 (R2 = 0.987; constant of proportionality of 3.2 × 10-7s-1GPa-0.46),322

which is consistent with the m-1 value of equation 6b given the stress dependence of 323

dislocation density determined from Karato & Jung (2003).324

325

326

[Insert figure 5 about here]327

328

[insert table 3 about here]329

330

From the recovered sample that had undergone stress relaxation for 4 days (96.5 331

hours) at 500oC, 1236 m length of straight dislocations were measured from 2935 332

m2 of suitable images. This corresponds to a differential stress of 68 +180/-44 MPa 333

in equilibrium with this dislocation density (see above); the error was estimated by334

assuming a factor of two error because of uncertainty in the penetration depth of the 335

electron beam and some indistinctiveness of the image’s oxidised dislocation lines. 336

According to the fitted flow law (6b) this differential stress is reached in a time of 337

34.8 +3.5/-7.1 × 103 seconds, i.e. approximately 10 hours, and at this time the strain 338

rate is calculated to be 7.2 +7.0/-3.1 × 10-8s-1.  Given that the stress then appears not 339

to change over the next 87 hours of relaxation, we consider 68 +180/-44 MPa to be 340

the yield stress of the sample. However, since we have performed stress relaxation 341

experiments and the amount of strain in the sample was <3%, this estimate, based on 342

the dislocation density in the sample, provides an upper limit on the yield stress.343

If, however, the differential stress measured from the recovered sample is 344

assumed to be the differential stress just before the experiment was completed, a 345

lower limit for the strain rate can be estimated. By assuming the strain rate is constant 346

between the time of the last diffraction measurement and the recovery of the sample,347

as well as constant pressure, the lower limit for the strain rate is 1.9 +9.9/-9.5 × 10-9s-348
1. Perhaps obviously, if the fitted flow law was extrapolated to the same time the 349

estimated strain rate would be approximatly another order of magnitude lower. 350

The 730oC data show a significant difference from the lower temperature data in 351
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that the differential strain has reduced to a barely resolvable level within the first 360 352

seconds of the experiment, which is much faster than the time of approximately 2 × 353

104 seconds taken at 350oC and 500oC. This cannot be said to be because there was no 354

starting differential strain because (a) the differential strain was measured to be 10.5 ± 355

0.1 × 10-3 at room temperature and high pressure before the 730oC experiment and (b) 356

heating increases the differential strain. This can be seen by comparing the values of 357

differential strain measured immediately before and after changing the temperature  358

(see figures 4a and b). Similarly, the differential strain generated by the experiment 359

upon heating to 900oC has annealed out completely within the first 600 seconds of the 360

experiment. Therefore, at 730oC and above, the olivine is much weaker than at below 361

500oC, but whether the flow law is a short-range obstacle law (equation 6a) or a 362

power law type (equation 7) cannot be determined in the present study. 363

364

Discussion365

The model which best fits the 350 and 500oC data has a long-range obstacle resistance 366

to the motion of the dislocations in which G() has the form presented in equation 5 367

(Kocks et al., 1975). This is not related to the build up of immovable dislocation 368

tangles and indeed none of these were observed during the SEM analysis of the 369

decorated samples.370

Between 500 and 730oC the deformation mechanism changes from a long-range 371

obstacle mechanism to one that allows for faster deformation; whether this is a short-372

range defect law (equation 6a) or a power law creep (equation 7) cannot be 373

determined from the results presented here. A change in mechanism between 500 and 374

730oC is consistent with the results of Ratteron et al. (2004), Li et al. (2006) and 375

Yamamoto et al. (2008) who see weakening in olivine at temperatures between 500 376

and 600oC.  The good agreement between the present results and those of previous 377

studies, which were performed at significantly higher strain rates, suggest that the 378

temperature of weakening in olivine flow stress is not strongly dependent on strain-379

rate, allowing us to extend the present observations to the Earth.  380

The upper limit for the long term yield stress of olivine determined here at 381

500oC is 68 +180/-44 MPa; at 730oC and starting from a differential stress of 1.53GPa382

the stress relaxed to a value which was below the detection limit of the technique 383

employed here within 360 seconds. The 500oC value of the yield stress determined 384
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here is close to maximum estimates of the stress drop during intermediate earthquakes 385

(~40 MPa at 100 km; Venkataraman and Kanamori, 2004).  This suggests that the 386

weakening observed here, and in other studies, at temperatures between 500 and 387

~700oC will cause the plastic yield strength of olivine to drop below its brittle failure 388

strength, resulting in a cessation of seismicity.  McKenzie et al. (2005) report that, in 389

oceanic crust, “most earthquakes occur in crustal or mantle material that is cooler than 390

600oC”. Similarly, Frohlich, (2006) found that the cessation of intermediate seismicity 391

corresponds closely with the 800oC isotherm in subducting slabs.  Furthermore, the 392

maximum elastic thicknesses of the oceanic crust reported by Watts (2001) 393

correspond with the 600oC isotherm of McKenzie et al. (2005). All of these 394

observations are consistent with the weakening of olivine between 500–730oC 395

determined here and, further support our contention that this observed weakening is 396

largely independent of strain-rate. 397

398
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492

493

FIGURE CAPTIONS494

Figure 1.  Diagram of the cell design, belt and pistons. The section illustrated is a vertical section and 495

so the thermocouple is out of the plane of the incident and diffracted beams. Excluding the 496

thermocouple, the dot-dash line is the rotation axis of the experimental setup. This line is also where 497

the plane of the incident and diffracted beams intersect the figure.498

499

Figure 2.  Illustrative figure showing how e
  and p evolve with time during the experiment. The 500

solid curves are the directly observable values and the various dashed lines show quantities derived 501

from them.502

503

Figure 3. Typical diffraction pattern collected over one hour from the beginning of the  500oC data set. 504

The upper trace is the Rietveld refinement of the data (the points showing the observations and the line 505

showing the calculated diffraction pattern) and the lower trace is the difference plot. The ticks 506

correspond to positions of reflections of (from top to bottom) fluorite, MgO and olivine.507

508

Figure 4.  Plots of strain against time for olivine. Filled circles are e
a  and open circles are e

r ; the 509

error bars shown are plus and minus two standard deviations from the Rietveld fit. The squares in the 510

350 and 730oC data denote the V0,T for each of the experiments.  Note the different time scale for (c) 511

and the change in both scales for (d).512

513

Figure 5.  Plot of e
a  (filled circles) and e

r  (open circles) against time; in this plot e
m = 0. The solid 514

lines are the fits from equation 6a and the dashed lines from equation 6b. The error bars are two 515

standard deviations as returned by the Rietveld refinements.516



Page 19 of 29

Acc
ep

te
d 

M
an

us
cr

ip
t

Figure 1

http://ees.elsevier.com/pepi/download.aspx?id=32149&guid=b0db6468-1ae3-4ed9-afd8-cac52c79d63c&scheme=1
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Figure 2

http://ees.elsevier.com/pepi/download.aspx?id=32150&guid=12a4592f-e818-4fe3-b462-b0f5929e008a&scheme=1
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Figure 3

http://ees.elsevier.com/pepi/download.aspx?id=32151&guid=d327cf1c-13ee-4500-a2c1-fa30dbf1c792&scheme=1
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Figure 4a
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Figure 4b
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Figure 4c

http://ees.elsevier.com/pepi/download.aspx?id=32166&guid=44647c92-c369-46ca-8e7b-32d99516382e&scheme=1
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Figure 4d

http://ees.elsevier.com/pepi/download.aspx?id=32167&guid=cef2de10-1cad-4cc1-92bb-af3cdf9eb975&scheme=1
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Temperature (oC) Time (s) e
a

e
r

350 0 0.0171(4) 0.0118(3)

[V0,a = 297.75 ± 0.22 Å3] 3060 0.0176(3) 0.0108(6)

[V0,r = 293.01 ± 0.07 Å3] 9210 0.0136(3) 0.0103(6)

15360 0.0118(3) 0.0094(6)

21510 0.0122(3) 0.0119(5)

500 1830 0.0206(3) 0.0090(2)

5520 0.0199(3) 0.0086(2)

9210 0.0185(3) 0.0100(2)

12900 0.0159(3) 0.0076(2)

16590 0.0164(3) 0.0120(2)

20280 0.0137(3) 0.0119(2)

23970 0.0139(3) 0.0125(2)

27660 0.0133(3) 0.0114(2)

31350 0.0135(3) 0.0117(2)

35040 0.0148(3) 0.0138(2)

730 0 0.0180(1) 0.0075(1)

[V0,a = 291.42 ± 0.04 Å3] 360 0.0099(4) 0.0087(4)

[V0,r = 291.89 ± 0.04 Å3] 1380 0.0098(4) 0.0079(5)

900 600 0.0045(6) 0.0041(4)

1800 0.0035(4) 0.0048(4)

Table 1. Table containing the strains calculated from the diffraction data as well as 

the measured V0 values for each experiment. The numbers in brackets are one 

standard error to the fit in the last decimal place.

Table 1
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Temperature (oC) c11 (GPa) c12 (GPa) Confining pressure (GPa)

350 252.06 90.82 5.0 ± 0.5

500 248.57 90.52 5.3 ± 0.4

730 227.78 81.71 3.3 ± 0.2

900 209.54 73.81 1.3 ± 0.2

Table 2.  Converged elastic constants, confining pressures used to calculate the stress relaxation curves 

at each temperature.

Table 2
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Variable Short-range 

obstacles

Long-range 

obstacles

‘Power 

law’

e
a 0, 0.0104 0.0092 0.0092

Constant of proportionality 3.5 × 10-7 3.1 × 10-7 3.0 × 10-7

Stress exponent (m, m-1 or n) 1.41* 0.41* 0.54

R2 0.949 0.972 0.973

Table 3. Table showing the coefficients calculated for the short-range obstacle (equation 6a), long-

range obstacle (equation 6b)  and power law (equation 7) flow laws for the 500oC data. The numbers 

marked by an asterisk were fixed in the analysis. The units of the constant of proportionality are s-1

GPa-r where r =  m, m-1 or n  as required. 

Table 3


