
Dislocations and dislocation creep... 
1. Introduction: a) Observations of  textures associated with dislocation creep
                             b) MOVIES of  dislocations in metals. 

2. How do dislocations move?:  single dislocations: stress, energy and motion. 
                                 Orowan’s equation. Frank-Read sources, Work Hardening                                       
                                 (Fatigue, paper clips)

3. Recovery:  dislocation climb, subgrain formation 

4. Recrystallization: Fabric development and grain size evolution                                                 
                              Grain rotation (LPO development)
                              Reduction: Mechanisms of  recrystallization
                              Growth: forces driving grain growth...   ----> Localization
                               REVISIT THE QUARTZ regimes

5. Grain Growth: static and dynamic ?   

6. Piezometers and Wattmeters
                              Empirical Piezometers (dislocations, subgrain and grain size). 
                              Stress in the lithosphere from xenoliths (Mercier) 
                              Stress across shear zones (Kohlstedt and Weathers) 
                              The WATTMETER

Thursday:



First, ALL the complexity that we want to understand ! 

THEN, deconstruction: 
simple - - - - > complex
small scale (single dislocation) ----- > larger scale (behavior of  ensembles) 

1. Intro: Observations 



Dislocation creep regimes in quartz aggregates 147 

1400 

i R.,ml j : 
I -  / J Regime 1 

10 -8 1; "7 1; -6 1 ; - s  1 .4 .8 1 ; - 7  1; .8 1 ; - s  1, -4 

Strain Rate ( l /s )  Strain rate ( l /s )  

Fig. 2. Plots of temperature vs strain rate showing the location of the dislocation creep regimes for quartz aggregates 
deformed (a) 'as-is' and (b) with 0.17 wt% water added. The boundaries between the regimes are gradational. Open circles 
represent regime 1, plus symbols represent regime 2, open squares represent regime 3, and a plus inside a square represents 

gradational between regimes 2 and 3. 

depends on the development  of a steady state micro- 

structure. Since the axial shortening geometry  of the 

experiments  limits the amount  of strain and thus the 

amount  of recrystallization possible, we also describe 

microstructures from samples of the fine-grained nova- 

culite to illustrate the processes which we believe would 

occur in quartzite at higher strains. 

Microstructural observations and interpretations 

Regime 1. At  lower temperatures  and faster strain 

rates microstructural observations suggest that dislo- 

cation climb is difficult and that recovery is accommo- 

dated by grain boundary migration recrystallization. 

Quartzite samples deformed in this regime show the 

highest strengths, and they are the only ones to undergo 

appreciable strain weakening (Fig. 3a). However ,  nova- 

culite samples deformed in regime 1 show little strain 

weakening (Fig. 3a). 

Microstructures from quartzite samples shortened 

20% show that dislocation climb is not able to accommo- 

date recovery in regime 1. T E M  observations f rom the 

cores of original grains show high densities of tangled 

dislocations (up to -1016 m -2) which commonly have 

straight segments and show no evidence for the develop- 

ment  of subgrain boundaries (Fig. 4a). At  the optical 

scale these grains exhibit irregular and patchy undula- 

tory extinction (Fig. 4b). The high densities of tangled 

dislocations and the absence of subgrain boundaries 

suggest that within this regime the rate of dislocation 

production is greater  than the rate of recovery by dislo- 

cation climb. 

The onset of strain weakening shown by the quartzite 

at - 2 0 %  strain (Fig. 3a) corresponds to the point where 

recrystallization initiates at the grain boundaries. At  the 

optical scale the recrystallized grains are too small to be 

resolved, and the grain boundaries appear  diffuse (see 

arrow in Fig. 4b). T E M  observations show that the 

mechanism of recrystallization in this regime is strain- 

induced grain boundary  migration (Fig. 4c). We inter- 

pret  the microstructure shown in Fig. 4(c) to indicate 

that the grains with a low dislocation density (marked 

with asterisks) were migrating into the work-hardened 
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Fig. 3. Differential stress vs axial strain curves for quartzite and 
novaculite samples deformed in (a) regime 1, (b) regime 2 and (c) 
regime 3. Curves are only shown out to 45% shortening. (a) W-377, 
open circles: Heavitree quartzite (700°C, 10 6 s-l, 1.5 GPa, 'as-is'). 
CQ-83, filled circles: novaculite (700°C, 10 5 s-l, 1.5 GPa, 0.17 wt% 
water added). (b) W-339, pluses: Heavitree quartzite (800°C, 
10 -6 S -1,  1.5 GPa, 'as-is'). CQ-94, filled circles: novaculite (700°C, 
10 -6 s -l, 1.5 GPa, 0.17 wt% water added). (c) CQ-82, open squares: 
Black Hills quartzite (900°C, 10-6s 1, 1.5GPa, 0.17wt% water 
added). CQ-84, filled squares: novaculite (900°C, 10 -6 S - l ,  1.5 GPa, 

0.17 wt% water added). 
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Abstract--Using optical and TEM microscopy we have determined that three regimes of dislocation creep occur 
in experimentally deformed quartz aggregates, depending on the relative rates of grain boundary migration, 
dislocation climb and dislocation production. Within each regime a distinctive microstructure is produced due 
primarily to the operation of different mechanisms of dynamic recrystallization. At lower temperatures and 
faster strain rates the rate of dislocation production is too great for diffusion-controlled dislocation climb to be an 
effective recovery mechanism. In this regime recovery is accommodated by strain-induced grain boundary 
migration recrystallization. With an increase in temperature or decrease in strain rate, the rate of dislocation 
climb becomes sufficiently rapid to accommodate recovery. In this regime dynamic recrystallization occurs by 
progressive subgrain rotation. With a further increase in temperature or decrease in strain rate dislocation climb 
remains sufficiently rapid to accommodate recovery. However, in this regime grain boundary migration is rapid, 
thus recrystallization occurs by both grain boundary migration and progressive subgrain rotation. The identifi- 
cation of the three regimes of dislocation creep may have important implications for the determination of flow 
law parameters and the calibration of recrystallized grain size piezometers. In addition, the identification of a 
particular dislocation creep regime could be useful in helping to constrain the conditions at which a given natural 
deformation has occurred. 

INTRODUCTION 

EXPERIMENTAL studies on the deformation of geologic 

materials have generally concentrated on either the 

determination of flow laws or the characterization of 

microstructures produced by different deformation 

mechanisms. Rheological data in the form of a flow law 

relating strain rate, temperature and stress (and possibly 

other thermodynamic variables) can be used to predict 

the mechanical behavior of rocks at geologic conditions, 

provided that extrapolation in temperature and strain 

rate can be proven valid. Flow laws have been used to 

provide constraints for the modelling of a wide range of 

geologic processes including folding (e.g. Parrish et al. 

1976), continental rifting (e.g. Zuber et al. 1986) and 

mantle convection (e.g. Christensen & Yuen 1989). By 

comparing microstructures preserved in naturally de- 

formed rocks to those produced during laboratory ex- 

periments it is possible to investigate the processes 

which control the mechanical behavior of the crust. For 

example, microstructural observations have been used 

to infer mechanisms responsible for the localization of 

strain (Aydin & Johnson 1983, Segall & Simpson 1986). 

Such comparisons can also provide the evidence necess- 

ary to ensure valid extrapolation of flow laws to geologic 

conditions (Paterson 1987). 

A great deal of experimental and observational work 

has been performed on quartz and it has been estab- 

lished that there are close similarities between dis- 

location creep microstructures produced in the labora- 

tory and those observed in naturally deformed rocks 

(Tullis et al. 1973, White 1976). Due to the abundance of 

quartz in the crust, these dislocation creep microstruc- 

tures have proven to be useful for solving a wide range of 

problems in structural geology. For example, asym- 

metry of c-axis preferred orientations (Schmid & Casey 

1986) and planar fabrics defined by recrystallized quartz 

grains in S - C  mylonites (Lister & Snoke 1984) can be 

used to determine the kinematics of ductile shear zones. 

In addition, dislocation creep microstructures (such as 

recrystallized grain size) have been calibrated for use as 

paleopiezometers (e.g. Twiss 1977, Kohlstedt & 

Weathers 1980, Ord & Christie 1984). 

Despite the large amount of previous research on 

quartz, there has been no comprehensive experimental 

study to illustrate the processes associated with dislo- 

cation creep over the entire range of conditions where it 

is the dominant deformation mechanism. Dislocation 

creep includes a strain producing mechanism (dis- 

location glide or, in some cases, climb) and a recovery 

mechanism (dislocation climb or grain boundary mi- 

gration). In addition, a number of dynamic recrystalliza- 

tion mechanisms can accompany deformation in the 

dislocation creep regime (e.g. Guillope & Poirier 1979, 

Drury & Urai 1990). Using optical and transmission 

electron microscopy (TEM) we have determined that 

three regimes of dislocation creep occur for quartz 

aggregates, depending on the relative rates of dislo- 

cation production, dislocation climb and grain boundary 

migration (Hirth et al. 1989). The rates of these pro- 

cesses depend on the temperature, strain rate and the 

amount of water present during the deformation. Within 

each regime a distinctive microstructure is produced due 

primarily to the operation of different mechanisms of 

dynamic recrystallization. 

In this paper we first illustrate the microstructures 

characteristic of the three regimes of dislocation creep, 

and illustrate the relationship between microstructural 

evolution and mechanical behavior in each regime. We 

then discuss the processes that control which regime is 
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regimes determined by relative 
rates of  

1. dislocation production
2. dislocation climb
3. grain boundary migration (GBM)

these rates are a function of  stress, 
temperature and water content

R1 (high stress, low T):  production fast, recovery by climb and GBM slow



Experimentally deformed:
R
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R2 (lower stress, higher T):  
recovery by climb moderate, but 
GBM slow, so recrystallization 
occurs by subgrain rotation 
(requiring climb)
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Fig. 2. Plots of temperature vs strain rate showing the location of the dislocation creep regimes for quartz aggregates 
deformed (a) 'as-is' and (b) with 0.17 wt% water added. The boundaries between the regimes are gradational. Open circles 
represent regime 1, plus symbols represent regime 2, open squares represent regime 3, and a plus inside a square represents 

gradational between regimes 2 and 3. 

depends on the development  of a steady state micro- 

structure. Since the axial shortening geometry  of the 

experiments  limits the amount  of strain and thus the 

amount  of recrystallization possible, we also describe 

microstructures from samples of the fine-grained nova- 

culite to illustrate the processes which we believe would 

occur in quartzite at higher strains. 

Microstructural observations and interpretations 

Regime 1. At  lower temperatures  and faster strain 

rates microstructural observations suggest that dislo- 

cation climb is difficult and that recovery is accommo- 

dated by grain boundary migration recrystallization. 

Quartzite samples deformed in this regime show the 

highest strengths, and they are the only ones to undergo 

appreciable strain weakening (Fig. 3a). However ,  nova- 

culite samples deformed in regime 1 show little strain 

weakening (Fig. 3a). 

Microstructures from quartzite samples shortened 

20% show that dislocation climb is not able to accommo- 

date recovery in regime 1. T E M  observations f rom the 

cores of original grains show high densities of tangled 

dislocations (up to -1016 m -2) which commonly have 

straight segments and show no evidence for the develop- 

ment  of subgrain boundaries (Fig. 4a). At  the optical 

scale these grains exhibit irregular and patchy undula- 

tory extinction (Fig. 4b). The high densities of tangled 

dislocations and the absence of subgrain boundaries 

suggest that within this regime the rate of dislocation 

production is greater  than the rate of recovery by dislo- 

cation climb. 

The onset of strain weakening shown by the quartzite 

at - 2 0 %  strain (Fig. 3a) corresponds to the point where 

recrystallization initiates at the grain boundaries. At  the 

optical scale the recrystallized grains are too small to be 

resolved, and the grain boundaries appear  diffuse (see 

arrow in Fig. 4b). T E M  observations show that the 

mechanism of recrystallization in this regime is strain- 

induced grain boundary  migration (Fig. 4c). We inter- 

pret  the microstructure shown in Fig. 4(c) to indicate 

that the grains with a low dislocation density (marked 

with asterisks) were migrating into the work-hardened 
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Fig. 3. Differential stress vs axial strain curves for quartzite and 
novaculite samples deformed in (a) regime 1, (b) regime 2 and (c) 
regime 3. Curves are only shown out to 45% shortening. (a) W-377, 
open circles: Heavitree quartzite (700°C, 10 6 s-l, 1.5 GPa, 'as-is'). 
CQ-83, filled circles: novaculite (700°C, 10 5 s-l, 1.5 GPa, 0.17 wt% 
water added). (b) W-339, pluses: Heavitree quartzite (800°C, 
10 -6 S -1,  1.5 GPa, 'as-is'). CQ-94, filled circles: novaculite (700°C, 
10 -6 s -l, 1.5 GPa, 0.17 wt% water added). (c) CQ-82, open squares: 
Black Hills quartzite (900°C, 10-6s 1, 1.5GPa, 0.17wt% water 
added). CQ-84, filled squares: novaculite (900°C, 10 -6 S - l ,  1.5 GPa, 

0.17 wt% water added). 



Experimentally deformed:
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R3 (low stress, high T):  
recovery by climb fast, but 
Grain Boundary Migration 
is also fast, so complete 
recrystallization occurs by 
both subgrain rotation and 
GBM. 
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depends on the development  of a steady state micro- 

structure. Since the axial shortening geometry  of the 

experiments  limits the amount  of strain and thus the 

amount  of recrystallization possible, we also describe 

microstructures from samples of the fine-grained nova- 

culite to illustrate the processes which we believe would 

occur in quartzite at higher strains. 

Microstructural observations and interpretations 

Regime 1. At  lower temperatures  and faster strain 

rates microstructural observations suggest that dislo- 

cation climb is difficult and that recovery is accommo- 

dated by grain boundary migration recrystallization. 

Quartzite samples deformed in this regime show the 

highest strengths, and they are the only ones to undergo 

appreciable strain weakening (Fig. 3a). However ,  nova- 

culite samples deformed in regime 1 show little strain 

weakening (Fig. 3a). 

Microstructures from quartzite samples shortened 

20% show that dislocation climb is not able to accommo- 

date recovery in regime 1. T E M  observations f rom the 

cores of original grains show high densities of tangled 

dislocations (up to -1016 m -2) which commonly have 

straight segments and show no evidence for the develop- 

ment  of subgrain boundaries (Fig. 4a). At  the optical 

scale these grains exhibit irregular and patchy undula- 

tory extinction (Fig. 4b). The high densities of tangled 

dislocations and the absence of subgrain boundaries 

suggest that within this regime the rate of dislocation 

production is greater  than the rate of recovery by dislo- 

cation climb. 

The onset of strain weakening shown by the quartzite 

at - 2 0 %  strain (Fig. 3a) corresponds to the point where 

recrystallization initiates at the grain boundaries. At  the 

optical scale the recrystallized grains are too small to be 

resolved, and the grain boundaries appear  diffuse (see 

arrow in Fig. 4b). T E M  observations show that the 

mechanism of recrystallization in this regime is strain- 

induced grain boundary  migration (Fig. 4c). We inter- 

pret  the microstructure shown in Fig. 4(c) to indicate 

that the grains with a low dislocation density (marked 

with asterisks) were migrating into the work-hardened 
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Fig. 3. Differential stress vs axial strain curves for quartzite and 
novaculite samples deformed in (a) regime 1, (b) regime 2 and (c) 
regime 3. Curves are only shown out to 45% shortening. (a) W-377, 
open circles: Heavitree quartzite (700°C, 10 6 s-l, 1.5 GPa, 'as-is'). 
CQ-83, filled circles: novaculite (700°C, 10 5 s-l, 1.5 GPa, 0.17 wt% 
water added). (b) W-339, pluses: Heavitree quartzite (800°C, 
10 -6 S -1,  1.5 GPa, 'as-is'). CQ-94, filled circles: novaculite (700°C, 
10 -6 s -l, 1.5 GPa, 0.17 wt% water added). (c) CQ-82, open squares: 
Black Hills quartzite (900°C, 10-6s 1, 1.5GPa, 0.17wt% water 
added). CQ-84, filled squares: novaculite (900°C, 10 -6 S - l ,  1.5 GPa, 

0.17 wt% water added). 
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Figure 5. Cross section of the Ruby Gap duplex showing the distribution of dislocation creep regimes in 

quartzite. Only the quartzite is ornamented; the basement and carbonate are unornamented. The pattern is 
constrained by about 100 thin-section analyses. Insets show schematic characteristic microstructures at about 

500 gm scale. Thrust duplication of the regime 1-3 microstructures probably occurred after microstructural 

freezing. If this is the case, then the overlap in the microstructures can be removed as indicated by the arrows at 
the bottom of the diagram. Thrust sheet numbers are shown as numbers within circles. 

oblique foliation defined by the long axes of the recrystallized 

grains is often well developed. This texture is characteristic of 

regime 3 where recovery is accommodated by dislocation 

climb, and recrystallization occurs dominantly by grain 

boundary migration. Regime 3 microstructures are also 

present in the quartzite throughout sheets 4 and 5 and in the 

northernmost parts of sheets 1 and 2 (Figures 4 and 5). In 

sheets 3 and 4 the mica grains that define the C-foliation are 

observed to pin the migration of quartz grain boundaries (see 

Figure 6e). In contrast, in sheet 5, where the quartz 

microstructure is also characteristic of regime 3, the oblique 

foliation is not as well developed, and many smaller mica 

grains are enclosed within the quartz (Figure 6f), indicating 

that the grain boundaries migrated through and past the micas. 

In several areas around the duplex, evidence for higher stress 

overprinting of the lower stress (i.e., regime 3) 

microstructures is observed. An example of this microstructure 

is illustrated in Figure 6g. Notice the extremely flattened 

recrystallized grains containing subbasal deformation lamellae 

and the bent cleavage in the micas. These features are 

consistent with a regime 2 overprint of a completely 

recrystallized regime 3 fabric. In some cases, only the 

deformation lamellae are observed (i.e., no grain flattening). 
Within sheet 1, and on the detachment fault surfaces 

between sheets 1, 2, and 3 of the duplex, cataclastic textures 

overprint the dislocation creep microstructures. The breccia 

zones are spatially associated with the major fault surfaces and 

are not as common within the thrust sheets. In the quartzite of 

sheet 1 iron-oxide- cemented breccia zones crosscut the regime 

1 microstructure. In the southern part of the duplex, where 

sheet 3 overrides sheet 1 directly on the sole thrust (Figure 2), 

the microstructures are crosscut by similar breccia zones. In 
the detachment zone between sheets 2 and 3 the occurrence of 

iron-oxide-cemented breccias is increasingly rare toward the 

Figure 6. Photomicrographs of Heavitree Quartzite from the Ruby Gap duplex. (a) Typical undeformed mica- 
poor quartzite. Note outlines of original sand grains and quartz cement. (b) Quartzite deformed in regime 1, with 
deformation bands and fine (<10 gm) recrystallized grains along grain margins. (c) Regime 1 quartzite at higher 
magnification. The fuzzy nature of the grain boundaries is due to the fact that the recrystallized grains are much 
smaller than the thickness of the thin section. (d) Quartzite deformed in regime 2 and characteristic of sheet 2. 
Note extremely flattened original grains with an external mantle of recrystallized grains and internal 
development of subgrains by lattice rotation. (e) Entirely recrystallized regime 3 quartzite typical of sheet 3. 
Quartz grain size is limited by micas pinning the migrating grain boundaries. (f) Entirely recrystallized regime 3 
quartzite typical of sheet 5. The presence of micas in the interiors of quartz grains suggests that pinning of 
migrating grain boundaries was not as effective at higher temperatures. (g) Overprinting of regime 3 
microstructure by higher stress microstructure of regime 2. All photomicrographs have crossed nichols; long 
dimension of frame is 600 gm, except for Figure 6b which is 1200 gm. 
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Abstract. The thermomechanical evolution of a midcrustal 

ductile duplex in central Australia has been reconstructed 

through space and time using 4øAr?9Ar thermochronology, 
flow stress estimates, cross-sectional restoration of 

dislocation creep microstructures, and microstructural and 

structural analysis. A critical aspect of this analysis is the 

identification of populations of white micas in quartzite 
mylonites that have neocrystallized below their closure 

temperature and which record the time when ductile 

deformation ceased. In dating these micas the mylonitic 
microstructures have effectively been dated. The time- 

temperature history of the duplex has been constrained through 
multidomain thermal modeling of K-feldspar 4øAr/39Ar data. 
The modeling demonstrates that a temperature gradient existed 

across the duplex during its formation. The concept of 
microstructural continuity during ductile deformation has great 
potential for elucidating the kinematic evolution of ductile 

duplexes. Mapping of the deformation mechanisms and 

recrystallized grain sizes of quartzites deformed under 
greenschist facies conditions has been used to evaluate 

tectonic offsets that occurred after microstructural freezing. 
This analysis shows that the duplex formed as a forward 

propagating thrust system accommodating ~60 km of 

convergence between the upper and lower plates of the 
megathrust, with a significant fraction of the displacement 

occurring after microstructural freezing. Finally, using the 
data as input to published flow laws for quartz aggregates 
provides a strain rate history for the duplex. Although 

uncertainties are clearly large, the timing of highest-estimated 

strain rates during duplex evolution does, indeed, correlate 

with the highest rates of convergence between the upper and 
lower plates of the megathrust system (according to regional 
cooling history studies) and with coeval sedimentation in 

adjoining molasse basins. 

Introduction 

For many years geologists have analyzed the 
microstructures preserved in naturally deformed rocks to study 
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both the kinematics and dynamics of thrust systems. While 
considerable progress has been made toward the understanding 
of the development of upper crustal thrust systems, knowledge 
of the evolution of midcrustal (i.e., greenschist facies) ductile 

thrust systems has come more slowly. The reason for this is at 
least partially due to the difficulty of using structures in 
deformed rocks to measure the variation in time of such 

important parameters as strain rate, stress, and temperature. 
However, it is only recently in using isotopic analysis in 
attempts to date mineral crystallization that both 

microstructural and age information has been synthesized to 

reconstruct the tectonic history of ductilely deformed rocks 

[Kligfield et aI., 1986; Brodie et al., 1989; Zingg and 

Hunziker, 1990; Dunlap et al., 1991 ]. 

Some characteristics of midcrustal thrust systems are as 

follows: (1) a significant amount of deformation is 
accommodated by plastic flow within the thrust sheets; (2) 

dynamic microstructures are not completely destroyed by 
postdeformation annealing, as is common in the lower crust; 

and (3) strain is partitioned through time, depending on the 
spatial distribution and dominance of temperature and pressure 

dependent rheologies. The partitioning of strain results in 

preservation of fabric-forming minerals produced during many 

different portions of the deformation history. Such fabric- 

forming minerals, white micas, for example, may be dated by 

the 4øAr/39Ar method, and the results can be interpreted in terms 
of cooling or crystallization, depending mainly on the peak 
temperature attained. In this way, critical information on the 

evolution of crustal rheology can be obtained from midcrustal 
duplexes. 

In this study, microstructures observed in a deformed 

quartzite imbricated in a midcrustal thrust system are correlated 

with experimentally produced microstructures to evaluate the 

dynamic conditions of deformation. The timing of 
deformation and thermal evolution have been constrained 

through 4øAr/39Ar analysis of white micas and K-feldspars from 
quartzite and basement gneisses, respectively [Dunlap, 1997]. 

By combining the microstructural, isotopic, and field data, we 
have documented the thermomechanical and kinematic 

evolution of a midcrustal ductile thrust system. 

Duplex Structures 

Duplex structures are common in compressional orogens 
and characterize the zone of interaction between the upper and 
lower plates of crustal-scale megathrusts [e.g., Boyer and 
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Figure 2. Regional tectonic map of the southeastern Arunta Block showing the Ruby Gap duplex and 

overlying nappe complexes. In this region the two basal units of the Amadeus Basin, the Heavitree Quartzite and 

the Bitter Springs formation, are interleaved with the basement, allowing at least five thrust sheets to be 

indentified (numbers in circles). The floor and roof thrusts of the duplex are emphasized as bold lines. Samples 

locations for K-feldspar diffusion experiments are labeled with a sample number or a site name (Carrara), whereas 

those for the white micas are dots. The cross section in Figure ld traverses from north to south the region shown 

in the upper left-hand inset [after Dunlap et al., 1995a]. 

in principle, be documented through structural, 

microstructural, and isotopic analysis, as long as the rocks 

record the dynamic conditions of the deformation and are not 

significantly overprinted by static recrystallization 

(annealing). 

Ruby Gap Duplex 

The Ruby Gap duplex of central Australia is one of several 

duplexes exposed in a south directed, crustal-scale megathrust 

system containing both basement rocks of the Arunta Block 
and cover sediments of the Amadeus Basin. As shown in 

Figures 2 and 3, the Ruby Gap duplex consists of an antiformal 

imbricate stack composed of both basement and cover rocks 

and is exposed between granitic basement rocks of the upper 

and lower plates of the Ruby megathrust. The duplex formed in 

the mid-Paleozoic during the Alice Springs Orogeny [Dunlap et 
al., 1991; Dunlap and Teyssier, 1995], an intracratonic 
compressional event that produced fold and thrust systems in 

the cover sediments and nappe complexes in the basement 
[Teyssier, 1985; Collins and Teyssier, 1989; Stewart et al., 

1991; Shaw et al., 1992; Dunlap et al., 1995a]. The structure 

of portions of the duplex have been documented by Shaw et al., 

[1971] and Forman, [1971], but the structure has been 

remapped during this study. 
The two basal members of the Amadeus Basin are the Late 

Proterozoic Heavitree Quartzite and overlying Bitter Springs 

Formation (mostly carbonates). In the duplex the quartzite has 

remained attached to the underlying basement and is 

commonly detached from the overlying carbonates, allowing 

at least five superposed thrust sheets to be recognized (Figures 
2 and 3). Parautochthonous sheet 1, the lowermost thrust 

sheet and the footwall of the duplex, is composed of gneissic 
basement unconformably overlain by mildly deformed 

Heavitree Quartzite and strongly folded Bitter Springs 
Formation. The thrust sheets structurally overlying sheet 1 

contain a prominent north-south oriented mineral elongation 
lineation, and the basement is variably retrogressed in the 

greenschist facies, overprinting Proterozoic amphibolite and 

granulites facies peak assemblages [Dunlap, 1992]. Sheet 2 is 

composed of highly deformed Heavitree Quartzite and Bitter 

Springs Formation and overlies sheet I above the sole thrust 
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MOVIES of  dislocations in metals

http://virtualexplorer.com.au/special/meansvolume/contribs/wilson/introduction.html

MOVIES of  grain boundary migration in deforming ice:

http://virtualexplorer.com.au/special/meansvolume/contribs/wilson/introduction.html
http://virtualexplorer.com.au/special/meansvolume/contribs/wilson/introduction.html
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Periodic model,  theoretical strength (Frenckel derivation... ) 

1934: Polyani, Orowan, Taylor hypothesized dislocations.... 

= shear modulus
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Figure 2.1: Lennard-Jones potential
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τ ≈ τmax2π
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for very small displacements (that are the elastic strains), sin θ ≈ θ.

τ = µγ (2.7)

γ ≈ x

a
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6
τmax =

µ

2π

b

a
(2.9)

τmax ≈
µ

2π
(2.10)

The slope of the shear stress at the zero crossing gives the shear modulus µ. The implication is
that if you decrease the atomic spacing b, the elastic modulus will increase. This predicts a relationship
between density and shear modulus: a denser material will have a higher shear modulus. To see this
experimentally, see Karato Fig 4.11. The relationship between elastic wave velocity V ∝

√
µ/ρ, therefore

the effect of µ on velocity is greater than that of ρ.

HOWEVER, there is NOT a relationship between activation energy and shear modulus because the
elastic strains are very small, and do not feel the height of the potential well !

2.2 What is a thermally activated process?

Arrhenius ...

Figure 2.3: LoT-hiT.jpg

2.3 What are defects, what do they do?

Takei’s thermodynamics (Gibbs), Kohlstedt’s equilibrium concentration of vacancies.

7

Chapter 2

What is “High temperature” ?

Questions:

1. Why do lattices form?

2. What is the relation between temperature and lattice vibrations?

3. What is elasticity (in the context of high T) and the theoretical strength?

4. What are point defects?

2.1 Why do lattices form and maintain their stability?

Lennard-Jones potential. this is a heuristic model– useful for understanding, but the shape cannot be
derived from first principles... but here is how it is useful....

This is the “anharmonic” model for the interatomic potential.

Uia = Eaa

[(x

r

)12
−

(x

r

)6
]

(2.1)

Eaa is my way of saying that the depth of the well is proportional to an activation energy (Eaa),
where the a stands for approximate, but this is not the definition of the activation energy. See below for
a working definition.

2.1.1 Theoretical strength

The periodic, harmonic approximation for the interatomic potential can be most simply described by a
sin wave.

E = Fx (2.2)

F =
dE

dx
(2.3)

τ =
dF

dA
(2.4)

5

a

b b

~ 10 GPa, way too strong



2. Single dislocations 

entropy

G free energy

entropy

G free energy
energy

concentration

Unlike for vacancies, there is no equilibrium concentration 
of dislocations, because the aligned vacancies do not increase the 
entropy as much as isolated vacancies do.   



direction changes from one point to the next along
the loop, while the Burgers vector is the same at
every point. Regions along the dislocation loop for
which b is perpendicular to , are termed edge seg-
ments, while regions for which b is parallel to , are
termed screw segments. Regions of a dislocation for
which b and , are neither perpendicular nor parallel
are referred to as mixed segments.

Movement of a dislocation can take place by glide
and climb. An edge dislocation can move in one of
two ways. If an edge dislocation moves in the glide
plane defined by b! ,, its motion is conservative. In
contrast, if an edge dislocation moves normal to its
glide plane, the process is nonconservative in that
lattice molecules are added to or taken away from
the dislocation line by diffusion such that the dis-
location climbs out of its glide plane. A screw
dislocation does not have a specific glide plane
since b and , are parallel to each other. Hence, a
screw dislocation generally glides on the plane that
offers least resistance to its motion. If it encounters an
obstacle to its movement, a screw dislocation can cross
slip off of its original glide plane onto a parallel glide
plane in order to continue moving. A dislocation must

always move in a direction perpendicular to its line
direction. The displacement resulting from glide of
an edge dislocation is thus parallel to the direction of
dislocation glide, while the displacement resulting
from movement of a screw dislocation is perpendi-
cular to its direction of motion defined by the
velocity vector, v, as illustrated in Figure 2. Finally,
a slip system is defined for a dislocation by the
combination of a unit vector normal to the slip
plane, n, and b. As an example, important slip systems
in clinopyroxene include {110} 1!10ih , {110}[001],
and (100)[001] (Bystricky and Mackwell, 2001). Slip
systems in olivine include (010)[100], (001)[100],
(100)[001], and (010)[001] with the dominate slip
system determined by stress, water concentration, as
well as pressure and temperature conditions (Carter
and Avé Lallemant, 1970; Jung and Karato, 2001;
Mainprice et al., 2005).

To first order, dislocations with short displace-
ment vectors are preferred over those with longer
displacement vectors since the energy per unit length
of a dislocation, Edisl, is proportional to the square of
the Burgers vector. For an edge dislocation in an
elastically isotropic material (Weertman and
Weertman, 1992, pp. 45–52)

Edisl ¼
Gb2

4! 1 – vð Þ ln
r

rc
½28&

where G is the shear modulus, r is the mean spacing
between dislocations, and rc is the radius of the dis-
location core. In eqn [28], the contribution of the core
of the dislocation to the elastic strain energy has been
neglected. For elastically anisotropic materials, the
full matrix of elastic constants must be considered, as
discussed in detail by Hirth and Lothe (1968,
pp. 398–440).

Slip generally occurs on the closest packed plane
that contains b, that is, the most widely separated

(a)

e

e
b

v

b

s

sv

(b)

b

(c)

Figure 2 Sketch illustrating that (a) the movement of an edge dislocation, e, and (b) the movement of a screw dislocation, s,
with the same Burgers vector (c) produce the same displacement of the upper half of a crystal relative to the lower half.
Adapted from Kelly A and Groves GW (1970) Crystallography and Crystal Defects, 428 pp. Reading, MA: Addison-Wesley
Publishing Company.
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Figure 1 Sketch of dislocation loop indicating the
direction of the Burgers vector, b, and of the dislocation
line, ,, at each point along the loop. The edge and screw
segments of the dislocation loop are denoted by e and s,
respectively.
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and Avé Lallemant, 1970; Jung and Karato, 2001;
Mainprice et al., 2005).

To first order, dislocations with short displace-
ment vectors are preferred over those with longer
displacement vectors since the energy per unit length
of a dislocation, Edisl, is proportional to the square of
the Burgers vector. For an edge dislocation in an
elastically isotropic material (Weertman and
Weertman, 1992, pp. 45–52)

Edisl ¼
Gb2

4! 1 – vð Þ ln
r

rc
½28&

where G is the shear modulus, r is the mean spacing
between dislocations, and rc is the radius of the dis-
location core. In eqn [28], the contribution of the core
of the dislocation to the elastic strain energy has been
neglected. For elastically anisotropic materials, the
full matrix of elastic constants must be considered, as
discussed in detail by Hirth and Lothe (1968,
pp. 398–440).

Slip generally occurs on the closest packed plane
that contains b, that is, the most widely separated

(a)

e

e
b

v

b

s

sv

(b)

b

(c)

Figure 2 Sketch illustrating that (a) the movement of an edge dislocation, e, and (b) the movement of a screw dislocation, s,
with the same Burgers vector (c) produce the same displacement of the upper half of a crystal relative to the lower half.
Adapted from Kelly A and Groves GW (1970) Crystallography and Crystal Defects, 428 pp. Reading, MA: Addison-Wesley
Publishing Company.

Burgers vector, b

s

s

e e

Line direction,

Figure 1 Sketch of dislocation loop indicating the
direction of the Burgers vector, b, and of the dislocation
line, ,, at each point along the loop. The edge and screw
segments of the dislocation loop are denoted by e and s,
respectively.

Constitutive Equations, Rheological Behavior, and Viscosity of Rocks 395a crystal dislocation is a slipped surface, exactly like the ruptured surface on a fault

edge dislocation screw dislocation

both achieve this:

kinks



b
b

Slip system:          (slip plane)[burger’s vector]

the slip system with the shorter burger’s vector and longer atomic distance 
normal to the slip plane will be “easier”: A dislocations move more easily 
(at lower stress, or faster at the same stress) than B dislocations. 

This leads to anisotropy in dislocation motion and eventually to the creation 
of  lattice preferred orientation... 

A B



dislocations
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Olivine:       (010)[100] is easiest, followed by (010)[001]  (“Miller indexes”)

Goetze & Evans, single 
crystal experiments.. 



MAKING LARGE STRAINS WITH DISLOCATIONS: 

h
b

strain ~ b/h

one dislocation makes 
a minuscule strain..
so to enable strain, 
many must be produced 
and move through the crystal

1 Introduction

Figure 1: The Glubglub Model

1.1 Orowan equation

ε =
b

h
(1)

if disl. only sweeps ∆L (2)

ε =
b

h

∆L

L
(3)

and for N dislocations (4)

ε = N
b

h

∆L

L
(5)

(V = Llh) (6)

ε =
Nl

V
b∆L (7)

(ρ = (Nl)/V ) (8)

ε = ρb∆L (9)
dε

dt
= ε̇ = ρbv̄d (10)

v̄d is the average dislocation density, and v̄d ∝ σ1+.

v̄d(σ, P, T,X) ∝ σ1+ (11)

ρ(σ) ∝ σ2 (12)

ε̇ ∝ σ3+ (13)

2



Because there is not an equilibrium concentration, and because each dislocation 
produces a very small strain, there must be constant production of  dislocations... 
called a “Frank-Read source”  (1950, Charles Frank and Thornton Read) 

1 Introduction

Figure 1: The Glubglub Model

1.1 Frank-Read Source
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where σFR is the stress required to produce dislocations for a source of the given dimensions, G is

the shear modulus, and b is the Burgers’ vector.
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ρ(σ) ∝ σ2 (13)

ε̇ ∝ σ3+ (14)
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~ several MPa

1 Introduction

Figure 1: The Glubglub Model

1.1 Frank-Read Source

The Peach-Koehler Force, fPK = σb per unit length of dislocation, or over the length of the Frank

Read source, FPK = σbx, where x is the distance between the two pinning points. The tension on

the growing dislocation is Gb2, which must balance the FPK , such that FPK = σbx = Gb2, or

σFR ≈
2Gb

l
(1)

where σFR is the stress required to produce dislocations for a source of the given dimensions, G is

the shear modulus, and b is the Burgers’ vector. (wikipedia:Frank-Read Source)
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v̄d is the average dislocation density, and v̄d ∝ σ1+.

v̄d(σ, P, T,X) ∝ σ1+ (13)
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2

tension on growing 
dislocation = 

Peach-Koehler Force:



PAPER CLIPS deformation:

1. work hardening, 
2. Bauschinger effect (hysteresis: 
unbending is easier than bending, 
because the dislocations push 
against each other) 
3. Luder’s bands: localization before 
rupture



Poirier, 1985

3. Recovery 

Climb is a thermally activated diffusive process.. 
This is where the temperature dependence of  dislocation creep comes from. 

Large strains cannot occur without recovery...





Recovery by sub grain formation (SGF) 

-associated with lower temperature 
because diffusion length scale is 
shorter and  and lower stress 
conditions because driving force is 
smaller 

log stress

T/Tm

(SGF)

(GBM)



Recovery by grain boundary migration
-associated with higher temperature
conditions (only because necessary 
diffusion length scale is greater than 
for SGR)  

-associated with higher stress because 
necessary driving force is higher (at 
constant T) 

log stress

T/Tm

(SGF)

(GBM)



OROWAN Equation  (from Poirier, 1985, p 62):

1 Introduction

Figure 1: The Glubglub Model

1.1 Orowan equation

ε =
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if disl. only sweeps ∆L (2)
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(ρ = (Nl)/V ) (8)

ε = ρb∆L (9)
dε

dt
= ε̇ = ρbv̄d (10)

v̄d is the average dislocation density, and v̄d ∝ σ1+.

ρ ∝ σ2

ε̇ ∝ σ3+
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ε =
b

h

∆L

L
(3)
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ε =
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V
b∆L (7)

(ρ = (Nl)/V ) (8)

ε = ρb∆L (9)
dε

dt
= ε̇ = ρbv̄d (10)

v̄d is the average dislocation density, and v̄d ∝ σ1+.

v̄d(σ, P, T,X) ∝ σ1+ (11)

ρ(σ) ∝ σ2 (12)

ε̇ ∝ σ3+ (13)

2

most of  the complexity comes in the dislocation 
velocity term... 



higher order structures : strain waves? 

http://www.nature.com/nature/journal/v410/n6829/extref/410667a0_S1.htm
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orowan to scholz: 
“you can only measure the displacement... 
for all you know, there is a guy inside playing the 
piano...” 



von mises criterion

complete strain compatibility for an arbitrary deformation requires FIVE slip systems 
to be active (6 strain components + constant volume constraint). However, this strict 
requirement can be relaxed by grain boundary sliding and diffusion creep...  so the 
strength more closely reflects the weakest slip system than the strongest. 



dislocation production 

glide climb

sub-grain rotation GB - migration

motion:

recovery+ recrystallization:

low T high T

low stresshigh stress



4. Fabric (Lattice preferred orientation) Development 
When anisotropic crystals (i.e. slip systems 
with significantly different strengths) are 
sheared, grains can rotate by a range of  
mechanisms, including: 

1. rigid body rotation
2. recrystallization by GBM, in which well-
oriented grains consume poorly oriented 
grains, 
3. subgrain rotation recystallization... 

rigid body rotation



only currents of Sn atoms around the edge of
the island, then !(R) would drop rapidly with
island size, proportional to 1/R3 (17 ), and
give a v(R) that would increase with decreas-
ing radius as 1/"R. Thus, as long as Dd is
nonzero, diffusion through the islands for
sufficiently large R values should provide the
dominant contribution to their mobility, con-
sistent with our observations.

We can experimentally adjust the speed of
the islands over several orders of magnitude
by changing the temperature slightly around
room temperature. In an Arrhenius plot of the
velocity (Fig. 5B), the linearity suggests that
the processes responsible for the island mo-
tion are activated with an energy of 900 meV.
From the above analysis, this should be half
of the activation energy associated with the
product Dd#d$. Because diffusion barriers,
defect formation energies, and exchange en-
ergies are typically on the order of hundreds
of meV, the activation energy we measure is
reasonable within this model. From our mea-
surements at 270 K, we find that the Sn-Cu
exchange rate is roughly one atom per 4000 s.
Assuming a value of ! on the order of 100
meV, typical diffusion prefactors on the order
of 1012 s%1, and the experimentally measured
activation energy, we find that (Dd#d&

2
!$/

kBT )1⁄2 yields island velocities of the ob-
served order of magnitude. So the simple
picture of Fig. 4 seems to be consistent with
everything we know at present about this
system. Given the simplicity of the driving
force for the motion of the reactive Sn is-
lands, this mechanism of surface alloying
might be expected to be common when sur-
face diffusion is faster than exchange into the
substrate.

We make three comments about the sur-
face bronze formation: (i) The trajectories
shown in Figs. 1 and 2 do not convey the full
animation of the Sn island motion (9); the Sn
islands often appear to react to their sur-
roundings in a complex way (pausing when
their best path is not obvious, for example)
and are efficient in finding new unalloyed
regions. It is interesting that such complexity
can arise from such a seemingly simple situ-
ation as surface alloying. (ii) Surface free
energy–driven motion of particles on liquid
surfaces (or liquids on solid surfaces) is a
familiar phenomenon (18–24 ); the observa-
tion of the similar motion of camphor parti-
cles across water dates to 1686 (23, 24 ) and
was the subject of much discussion in the
19th century. It allowed Lord Rayleigh to
estimate molecular dimensions and motivated
him to perform an accurate determination of
the surface tension of water (25), for exam-
ple, and now reappears in the context of
solids on the nanoscale. (iii) Control of the
island motion presents the possibility of ma-
nipulation of surface alloy formation to create
useful and novel nanoscale structures.
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High Shear Strain of Olivine
Aggregates: Rheological and

Seismic Consequences
M. Bystricky,* K. Kunze, L. Burlini, J.-P. Burg

High-pressure and high-temperature torsion experiments on olivine aggregates
in dislocation creep show about 15 to 20% strain weakening before steady-
state behavior, characterized by subgrain-rotation recrystallization and a strong
lattice preferred orientation. Such weakening may provide a way to focus flow
in the upper mantle without a change in deformation mechanism. Flow laws
derived from low strain data may not be appropriate for use in modeling high
strain regions. In such areas, seismic wave propagation will be anisotropic with
an axis of approximate rotational symmetry about the shear direction. In
contrast to current thinking, the anisotropy will not indicate the orientation of
the shear plane in highly strained, recrystallized olivine-rich rocks.

Seismic anisotropy in oceanic and continental
lithospheres is commonly attributed to defor-
mation-induced lattice preferred orientations
(LPOs) of olivine and pyroxene (1–6 ) and is
used to determine flow patterns in the upper
mantle (7, 8). To give weight to this interpre-
tation, we must understand how olivine LPOs
develop and evolve with strain in particular
deformation settings. Flow in the mantle in-
volves high strain and non-coaxial deforma-
tion, but most experimental studies on poly-
crystalline olivine have been performed un-
der uniaxial compression, in which deforma-
tion is coaxial and the total amount of strain
(equivalent strains (0.5) is limited (9–12).
Olivine samples deformed to shear strains up

to 1.5 using a diagonal-cut assembly (13, 14 )
yielded useful microstructural and textural
observations. However, these experiments
may not have produced steady-state deforma-
tion textures. In addition, such an experimen-
tal arrangement does not allow a detailed
rheological study, because combined com-
pressional and simple shear components con-
tribute to the deformation and because the
state of stress is poorly known at high strains
(15). Here we present results on the experi-
mental deformation of olivine aggregates in
torsion yielding bulk shear strains up to ) *
5. The aim of this study was to achieve non-
coaxial deformation and to investigate the de-
tailed microstructural, textural, and rheological
evolution of polycrystalline olivine over a larg-
er strain range than previously accessible.

Olivine aggregates were hot-pressed from
San Carlos olivine powders (16 ). Deforma-
tion experiments were carried out in a high-
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only currents of Sn atoms around the edge of
the island, then !(R) would drop rapidly with
island size, proportional to 1/R3 (17 ), and
give a v(R) that would increase with decreas-
ing radius as 1/"R. Thus, as long as Dd is
nonzero, diffusion through the islands for
sufficiently large R values should provide the
dominant contribution to their mobility, con-
sistent with our observations.

We can experimentally adjust the speed of
the islands over several orders of magnitude
by changing the temperature slightly around
room temperature. In an Arrhenius plot of the
velocity (Fig. 5B), the linearity suggests that
the processes responsible for the island mo-
tion are activated with an energy of 900 meV.
From the above analysis, this should be half
of the activation energy associated with the
product Dd#d$. Because diffusion barriers,
defect formation energies, and exchange en-
ergies are typically on the order of hundreds
of meV, the activation energy we measure is
reasonable within this model. From our mea-
surements at 270 K, we find that the Sn-Cu
exchange rate is roughly one atom per 4000 s.
Assuming a value of ! on the order of 100
meV, typical diffusion prefactors on the order
of 1012 s%1, and the experimentally measured
activation energy, we find that (Dd#d&

2
!$/

kBT )1⁄2 yields island velocities of the ob-
served order of magnitude. So the simple
picture of Fig. 4 seems to be consistent with
everything we know at present about this
system. Given the simplicity of the driving
force for the motion of the reactive Sn is-
lands, this mechanism of surface alloying
might be expected to be common when sur-
face diffusion is faster than exchange into the
substrate.

We make three comments about the sur-
face bronze formation: (i) The trajectories
shown in Figs. 1 and 2 do not convey the full
animation of the Sn island motion (9); the Sn
islands often appear to react to their sur-
roundings in a complex way (pausing when
their best path is not obvious, for example)
and are efficient in finding new unalloyed
regions. It is interesting that such complexity
can arise from such a seemingly simple situ-
ation as surface alloying. (ii) Surface free
energy–driven motion of particles on liquid
surfaces (or liquids on solid surfaces) is a
familiar phenomenon (18–24 ); the observa-
tion of the similar motion of camphor parti-
cles across water dates to 1686 (23, 24 ) and
was the subject of much discussion in the
19th century. It allowed Lord Rayleigh to
estimate molecular dimensions and motivated
him to perform an accurate determination of
the surface tension of water (25), for exam-
ple, and now reappears in the context of
solids on the nanoscale. (iii) Control of the
island motion presents the possibility of ma-
nipulation of surface alloy formation to create
useful and novel nanoscale structures.
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High-pressure and high-temperature torsion experiments on olivine aggregates
in dislocation creep show about 15 to 20% strain weakening before steady-
state behavior, characterized by subgrain-rotation recrystallization and a strong
lattice preferred orientation. Such weakening may provide a way to focus flow
in the upper mantle without a change in deformation mechanism. Flow laws
derived from low strain data may not be appropriate for use in modeling high
strain regions. In such areas, seismic wave propagation will be anisotropic with
an axis of approximate rotational symmetry about the shear direction. In
contrast to current thinking, the anisotropy will not indicate the orientation of
the shear plane in highly strained, recrystallized olivine-rich rocks.

Seismic anisotropy in oceanic and continental
lithospheres is commonly attributed to defor-
mation-induced lattice preferred orientations
(LPOs) of olivine and pyroxene (1–6 ) and is
used to determine flow patterns in the upper
mantle (7, 8). To give weight to this interpre-
tation, we must understand how olivine LPOs
develop and evolve with strain in particular
deformation settings. Flow in the mantle in-
volves high strain and non-coaxial deforma-
tion, but most experimental studies on poly-
crystalline olivine have been performed un-
der uniaxial compression, in which deforma-
tion is coaxial and the total amount of strain
(equivalent strains (0.5) is limited (9–12).
Olivine samples deformed to shear strains up

to 1.5 using a diagonal-cut assembly (13, 14 )
yielded useful microstructural and textural
observations. However, these experiments
may not have produced steady-state deforma-
tion textures. In addition, such an experimen-
tal arrangement does not allow a detailed
rheological study, because combined com-
pressional and simple shear components con-
tribute to the deformation and because the
state of stress is poorly known at high strains
(15). Here we present results on the experi-
mental deformation of olivine aggregates in
torsion yielding bulk shear strains up to ) *
5. The aim of this study was to achieve non-
coaxial deformation and to investigate the de-
tailed microstructural, textural, and rheological
evolution of polycrystalline olivine over a larg-
er strain range than previously accessible.

Olivine aggregates were hot-pressed from
San Carlos olivine powders (16 ). Deforma-
tion experiments were carried out in a high-
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pressure and high-temperature torsion appa-
ratus (17 ), in which any small element of the
sample undergoes deformation at constant
strain rate by simple shear (18). The shear
stress and shear strain rate at the outer surface
of the cylindrical sample were derived from
the measured torque and twist rate, respec-
tively (19). The experiments were performed
at 1200°C and 300 MPa confining pressure,
with the oxygen fugacity near the Fe/FeO
buffer (10!12 bars). Fourier transform infra-
red (FTIR) spectroscopy analyses of de-
formed samples indicated that they contained
less than 30 molar parts per million (ppm)
H/Si (20). Samples were deformed to differ-
ent amounts of bulk shear strain, under two
constant angular displacement rates corre-
sponding to constant shear strain rates of
either 6 " 10!5 s!1 or 1.2 " 10!4 s!1 at the
outer surface of the sample. For both defor-
mation series, a peak stress occurred at a
shear strain # $ 0.1, followed by 15% weak-
ening up to # $ 0.5 (Fig. 1). At higher
strains, the flow stress was nearly steady-
state, leading to a total weakening of the
aggregate of about 20% from the peak stress
to the flow stress at # $ 5. Stress exponents
of n % 3.3 determined after the weakening
suggest dislocation creep as the rate-limiting
mechanism, even at high strains.

Microstructures were analyzed with optical
and electron microscopy. Thin sections were
cut perpendicular to the cylinder radius and
within 200 to 300 &m of the sample outer edge.
In such planes, deformation is nearly simple
shear (18). With increasing strain, the average
grain size reduced by dynamic recrystallization
(Fig. 2). At shear strains # $ 0.5, a typical
deformation microstructure displays evidence
of incipient recrystallization (Fig. 2, C and D).
At # $ 2, core-and-mantle structures suggest
recrystallization by subgrain rotation (Fig. 2, E
and F). The matrix wraps around porphyro-
clasts and resembles the mosaic texture de-
scribed in natural peridotites (21). With further
strain, the porphyroclasts become more elon-
gated, with an oblique shape fabric consistent
with the sense and amount of shear. At # $ 5,
recrystallization is nearly complete and a flu-
idal mosaic microstructure (21) with a strong
foliation sub-parallel to the shear plane has
developed (Fig. 2, G and H). The $5% of
remaining porphyroclasts consist of ribbons
with highly stretched tails (blue grains) and
asymmetric porphyroclasts showing sub-
grains and deformation features (white
grains). High-resolution orientation imaging
maps are consistent with the observed micro-
structures (Fig. 3). The spatial distribution of
small-angle misorientations within the clasts
confirms the formation of subgrains with a
size similar to the recrystallized grains, pro-
viding further evidence for recrystallization
by subgrain rotation.

LPOs were measured using electron back-

scatter diffraction (EBSD). During deforma-
tion, the texture evolved through a transient
deformation texture (# $ 0.5) into a recrys-
tallization texture at high strain (Fig. 4). At
# $ 0.5, the [010] crystallographic axes tend
to align normal to the shear plane and the

[100] axes develop two maxima, one parallel
to the shear direction and one oblique to the
shear direction. This LPO fits with previous
low strain experimental results (13, 14 ) and
with numerical simulations (22, 23). At high-
er strains, the texture is much stronger and

Fig. 1. Shear stress versus shear strain
for samples deformed at 1200°C and
300 MPa at constant nominal shear
strain rates of 6 " 10!5 s!1 (gray
curve) and 1.2 " 10!4 s!1 (black
curve). Conversion from torque and
twist of torsion deformation into shear
stress and strain was performed as in
(19). The peak stresses agree well with
dislocation creep flow laws for olivine
aggregates determined in axial compression experiments (12). Stepping tests performed at high
strains yielded stress exponents n (n % 3.2 at # $ 1.2 and n % 3.3 at # $ 3.2) typical of
deformation by dislocation creep. Shaded area (left) shows magnified view of the low strain interval
at right (# ! 0.2), up to equivalent strains ($10%) where rheological data are typically obtained
in compression experiments. At these low strains, deformation often appears to be steady-state
because the onset of weakening is rarely reached.

Fig. 2. Optical micro-
graphs in cross-polarized
light [from thin sections
cut as in (18)] of olivine
aggregates deformed at
6 " 10!5 s!1 to different
shear strains. Shear sense
is dextral. (A and B) Start-
ing material. Olivine ag-
gregate hot-pressed for
12 hours, showing an
equigranular fabric with
an average grain size of
20 &m. Most grains have
euhedral shapes with low
aspect ratios. Grain bound-
aries are straight to curved.
Few deformation features
such as lamellae and sub-
grains are visible within
the grains. The micro-
graph in (A) was taken us-
ing a gypsum plate. (C
and D) Deformed proto-
lith. Deformation micro-
structure at shear strain
# $ 0.5. Evidence of dis-
location creep and recov-
ery in the form of defor-
mation lamellae and 3 to
4 &m subgrains. Grain
boundaries are curved to
lobate, with bulges indi-
cating the onset of recrys-
tallization. A weak oblique
shape preferred orientation
is consistent with the sense of shear. (E and F) Protomylonite. Partially recrystallized microstructure
at # $ 2. Recrystallized grain size is 3 to 4 &m. Elongated porphyroclasts with deformation lamellae
have aspect ratios R from 2 to 6 (R % 5.8 for the finite strain ellipse at # % 2). Core-and-mantle
structures and a subgrain size similar to the recrystallized grain size provide evidence for
recrystallization by subgrain rotation. (G and H) Ultramylonite. Fluidal mosaic microstructure at
# $ 5. The recrystallized matrix ($95% volume) is very homogeneous with $3 &m equant grains.
Two types of porphyroclasts with distinct crystallographic orientations remain. Highly elongated
ribbon grains (blue) are in an orientation for easy slip on (010)[100] and track the bulk strain. Their
aspect ratios (R% 25 to 40) are consistent with the finite strain ellipse at # % 5 (R% 27). A second
type of porphyroclasts (white) with lower aspect ratios (R ' 10) are full of subgrains and
deformation features, are strongly asymmetric in shape, and have an oblique lattice orientation.
Both types have average grain areas equal to those of the starting grains (equivalent diameter,$20
&m), suggesting that their shapes are due entirely to strain without major coalescence.
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more symmetric with respect to the shear
kinematics. It has a sharp [100] maximum
oriented parallel to the shear direction and
girdles of [010] and [001] normal to that
direction. Individual measurements of 50 rib-
bon porphyroclasts indicate that nearly all
have a single preferred orientation, consistent
with “easy slip” on the (010)[100] system.
For the asymmetric porphyroclasts, the [100]
axes are distributed oblique to the shear di-
rection, as in the low strain deformation tex-
ture. The observed high strain texture differs
from numerical simulations with or without
modeling recrystallization (22, 23) by the
[010] and [001] girdle normal to the shear

direction rather than a [010] point maximum
perpendicular to the shear plane.

An important goal in studying mantle dy-
namics is to determine the flow direction and
shear plane from seismic observations. Seis-
mic properties of deformed samples (com-
pressional wave velocity Vp, shear wave
splitting dVs, and polarization of fast shear
wave Vs1 pol) were calculated from the mea-
sured LPO (Fig. 4). The data for high shear
strains suggest that a large Vp anisotropy
(here half of the single crystal anisotropy) can
develop in highly sheared parts of the mantle.
The Vp maximum and dVs minimum are
parallel to the shear direction, along with an

approximate axial symmetry in all the veloc-
ity distributions about that direction. As Vp is
minimum anywhere along a girdle normal to
the shear direction, it does not indicate the
orientation of the shear plane, by contrast to
previous conclusions based on experiments
conducted to lower strains (13, 14 ). These
results imply that seismic investigations of
the mantle (e.g., Vp and Vs deep seismic
sounding, near vertical reflection, and teleseis-
mic shear wave splitting) may indicate the flow
direction, but will not identify the shear plane
in highly recrystallized olivine mylonites.

Experimental deformation to high shear
strain of olivine aggregates produces a stable
LPO and recrystallized microstructure con-
sistent with observations in highly deformed
natural peridotites (21, 24 ). Although sample
size, grain size, temperature, and strain rate
conditions may be different in the laboratory
than in nature, the correspondence in micro-
structures provides confidence that it is pos-
sible to scale results obtained in experiments
to natural conditions. In addition, the 15 to
20% observed weakening may provide a way
to focus flow in the upper mantle without the
need to invoke a change in deformation mech-
anism (25). In subduction zones, high shear
strains may lead to strain localization where
hot mantle convects past the upper side of
cold slabs. In regions of extensional deforma-
tion, strain weakening may focus on major
detachment zones near the crust-mantle bound-
ary, for example during the development of
passive margins (26, 27 ). Seismic disconti-
nuities recently identified in the upper mantle
(28, 29) may correspond to such shear zones.
For these regions of localized shear strain, the
application of rheologies derived from low
strain data would be inappropriate.
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Fig. 3. Microstructure of olivine aggregate deformed to ! " 5 showing ribbon
grains within recrystallized matrix. (A and B) High-resolution orientation imag-
ing maps with color key according to inverse pole figures of shear direction and
shear plane normal, respectively. Thick lines between pixels indicate grain
boundaries (nearest neighbor misorientation angle # $ 15°) and thin lines mark

subgrain boundaries (2° % # % 15°). Recrystallized grains in the matrix have sizes of about 3 to 6 &m
and have various orientations with [100] preferably toward the shear direction. A highly elongated
ribbon shows similarly sized subgrains and is in approximate orientation (031)[100]. (C) Scanning
electron microscope orientation contrast image at same magnification of a different region with similar
features.

Fig. 4. Pole figures and
seismic properties of
olivine aggregates de-
formed in dextral shear.
All figures are upper
hemisphere equal area
projections. Pole fig-
ures are scaled in mul-
tiples of random distri-
bution (m.r.d). Texture
indices are indicated
for the overall textures
(J) and each pole figure
separately ( Ja, Jb, Jc).
Minima and maxima
are indicated to the left
and right of measured
pole figures, respective-
ly. Seismic properties
were derived from the
LPO data using the
Voigt volume averag-
ing scheme [programs
from (32, 33)].
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The principles of electron back-scatter diffraction (EBSD) pattern analysis
and lattice preferred orientations (LPO)
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5. Grain Growth  

static grain growth is driven by the 
reduction of  surface energy of  
grain boundaries (proportional to 
the curvature, that locally drives 
diffusion. 

ρ(σ) ∝ σ2 (14)

ε̇ ∝ σ3+ (15)

2 Grain size evolution

2.1 Grain growth

dn − dn
0 = kt (16)

n = 2+

3 Piezometers

3

ρ(σ) ∝ σ2 (14)

ε̇ ∝ σ3+ (15)

2 Grain size evolution

2.1 Grain growth

dn − dn
0 = kt (16)

n = 2+

3 Piezometers

3

small grains get consumed faster. 

in reality, muck and second phases 
slow grain growth... 
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regimes determined by 
relative rates of  

1. dislocation production
2. dislocation climb
3. grain boundary 
migration

these rates are a function 
of  stress, temperature and 
water content

R1 (high stress, low T):  
production fast, recovery 
by climb and GBM slow

R2 (lower stress, higher 
T):  recovery by climb 
moderate, but GBM 
slow, so recrystallization 
occurs by subgrain 
rotation (requiring 
climb)

R3 (low stress, high T):  
recovery by climb fast, 
but Grain Boundary 
Migration is also fast, so 
complete 
recrystallization occurs 
by both subgrain rotation 
and GBM. (see relatively 
uniform grain size) 

Dislocation creep regimes in quartz aggregates 147 

1400 

i R.,ml j : 
I -  / J Regime 1 
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Strain Rate ( l /s )  Strain rate ( l /s )  

Fig. 2. Plots of temperature vs strain rate showing the location of the dislocation creep regimes for quartz aggregates 
deformed (a) 'as-is' and (b) with 0.17 wt% water added. The boundaries between the regimes are gradational. Open circles 
represent regime 1, plus symbols represent regime 2, open squares represent regime 3, and a plus inside a square represents 

gradational between regimes 2 and 3. 

depends on the development  of a steady state micro- 

structure. Since the axial shortening geometry  of the 

experiments  limits the amount  of strain and thus the 

amount  of recrystallization possible, we also describe 

microstructures from samples of the fine-grained nova- 

culite to illustrate the processes which we believe would 

occur in quartzite at higher strains. 

Microstructural observations and interpretations 

Regime 1. At  lower temperatures  and faster strain 

rates microstructural observations suggest that dislo- 
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Summary
1. dislocations move through crystals to reduce elastic strain energy and cause 
deformation

2. each one causes only very small displacement... so many must be produced 
and move through the crystal to cause strain. The production is caused by 
stress acting on a “Frank-Read Source”. 

3. The motion of  dislocations depends on the anisotropy of  the lattice, and the 
orientation of  the lattice relative to the stress.  

4. The strain rate is a non-linear function of  the stress, due to the rate of  
production, the density and the velocity of  dislocations. The velocity depends 
on the ease of  climb, which is a thermally activated diffusive process, so 
dislocation creep has the exp(-Q/RT) dependence. 

5.  Large strains require recovery, which can be effected by sub-grain rotation, 
grain boundary migration recrystallization. 

6. Regimes defined by microstructures depend on the relative rates of  these 
processes of  dislocation production and recovery



1. Empirical Piezometers (dislocations, subgrain and grain size), 
for olivine and quartz.  Independent of  T, water content, melt. 

2. Theory(?): Why should these be independent of  temperature and water?  

3. The WATTMETER

Where this is going: Stress across shear zones (Kohlstedt and Weathers)
Stress in the lithosphere from xenoliths (Mercier) 

6. PIEZOMETERS



piezometer (stress-meter) is meaningful for 
steady state deformation (i.e. time scale longer 
than the transient time).

in principle and empirical observation, the steady 
state lengthscale is proportional to the stress 
(rate of  production = rate of  annihilation and self-
stress = applied stress ) 

ρ(σ) ∝ σ2 (14)

ε̇ ∝ σ3+ (15)

2 Grain size evolution

2.1 Grain growth

dn − dn
0 = kt (16)

n = 2+ and k ∝ exp(−Q/RT ).

3 Piezometers

This is the general form that all the empirical piezometers follow.

Dislocation density: (17)

ρ = A1b
−2

(
σ

µ

)+n1

(18)

or Dislocation spacing: (19)

δd = Adb
(

σ

µ

)−nd

(20)

Subgrain size: (21)

δsg = Asgb
(

σ

µ

)−nsg

(22)

Grain size: (23)

δg = Agb
(

σ

µ

)−ng

(24)

There are many complex models for the higher order piezometers, and none are generally ac-

cepted. However, a common observation is that the piezometers are independent or only weakly

sensitive to Temperature, water content, melt fraction, i.e. all the parameters to which creep is very

sensitive. This is a mystery, not well understood.

However, one possible clue for the grain size piezometer comes from a model of Derby & Ashby

(1987), which says that the recrystallized grain size has this form (derivation not shown here):

δg = Cεc

(
vgbm

ε̇

)
(25)

where C is a slightly temperature sensitive constant, εc is the critical strain for nucleation of re-

crystallization, vgbm is the velocity for grain boundary migration, and ˙varepsilon is the strain rate.

The implication is that, if the two factors in the ratio are affected similarly by temperature, water

3
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RELATIONSHIPS BETWEEN DYNAMICALLY RECRYSTAI•IZED GRAIN SIZE AND 

DEFORMATION CONDITIONS IN EXPERIMENTALLY DEFORMED OLIVINE ROCKS 

Dirk Van der Wal 1,2, Prame Chopra 3, Martyn Drury 2 and John Fitz Gerald 2 

Abstract. New microstructural data on experimentally 
deformed "wet" and "dry" natural olivine rocks (Anita Bay 
and/[heim dunitc), together with the other reliable experimen- 
tal data, indicate that the experimental stress- recrystallized 
grain size relationship in olivine-rocks is largely independent 
of water content and temperature, and is only slighfiy depen- 
dent on the flow properties of the material. The experimental 
data cover a stress range of 30-300 MPa, water contents from 

<30 ppm to 300 ppm, and temperatures in the range 1100- 
1650 øC. Ixx:al melt contents of up to 10 volume% cannot be 
demonstrated to have a significant effect on the stress - grain 
size relationship. 

Introduction 

At high temperatures and pressures in the Earth, minerals 

and rocks become ductile and can flow in response to devia- 
toric stress. The mechanisms involved are the same as in duc- 

tile metals and ceramics where deformation is accommodated 

by the motion of crystal defects such as vacancies and dislo- 
cations [Poirier, 1985]. When large permanent strains are 

produced by the motion of dislocations (dislocation creep), 

microstructural processes such as dynamic recrystallization 
often accompany deformation [Pokier, 1985]. 

Studies on metals and rocks, deformed by dislocation 

creep, have found that the grain size formed by dynamic re- 

crystallization is apparently controlled by the flow stress 
[Twiss, 1977]. This dependence has provided a method of 

estimating the flow stresses responsible for natural 
deformations from microstructural information. Recrystallized 

stress - grain size relationships have been obtained from ex- 

perimental deformation studies on dry recrystallized single 
crystals of olivine in the range of 1550- 1650 øC [Karato et 
al., 1980] and on a variety of olivine rocks at lower tempera- 

tures of 1100-1300 øC with a range of water contents [Post, 
1977; Mercier et al., 1977; Ross et al., 1980; Zeuch and 

Green, 1984]. The work on olivine rocks has been conducted 

using older solid-medium deformation apparatus which, as 

recently suggested [Green and Borch, 1989], may have sys- 
tematically overestimated the stress levels by a factor of 
somewhere between 3 and 7. Thus, the quantitative aspects of 

the stress - grain size relationships obtained from the older 
solid-medium experiments must be treated with some caution. 

The stress - grain size relationship obtained at higher tem- 
peratures for dry recrystallized olivine single crystals [Karato 
et al., 1980] is more reliable, but there is some doubt about its 

applicability to natural deformations in the upper mantle 
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where terriperatures are lower and water is probably present in 
the olivine grains or in a fluid phase [Bell and Rossman, 
1992]. The results of Ross et al. [1980] suggest that the re- 

crystallized grain size may be sensitive to water content and 
recent theoretical models of dynamic recrystallization [Derby 

and Ashby, 1987; Drury, 1992] imply that the recrystallized 
grain size could also be temperature dependent. 

We have studied the microstructures in a suite of experi- 

mentally deformed "wet" and "dry" olivine rocks, to deter- 
mine if there is any dependence of the dynamic recrystallized 
grain size on temperature and water content. These experi- 
ments extend the available quantitative data to a much wider 

range of conditions than has previously been available. 

Experimental Methods 

Two natural olivine rocks from/l•heim in Norway and 
Anita Bay in New Zealand have been studied. Both rocks are 

hydrated dunites with initial olivine grain sizes of 900 gm 
(Aheim) and 100 gm (Anita Bay). Both rocks contain 5-10% 
orthopyroxene and 5-10% hydrated phases such as chlorite, 

talc and phlogopite. The deformation experiments were con- 
ducted in a Paterson gas apparatus [Paterson, 1970] at confin- 

ing pressures of 300 MPa, temperatures of 1100-1400 øC and 

strain-rates of 10 -4 to 10 -6 s -1 (Table 1). Steady state creep 
was achieved during the experiments reported here. Stress- 
strain curves for tests 4265 and 4267 (Table 1) are shown in 

Figure 3 of Chopra and Paterson [1981 ]. 

"Wet" experiments were conducted on the as-received 

rocks. Breakdown of hydrous minerals occurs on heating so 

the wet experiments were conducted under water-saturated 

conditions, i.e., in the presence of a free fluid. Infrared spec- 
troscopy shows that the "wet" samples contain about 200-300 

ppm (by weight) of water which is partitioned between (i) a 

water-rich fluid and (ii) a restricted intergranular melt, and 
(iii) within olivine and orthopyroxene grains [Chopra and 

Paterson, 1984]. "Dry" experiments were conducted on sam- 

ples predried at 1200 øC for 60 hours at an oxygen fugacity of 

10 -5 Pa. Water contents in the dried samples are less than 30 
ppm (by weight) [Chopra and Paterson, 1984]. Estimates of 

the water content in the upper mantle range from 50-1000 
ppm [Bell and Rossman, 1992]. 

Rheological results for some of the samples have been re- 
ported by Chopra and Paterson [ 1981, 1984]. Additional ex- 
periments reported here (Table 1) include (i) a number of 
Anita Bay samples which were cooled under load in order to 
assess the effect of static recovery and recrystallization on the 
deformation microstinctures and (ii) a number of/l•heim and 
Anita Bay samples with either a simple constant strain-rate 
history or a multiple strain-rate "step" deformation history. 
After most experiments the specimens were unloaded and 
then cooled at a rate of 1-2 øC per second. The samples were 

at temperatures above 1000 øC for only 1-3 minutes after the 
load was removed thus limiting the extent of static annealing 
of the microstructures. Samples cooled under load were 
cooled at a similar rate to the others but were subjected to a 
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Paterson, 1984]. "Dry" experiments were conducted on sam- 

ples predried at 1200 øC for 60 hours at an oxygen fugacity of 
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Rheological results for some of the samples have been re- 
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Fig. 2. Log-Log plot of recrystallized grain size against 
deviatoric stress for/•heim dunite and Anita Bay dunite de- 
formed under "wet" conditions. Also plotted "Cooled under 
load" tests which show no significant deviation from the trend 

defined by the "wet" data, which suggests that, during final 

cooling, no significant static growth of the recrystallized 
grains occurred. Errors in stress measurement are around 1 
MPa. 

and strain-rate step tests show a well defined relationship be- 

tween recrystallized grain size and stress. The data show a 

tendency for the grain size in Anita Bay dunite to be slightly 
smaller than in ]theim at the same stress level. It is clear that 

the cooled under load samples have similar grain sizes to 
those from the other tests deformed at similar stress (Figure 
2). This suggests that static recrystallization has no significant 

effect on the grain size in these experiments. 

Figure 3 shows the results from the "wet" samples plotted 
as a single group, the "dry" single crystal data of Karato et al. 

[ 1980] which were obtained at 1650 ø C on dry recrystallized 
single crystals, and the limited data obtained from our dry 

samples. It is clear that all of the available data for recrystal- 

lized grain sizes from this study, and from other studies 

where the stresses are accuraiely known, fall along the same 
trend largely independent of temperature and water content. 
We have combined the "wet" Anita Bay and ]theim data with 
that of Karato et al. [ 1980] and find that the combined data 

can be statistically described by the following stress - grain 
size relationship: 

ß 
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• ß Karato et al. [1980] ("dry") • 
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recrystallized grain size (gm) 

Fig. 3. As Figure 2, including the recrystallized grain size 
data of Karato et al. [ 1980] and the "dry" data of this study. 
Note that a continuous band of data can be recognized 
suggestive of one single relationship between recrystallized 
grain size and stress. 

+0.0004 

Dg = 0.015 =0.0003 
03) ' 1.33 +0.09 R =0.96 (1) 

where the recrystallized grain size (Dg) is in meters and the 
stress (0) in MPa. R denotes the correlation coefficient. Note 

that we have excluded the "dry" data from the regression, in- 
cluding them would slightly flatten the regression line. The 

significance of this, however, would be questionable, be- 

cause the "dry" data are poorly constrained due to the limited 
recrystallization that occurred during the experiment. Figure 3 
nevertheless shows that the "dry" Anita Bay and ]theim 
dunite data do not systematically deviate from the above rela- 

tionship. 
Discussion 

The combined data of this study and Karato et al. [1980] 
indicate that the dynamic recrystallized grain size in olivine is 

controlled mainly by flow stress and is largely independent of 
water content and temperature with a small dependence on 

flow law in the stress range 30-300 MPa. The data do not 
extend to even lower stresses, so it can not be evaluated if 

there is a lower stress-limit for recrystallization [Twiss and 

Sellers, 1978]. The high temperatures in the Earth's mantle, 

however, would favour recrystallization even at low stress 
levels. 

The stress - grain size relationship measured for/•heim and 
Anita Bay dunites applies not only to samples with a constant 

strain-rate history but also to samples with a more complex 
multiple strain-rate history. Most of our strain-rate step tests 
involved a decrease of strain-rate. Similar results were ob- 

tained by Ross et al. [1980] for steps with both increasing 
and decreasing strain-rate. This suggests that the dynamic re- 

crystallized grain size can in many cases adjust to a change of 

flow stress rather rapidly, i.e. on laboratory time-scales, pro- 

vided that enough strain has been achieved (>3% shortening 

in our experiments). 

All of the experimental olivine materials [Zeuch and Green, 

1984; Chopra and Paterson, 1984; Bus•od and Christie, 

1991], including the "dry" single crystals [S-I. Karato, pets. 
comm.], contain a very small to small volume fraction of 
melt. As far as we are aware there are no data available on re- 

crystallized grain sizes in melt free olivine rocks. In conse- 

quence, it is possible that stress - grain size relationships in 
melt-free materials could be different to those in materials 

containing melt. 

The melt content and the water content of the polycrystal 
might be expected to influence the stress - grain size relation- 
ship because the presence and amount of both melt and water 
will affect the kinetics of the basic processes involved in re- 

crystallization. Recent theoretical models [Derby and Ashby, 
1987] suggest that the stress- grain size relationship arises 
because of a dynamic balance between grain size reduction 
processes and grain growth processes. Following Derby and 

Ashby [ 1987] and Drury [ 1992], the dynamic recrystallized 
grain size (Dg) can be described by the following relationship 

C E Vgbm 
Dg - (2) 

where C is a slightly temperature dependent constant, E is a 

critical strain for nucleation of recrystallization, Vgbm is the 
grain boundary migration rate and k is the strain-rate. Models 

of this type can account for the independence of recrystallized 
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flow stress rather rapidly, i.e. on laboratory time-scales, pro- 

vided that enough strain has been achieved (>3% shortening 

in our experiments). 

All of the experimental olivine materials [Zeuch and Green, 

1984; Chopra and Paterson, 1984; Bus•od and Christie, 

1991], including the "dry" single crystals [S-I. Karato, pets. 
comm.], contain a very small to small volume fraction of 
melt. As far as we are aware there are no data available on re- 

crystallized grain sizes in melt free olivine rocks. In conse- 

quence, it is possible that stress - grain size relationships in 
melt-free materials could be different to those in materials 

containing melt. 

The melt content and the water content of the polycrystal 
might be expected to influence the stress - grain size relation- 
ship because the presence and amount of both melt and water 
will affect the kinetics of the basic processes involved in re- 

crystallization. Recent theoretical models [Derby and Ashby, 
1987] suggest that the stress- grain size relationship arises 
because of a dynamic balance between grain size reduction 
processes and grain growth processes. Following Derby and 

Ashby [ 1987] and Drury [ 1992], the dynamic recrystallized 
grain size (Dg) can be described by the following relationship 

C E Vgbm 
Dg - (2) 

where C is a slightly temperature dependent constant, E is a 

critical strain for nucleation of recrystallization, Vgbm is the 
grain boundary migration rate and k is the strain-rate. Models 

of this type can account for the independence of recrystallized 
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There are many complex models for the higher order piezometers, and none are generally ac-

cepted. However, a common observation is that the piezometers are independent or only weakly

sensitive to Temperature, water content, melt fraction, i.e. all the parameters to which creep is very

sensitive. This is a mystery, not well understood.

However, one possible clue for the grain size piezometer comes from a model of Derby & Ashby

(1987), which says that the recrystallized grain size has this form (derivation not shown here):

δg = Cεc
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where C is a slightly temperature sensitive constant, εc is the critical strain for nucleation of re-
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an example of  transients: 

Karato, p 249  (idea from Goetze, 1975; Weathers et al., 1979)

the transient time is related to the lengthscale of  the microstructural 
property, ie dislocation density < subgrain size < grain size. 

for dislocation density:
olivine: 1% strain
quartz: 3% strain

for grain size, 
closer to 100% strain  
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Why the independence from temperature, water content, melt fraction ? 
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sensitive. This is a mystery, not well understood.

However, one possible clue for the grain size piezometer comes from a model of Derby & Ashby
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crystallization, vgbm is the velocity for grain boundary migration, and ˙varepsilon is the strain rate.

The implication is that, if the two factors in the ratio are affected similarly by temperature, water

3

Derby & Ashby, 1987

ρ(σ) ∝ σ2 (14)

ε̇ ∝ σ3+ (15)

2 Grain size evolution

2.1 Grain growth

dn − dn
0 = kt (16)

n = 2+ and k ∝ exp(−Q/RT ).

3 Piezometers

This is the general form that all the empirical piezometers follow.

Dislocation density: (17)

ρ = A1b
−2

(
σ

µ

)+n1

(18)

or Dislocation spacing: (19)

δd = Adb
(

σ

µ

)−nd

(20)

Subgrain size: (21)

δsg = Asgb
(

σ

µ

)−nsg

(22)

Grain size: (23)

δg = Agb
(

σ

µ

)−ng

(24)

There are many complex models for the higher order piezometers, and none are generally ac-

cepted. However, a common observation is that the piezometers are independent or only weakly

sensitive to Temperature, water content, melt fraction, i.e. all the parameters to which creep is very

sensitive. This is a mystery, not well understood.

However, one possible clue for the grain size piezometer comes from a model of Derby & Ashby

(1987), which says that the recrystallized grain size has this form (derivation not shown here):

δg = Cεc

(
vgbm

ε̇

)
(25)

where C is a slightly temperature sensitive constant, εc is the critical strain for nucleation of re-

crystallization, vgbm is the velocity for grain boundary migration, and ˙varepsilon is the strain rate.

The implication is that, if the two factors in the ratio are affected similarly by temperature, water

3

ρ(σ) ∝ σ2 (14)

ε̇ ∝ σ3+ (15)

2 Grain size evolution

2.1 Grain growth

dn − dn
0 = kt (16)

n = 2+ and k ∝ exp(−Q/RT ).

3 Piezometers

This is the general form that all the empirical piezometers follow.

Dislocation density: (17)

ρ = A1b
−2

(
σ

µ

)+n1

(18)

or Dislocation spacing: (19)

δd = Adb
(

σ

µ

)−nd

(20)

Subgrain size: (21)

δsg = Asgb
(

σ

µ

)−nsg

(22)

Grain size: (23)

δg = Agb
(

σ

µ

)−ng

(24)

There are many complex models for the higher order piezometers, and none are generally ac-

cepted. However, a common observation is that the piezometers are independent or only weakly

sensitive to Temperature, water content, melt fraction, i.e. all the parameters to which creep is very

sensitive. This is a mystery, not well understood.

However, one possible clue for the grain size piezometer comes from a model of Derby & Ashby

(1987), which says that the recrystallized grain size has this form (derivation not shown here):

δg = Cεc

(
vgbm

ε̇

)
(25)

where C is a slightly temperature sensitive constant, εc is the critical strain for nucleation of re-

crystallization, vgbm is the velocity for grain boundary migration, and ˙varepsilon is the strain rate.

The implication is that, if the two factors in the ratio are affected similarly by temperature, water

3

ρ(σ) ∝ σ2 (14)

ε̇ ∝ σ3+ (15)

2 Grain size evolution

2.1 Grain growth

dn − dn
0 = kt (16)

n = 2+ and k ∝ exp(−Q/RT ).

3 Piezometers

This is the general form that all the empirical piezometers follow.

Dislocation density: (17)

ρ = A1b
−2

(
σ

µ

)+n1

(18)

or Dislocation spacing: (19)

δd = Adb
(

σ

µ

)−nd

(20)

Subgrain size: (21)

δsg = Asgb
(

σ

µ

)−nsg

(22)

Grain size: (23)

δg = Agb
(

σ

µ

)−ng

(24)

There are many complex models for the higher order piezometers, and none are generally ac-

cepted. However, a common observation is that the piezometers are independent or only weakly

sensitive to Temperature, water content, melt fraction, i.e. all the parameters to which creep is very

sensitive. This is a mystery, not well understood.

However, one possible clue for the grain size piezometer comes from a model of Derby & Ashby

(1987), which says that the recrystallized grain size has this form (derivation not shown here):

δg = Cεc

(
vgbm

ε̇

)
(25)

where C is a slightly temperature sensitive constant, εc is the critical strain for nucleation of re-

crystallization, vgbm is the velocity for grain boundary migration, and ˙varepsilon is the strain rate.

The implication is that, if the two factors in the ratio are affected similarly by temperature, water

3

ρ(σ) ∝ σ2 (14)

ε̇ ∝ σ3+ (15)

2 Grain size evolution

2.1 Grain growth

dn − dn
0 = kt (16)

n = 2+ and k ∝ exp(−Q/RT ).

3 Piezometers

This is the general form that all the empirical piezometers follow.

Dislocation density: (17)

ρ = A1b
−2

(
σ

µ

)+n1

(18)

or Dislocation spacing: (19)

δd = Adb
(

σ

µ

)−nd

(20)

Subgrain size: (21)

δsg = Asgb
(

σ

µ

)−nsg

(22)

Grain size: (23)

δg = Agb
(

σ

µ

)−ng

(24)

There are many complex models for the higher order piezometers, and none are generally ac-

cepted. However, a common observation is that the piezometers are independent or only weakly

sensitive to Temperature, water content, melt fraction, i.e. all the parameters to which creep is very

sensitive. This is a mystery, not well understood.

However, one possible clue for the grain size piezometer comes from a model of Derby & Ashby

(1987), which says that the recrystallized grain size has this form (derivation not shown here):

δg = Cεc

(
vgbm

ε̇

)
(25)

where C is a slightly temperature sensitive constant, εc is the critical strain for nucleation of re-

crystallization, vgbm is the velocity for grain boundary migration, and ε̇ is the strain rate. The

3
if  those parameters affect 
the factors in the ratio 
approximately equally, the 
ratio will not change ! 
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tions in grain-boundary mobility owing to differ-
ences in water fugacity, porosity, or solute impuri-
ties. For example, for olivine rocks (Fig. 2D), 
Karato (1989) used hot-pressed powders to study 
grain-growth kinetics. This technique invari-
ably results in small amounts of porosity, which 
reduces grain-boundary mobility. Conversely, 
Karato et al. (1980) and Van der Wal et al. (1993) 
used olivine single crystals and natural samples, 
respectively. These probably have lower porosity 
and, thus, higher grain-boundary mobility. If the 
pre-exponential in the grain-growth equation is 
adjusted to account for experimental differences, 
the resulting agreement is striking (Fig. 2D).

For calcite, we also inverted the piezometric 
data using Equation 8, assuming that β was con-

stant (Fig. 2 ). The inverted value for p (4.9) is sig-
nifi cantly larger than that observed in experiments 
(Evans et al., 2001). However, it is striking that this 
three-parameter fi t reconciles laboratory data that 
are discrepant with any of the empirical piezome-
ters (i.e., Equation 1). The elevated p value might 
indicate that β includes a grain-size dependence, 
which perhaps refl ects an increased component of 
diffusion creep for smaller grain sizes.

EXTRAPOLATION TO CONDITIONS OF 
NATURAL DEFORMATION

Extrapolation from laboratory conditions to 
natural deformation of rocks requires knowl-
edge of the effects of stress, temperature, and 
strain rate. The empirical piezometers (Equa-
tion 1) are temperature and strain rate indepen-
dent, whereas kinetic balance models, such as the 
paleo wattmeter or the fi eld boundary model, may 
contain temperature dependence. Extrapola tions 
to natural conditions are shown in Figure 3.

For calcite, our paleowattmeter predicts 
stresses lower than the piezometer of Rutter 
(1995), and different from that of Schmid et al. 
(1980). For example, for a grain size of 10 µm 
(common in both natural shear zones and experi-
ments), the paleostresses predicted by Equation 1 
are 105 MPa (Rutter, 1995) or 46 MPa (Schmid 
et al., 1980), regardless of temperature; the paleo-
wattmeter predicts 75 MPa at 573 K, a tempera-
ture consistent with many calcite-hosted shear 
zones (A. Ebert, 2005, personal commun.). In 
a recent study of the Helvetic nappes, Herwegh 
et al. (2005) noted that stresses predicted by 
Rutter’s (1995) piezometer are much greater than 
the expected lithostatic pressure, perhaps sug-
gesting that the actual shear stresses along these 
faults were lower. For quartz rocks, the paleowatt-
meter also predicts consistently lower stresses for 
lower-temperature deformation. For example, for 
a grain size of 10 µm, the Stipp and Tullis (2003) 
piezometer predicts a stress of 110 MPa, while 
our paleowattmeter predicts stresses of 130 MPa 
and 44 MPa at 1373 K and 773 K, respectively. 
For olivine, there is very little difference between 

our paleowattmeter (Kg = 7.0 × 1016 µmp s–1) and 
the paleopiezometric calibration of Van der Wal 
et al. (1993). The temperature dependence for 
this material is small because activation ener-
gies for dislocation creep (530 kJ/mol; Hirth 
and Kohlstedt, 2003) and for grain growth 
(520 kJ/mol; Karato, 1989) are similar.

DATA FROM NATURAL SHEAR ZONES
When studying natural shear zones, two of the 

most readily available pieces of information are 
grain size and temperature. Average recrystallized 
grain size often correlates with inverse tempera-
ture, as shown in Figure 4 for mylonites hosted 
within calcite and quartz rocks. For a given strain 
rate, both power and fl ow stress will correlate 
with inverse temperature. Recently, de Bresser 
et al. (2002) found consistent discrepancies 
between paleopiezometers and stresses inferred 
from currently available fl ow laws. In Figure 4, 
we compare the predicted power for natural 
shear zones as a function of temperature. Using 
the parameters shown in Figure 2 (B and C), we 
see that both laboratory and natural data are par-
allel to lines of constant σε̇ (Figs. 1 and 4), and 
the natural data are shifted to coarser grain sizes. 
For calcite, the natural samples span an immense 
range of σε̇, where most proto mylonites lie on 
contours that are essentially static (e.g., σε̇ << 
10−14 MPa s–1). However, virtually all the calcite 
ultramylonites are consistent with power levels 
necessary for strain rates of 10−12 < ε̇ < 10−6 s–1. 
The grain-size–temperature  relationship for 
quartz rocks of Stipp et al. (2002) is consistent 
with σε̇ < 10−12 MPa s–1.

The paleowattmeter may also explain the pro-
gressive reduction in recrystallized grain size 
from shear-zone margin to core (i.e., from proto-
mylonite to ultramylonite). If the average grain 
size at a given position in the shear zone is a func-
tion of stress only, then the stress within the shear 
zone is inferred to increase toward the core. If 
grain size refl ects the local power dissipated, then, 
for constant stress conditions, those regions with 
higher strain rates will have smaller grain sizes.
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Figure 3. Deformation mechanism maps at 
ε̇ = 10−12 s–1 for (A) calcite, (B) quartz, and (C) 
olivine, with stress–grain-size relationships 
from paleowattmeter, empirical paleopiezo-
metric calibrations (see respective legends), 
and fi eld boundary hypothesis (de Bresser 
et al., 1998, 2001). For olivine, Kg was taken 
as 7.0 × 1016 µmp s–1. Dislocation and diffu-
sion creep laws used are, respectively, (A) 
calcite: Renner et al. (2002) and Herwegh 
et al. (2003); (B) quartz: Hirth et al. (2001) and 
 Rutter and Brodie (2004); and (C) olivine : 
Hirth and Kohlstedt (2003).
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can be compared with the grain size data of Stipp and Tullis (2003)
obtained at 1.5 GPa. The water fugacity fH2O in the experiments of
Rutter and Brodie (2004a,b) would have been very low because of
small Pc and the occurrence of a redox reaction between water and
iron jackets; this reaction consumes H2O and produces H2-rich vapors
in pore spaces. In addition, the water contents of the two sets of
starting materials differed by two orders of magnitudes: 10–20 H/
106Si in the Brazilian quartz used by Rutter and Brodie (2004a,b) and
several thousand H/106Si in the Black Hills quartzite (Gleason and
Tullis, 1995) used by Stipp and Tullis (2003). In sample preparation,
water adsorbed on the powdered Brazilian quartz was incorporated
into the grains that displayed rapid coarsening during hot pressing;
however, the total water contents after deformation remained in the
range of 100–200 H/106Si (Rutter and Brodie, 2004a). Therefore, the
water-weakening effects would have been minor in the experiments
conducted by Rutter and Brodie (2004a,b). In fact, the diffusion creep
flow law calibrated in their experiments is consistent with a theoret-
ical diffusion creep flow lawwith theDv value of ‘dry’ oxygen diffusion
in quartz (Fig. 10 of Rutter and Brodie, 2004b).

A deformation mechanism map is now considered under H2O-
rich conditions. For dislocation creep of b-quartz, the flow law
parameters of Gleason and Tullis (1995) are employed, whose
sample assembly and experimental conditions were similar to
those of Stipp and Tullis (2003). Gleason and Tullis (1995)
presented flow laws for samples ‘with melt’ and ‘without melt’.
Although the activation energy determined for the former
(Qc¼ 137"34 kJ/mol) is much smaller than that for the latter
(Qc¼ 223" 56 kJ/mol), the difference in strain rate is not large at
high temperatures above 1000 #C. In the present analysis, the flow
law for the melt-free samples is employed.

For diffusion creep, the self-diffusion coefficient Dv of oxygen in
b-quartz (Giletti and Yund, 1984) and the effective grain boundary

coefficient wDgb in fine-grained quartz aggregates measured under
‘wet’ conditions (Farver and Yund, 1991b) are employed. Because
oxygen diffusion in quartz is faster than silicon diffusion by a factor
of 2 or 3 (Farver and Yund, 2000), the strain rate of diffusion creep
estimated here is considered to represent an upper limit. Oxygen
diffusion and recovery-controlled creep of quartz are both
dependent on fH2O (Farver and Yund, 1991a; Paterson, 1989). Hence,
it is desirable to use diffusion coefficients and a dislocation creep
law obtained in similar chemical environments. The diffusion data
were obtained under hydrothermal conditions with a water pres-
sure of 100 MPa, whereas the deformation experiments of Gleason
and Tullis (1995) were conducted at much higher confining pres-
sures (about 1.5 GPa). In the latter case, water fugacity was poorly
controlled, and their ‘as-received’ quartzite samples were not sat-
urated with water (Hirth et al., 2001). Although water pressure and
the chemical environments in the oxygen diffusion experiments
(Giletti and Yund,1984; Farver and Yund, 1991b) were not the same
as those in the deformation experiments (Gleason and Tullis, 1995),
the present study does not make any correction for fH2O.

The deformationmechanismmap of b-quartz at 1050 #C in Fig. 7
was constructed based on the flow law parameters and diffusion
data listed in Table 3. The grain size data of Stipp and Tullis (2003)
appear to be concordant with the field boundary between dislo-
cation creep and diffusion creep; however, if silicon diffusion in
quartzite is slower than oxygen diffusion, the dislocation creep field
would extend further downward. For example, if Dv and Dgb of
siliconwere less than the oxygen diffusion coefficients by a factor of
2, the field boundarywould shift to the position of the c¼ 0.5 line in
Fig. 7. It should be noted that each data point in Fig. 7 represents the
geometric mean of the diameters of recrystallized grains; accord-
ingly, the average grain size in terms of volume fraction would be
shifted toward the dislocation creep field. Moreover, most of the
run products described by Stipp and Tullis (2003) contained

Table 3
Parameters used for calculation on quartz

Parameter Value Remarks Source

a 3 Olivine, quartz Kohlstedt and
Weathers (1980)b 3

m 4.2$ 104 MPa Twiss (1977)
n 0.15 Twiss (1977)
b 5$ 10%4 mm Twiss (1977)
K0 7.8 Calculated by Eq. (A.23) Pennock et al.

(2005)q 2# Halite
qc 12#

V 2.370$ 10%5 m3mol%1 b-quartz Berman (1988)

Dislocation creep of b-quartz
A 1.1$ 10%4 MPa%n s%1 Black Hills quartzite,

without melt
Gleason and Tullis
(1995)n 4

Qc 223 kJ mol%1

Dislocation creep of b-quartz
A 300$ 10%4.93 MPa%n s%1 Brazilian quartz

(hot-pressed aggregates)
Rutter and Brodie
(2004a)n 2.97

Qc 242 kJ mol%1

Diffusion creepa of b-quartz
A 0.4/d(mm)2MPa%1 s%1 Brazilian quartz

(hot-pressed aggregates)
Rutter and Brodie
(2004b)n 1

Qc 220 kJ mol%1

Oxygen diffusion in b-quartz
Dv
0 4$ 10%11 m2s%1 Brazilian quartz, jj c-axis Giletti and Yund

(1984)Qv 142 kJ mol%1

wDgb
0 2.6$ 10%17 m3 s%1 Arkansas novaculite Farver and Yund

(1991b)Qgb 113 kJ mol%1

Oxygen diffusion in a-quartz
Dv
0 2.9$ 10%5 m2 s%1 Brazilian quartz, jj c-axis Farver and Yund

(1991a)Qv 243 kJ mol%1

wDgb
0 1.7$ 10%12 m3 s%1 Calculated in this

paper (see text)Qgb 193.4 kJ mol%1

a The flow law is written in the form of Eq. (8).
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Fig. 7. Comparison of the deformation mechanism map for b-quartz at 1050 #C and the
recrystallized grain size at 1000–1100 #C (solid circles) after Stipp and Tullis (2003).
S&T: empirical d–s relations within the temperature range of 700–1100 #C after Stipp
and Tullis (2003). The boundaries between the deformation mechanisms of dislocation
creep and diffusion creep (thick solid line) and the iso-c line (short dotted lines), and
the boundary between Nabarro–Herring (N–H) creep and Coble creep (thin lines) are
calculated from the dislocation creep flow law of ‘as-received’ quartzites after Gleason
and Tullis (1995) and the oxygen diffusion coefficients in ‘wet’ quartz (Giletti and Yund,
1984; Farver and Yund, 1991b). R&B: boundary between the dislocation and diffusion
creep fields calculated from the flow law parameters of ‘dry’ quartz, after Rutter and
Brodie (2004a,b). The parameters used in the calculation are listed in Table 3.
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The average grain size (d) arising from dynamic recrystallization (DRX) is often used as an indicator of
flow stress (s); however, a theoretical basis for the scaling relation between d and s has yet to be well
established. In this paper, theories for the development of recrystallized grain size are reviewed and their
applicability is examined. Special attention is paid to the dependence of the d–s relation on DRX
mechanisms. Steady-state DRX is classified into discontinuous DRX with bulging (BLG) nucleationþ
grain boundary migration (GBM) and continuous DRX with subgrain rotation (SGR) nucleationþGBM.
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possibly constrained by a change in deformation mechanism from dislocation creep to diffusion creep,
because deformation-induced grain size reduction ceases in the diffusion creep field. Scaling relations
determined in the laboratory support the Shimizu model in the case of SGRþGBM. The theoretical pi-
ezometer calibrated for quartz suggests significant temperature effects under low-temperature meta-
morphic conditions.
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1. Introduction

Dynamic recrystallization (DRX) is considered to be one of the
key mechanisms of grain size reduction in shear zones (Tullis and
Yund, 1985). It has been demonstrated that during DRX the average
grain size d is primarily dependent on flow stress s and that nor-
malised values of d and s for various materials obey the following
universal relation:

d
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¼ K
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where b is the length of the Burgers vector, m is the shear modulus,
and K is a non-dimensional constant, the order of which is typically
10 (Twiss, 1977; Poirier, 1985). A similar relation, although with
a different scaling factor K0, is known for the subgrain size d0 of
various materials (Takeuchi and Argon, 1976; Twiss, 1977; Derby,
1991):
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The stress exponent p0 of subgrain size is found to be close to
unity, but p of recrystallized grain size is slightly larger than 1 in
many cases, as detailed below. Empirical relations in the form of Eq.
(1) are widely used to estimate paleostress in crustal shear zones
(White, 1979b; Christie and Ord, 1980; Kohlstedt and Weathers,
1980; Etheridge andWilkie, 1981; Ord and Christie, 1984; Stöckhert
et al., 1999), orogenic belts (Dunlap et al., 1997; Zulauf, 2001) and
the upper mantle (Mercier, 1980), because recrystallized grain size
is easily measured under the optical microscope and is believed to
be stable during the post-deformation history of the rock mass
relative to other stress indicators such as dislocation density and
subgrain size (White, 1979a; Ross et al., 1980).

The theory presented by Twiss (1977) has long been quoted as
a theoretical basis for grain size piezometry. In this theory, ‘stable’
grain size or subgrain size is derived based on a comparison be-
tween free dislocation energy and (sub)grain boundary energy in
the same volume. The Twiss theory predicts that the coefficients K
and K0 are temperature-independent, meaning that recrystallized
grain size and subgrain size are solely dependent on flow stress;
however, Twiss (1977) presented only an outline of his model, and
its validity has yet to be closely scrutinized. A full description of his
theory appeared in a later conference volume (Twiss,1980), and it is
this full account that is summarized in the present paper.

While the piezometer of Twiss (1977) is still used for paleostress
analysis, several different models have since been proposed with
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et al., 1999), orogenic belts (Dunlap et al., 1997; Zulauf, 2001) and
the upper mantle (Mercier, 1980), because recrystallized grain size
is easily measured under the optical microscope and is believed to
be stable during the post-deformation history of the rock mass
relative to other stress indicators such as dislocation density and
subgrain size (White, 1979a; Ross et al., 1980).

The theory presented by Twiss (1977) has long been quoted as
a theoretical basis for grain size piezometry. In this theory, ‘stable’
grain size or subgrain size is derived based on a comparison be-
tween free dislocation energy and (sub)grain boundary energy in
the same volume. The Twiss theory predicts that the coefficients K
and K0 are temperature-independent, meaning that recrystallized
grain size and subgrain size are solely dependent on flow stress;
however, Twiss (1977) presented only an outline of his model, and
its validity has yet to be closely scrutinized. A full description of his
theory appeared in a later conference volume (Twiss,1980), and it is
this full account that is summarized in the present paper.

While the piezometer of Twiss (1977) is still used for paleostress
analysis, several different models have since been proposed with

* Corresponding author. Tel.: þ81 2 5841 4513; fax: þ81 3 5841 45469.
E-mail address: ichiko@eps.s.u-tokyo.ac.jp

Contents lists available at ScienceDirect

Journal of Structural Geology

journal homepage: www.elsevier .com/locate/ jsg

0191-8141/$ – see front matter ! 2008 Elsevier Ltd. All rights reserved.
doi:10.1016/j.jsg.2008.03.004

Journal of Structural Geology 30 (2008) 899–917

!"# $ %&'#( )*+,"*,- ./,01 23"4-*(5 .67785 97 : 6;<=>
?@! 87A877BC-77>D877778=9

@2!/!EFG HFH%2

!"#"$" %& '(&))&( * !"#" +&( #&&,& * -"!" ./0&()

!"#$% &$'( "()*+,$-% ./ )/%#0$+ "(+"/&,#11$'#,$-%2
+#% $, "(&*1, $% 0#3-" "4(-1-5$+#1 6(#7(%$%58

2,*,+I,4: 66 ),J#,KL,' 8999 C F**,J#,4: 9 @*#0L,' 6777 C H3L1+-(,4 0"1+",: 67 ?,*,KL,' 6777
! )J'+"M,'NO,'1&M 6777

12)3(453 !# +- P+4,1Q L,1+,I,4 #(&# M'&+" -+R, ',43*N
#+0" LQ 4Q"&K+* ',*'Q-#&11+R&#+0" *&" 1,&4 #0 K&S0'
'(,010M+*&1 P,&T,"+"M &"4 &--0*+&#,4 -#'&+" 10*&1N
+R&#+0" LQ L'+"M+"M &L03# & -P+#*( U'0K M'&+" -+R,
+"-,"-+#+I, 4+-10*&#+0" *',,J #0 M'&+" -+R, -,"-+#+I, 4+UN
U3-+0" *',,JA 2,*,"#1QV (0P,I,'V P, &4I&"*,4 #(,
(QJ0#(,-+- #(&#V '&#(,' #(&" & -P+#*(V 4Q"&K+* ',*'Q-N
#&11+R&#+0" 1,&4- #0 & L&1&"*, L,#P,," M'&+" -+R, ',43*N
#+0" &"4 M'&+" M'0P#( J'0*,--,- -,# 3J +" #(, ",+M(N
L0'(004 0U #(, L03"4&'Q L,#P,," #(, 4+-10*&#+0"
*',,J U+,14 &"4 #(, 4+UU3-+0" *',,J U+,14A !" #(+- J&J,'V
P, *0KJ&', #(, J',4+*#+0"- +KJ1+,4 LQ 03' (QJ0#(,-+-
P+#( #(0-, 0U 0#(,' K04,1- U0' 4Q"&K+* ',*'Q-#&11+R&N
#+0"A W, &1-0 ,I&13&#, #(, U311 '&"M, 0U K04,1- &M&+"-#
,XJ,'+K,"#&1 4&#& 0" & I&'+,#Q 0U K&#,'+&1-A W, *0"N
*134, #(&# & #,KJ,'&#3', 4,J,"4,"*, 0U #(, ',1&#+0"N
-(+J L,#P,," ',*'Q-#&11+R,4 M'&+" -+R, &"4 U10P -#',--
*&""0# L, ",M1,*#,4 & J'+0'+A Y(+- -(0314 L, #&T,"
+"#0 &**03"# P(," ,-#+K&#+"M "&#3'&1 U10P -#',--,-
3-+"M ,XJ,'+K,"#&11Q *&1+L'&#,4 ',*'Q-#&11+R,4 M'&+"
-+R, J+,R0K,#,'-A W, &1-0 4,K0"-#'&#, ,XJ,'+K,"#&1
-3JJ0'# U0' #(, U+,14 L03"4&'Q (QJ0#(,-+-A Y(+- -3JN
J0'# +KJ1+,- #(&# -+M"+U+*&"# P,&T,"+"M LQ M'&+" -+R,
',43*#+0" +" 10*&1+R,4 -(,&' R0",- +- J0--+L1, 0"1Q +U
*&3-,4 LQ & J'0*,-- 0#(,' #(&" 4Q"&K+* ',*'Q-#&11+R&N
#+0" .-3*( &- -Q"#,*#0"+* ',&*#+0" 0' *&#&*1&-+-5 0' +U
M'&+" M'0P#( +- +"(+L+#,4A

6&789(:) ?,U0'K&#+0" Z [+*'0-#'3*#3',- Z
H&1,0J+,R0K,#'Q Z 2(,010MQ Z 2,*'Q-#&11+R&#+0"

9%,"-)*+,$-%

Y(, 10*&1+R&#+0" 0U -#'&+" +" 4,U0'K+"M '0*T- +-
L,1+,I,4 #0 L, 0U J'+K, +KJ0'#&"*, +" *0"#'011+"M #(,
4Q"&K+*- 0U #(, 1+#(0-J(,',A \0KK0"1QV 10*&1+R,4
4,U0'K&#+0" R0",- -(0P & M'&+" -+R, #(&# +- ',43*,4
P+#( ',-J,*# #0 #(&# +" #(, J'0#01+#( .,AMA W(+#, ,# &1A
89;7] Y311+- &"4 ^3"4 89;>] $+" ,# &1A 899;] )(+M,N
K&#-3 89995A F--0*+&#,4 P+#( #(+- ',43*#+0" +" M'&+"
-+R,V & M,",'&1 '(,010M+*&1 P,&T,"+"M +- +"U,'',4 .H0+N
'+,' 89;7] _0LL- ,# &1A 89975A [,&"+"MU31 K04,1+"M 0U
4,U0'K&#+0" L,(&I+0' 0U '0*T- K3-# #(,',U0', +"*134,
#(, '(,010M+*&1 *(&"M,- 1+"T,4 P+#( M'&+" ',U+",K,"#
&"4 10*&1+R&#+0"V &- ,KJ(&-+R,4 +" P0'T LQV &K0"M-#
0#(,'-V `3'10"M .899D5V /0I,'- &"4 W0'#,1 .899>5 &"4
a'&3" ,# &1A .89995A
),I,'&1 4+UU,',"# K,*(&"+-K- *&" ',-31# +" M'&+"

-+R, ',43*#+0" 43'+"M 4,U0'K&#+0"A Y(,-, +"*134, *&#&N
*1&-+- .,AMAV _+JJ1,' &"4 b"+J, 89975V -Q"#,*#0"+*V K,#N
&K0'J(+* ',&*#+0" .,AMAV E,PK&" ,# &1A 89995V &"4
4Q"&K+* ',*'Q-#&11+R&#+0" 43'+"M ',*0I,'QN*0"#'011,4
*',,J .,AMAV Y311+- ,# &1A 8997] _+'#( &"4 Y311+- 89965A
Y(, 1&-# 0U #(,-, K,*(&"+-K- +- 0U J&'#+*31&' +"#,',-#
L,*&3-, ,XJ,'+K,"#&1 P0'T 0" "3K,'03- K,#&1-V
*,'&K+*-V &"4 '0*T- (&- 4,K0"-#'&#,4 #(&# #(, K,&"
',*'Q-#&11+R,4 M'&+" 4+&K,#,' ! .3-3&11Q ',U,'',4 #0 &-
#(, cM'&+" -+R,d5 *&" L, ',1&#,4 #0 #(, -#,&4Q -#&#,
U10P -#',-- ! LQ &" ,e3&#+0" 0U #(, #QJ,

!f"!<# .85

P(,', " &"4 # .#QJ+*&11Q 7AB<8Ag5 &', K&#,'+&1N &"4
K,*(&"+-KN-J,*+U+* *0"-#&"#- .Y&T,3*(+ &"4 F'M0"
89Bg] YP+-- 89BB] ?'3'Q ,# &1A 89;>] 23##,' 899>5A !U
*&1+L'&#,4 ,XJ,'+K,"#&11QV #(+- #QJ, 0U !<! ',1&#+0"
*&" L, 3-,4 #0 ,-#+K&#, J&1,0N-#',--,- U'0K #(, K+*'0N
-#'3*#3', 0U "&#3'&11Q 4,U0'K,4 '0*T- .W(+#, 89B95V
J'0I+4+"M & 3-,U31 #001 +" e3&"#+UQ+"M 1+#(0-J(,',
4Q"&K+*-A !" &44+#+0"V !<! ',1&#+0"- 0L#&+",4 U0' M,0N
10M+*&1 K&#,'+&1- -3*( &- 01+I+", &"4 *&1*+#, (&I, L,,"

$A_AHA ?, a',--,' .!5 Z $A_A Y,' _,,M, Z \A$A )J+,'-
_HYNG&L0'&#0'QV `&*31#Q 0U %&'#( )*+,"*,-V h#',*(# h"+I,'-+#QV
HA@A a0X ;7A768V D>7; YF h#',*(#V Y(, E,#(,'1&"4-
%NK&+1: SA(AJA4,L',--,'iM,0A33A"1
H(0",: jD8ND7N6>D=9BD
`&X: jD8ND7N6>DBB6>

!"# $ %&'#( )*+,"*,- ./,01 23"4-*(5 .67785 97 : 6;<=>
?@! 87A877BC-77>D877778=9

@2!/!EFG HFH%2

!"#"$" %& '(&))&( * !"#" +&( #&&,& * -"!" ./0&()

!"#$% &$'( "()*+,$-% ./ )/%#0$+ "(+"/&,#11$'#,$-%2
+#% $, "(&*1, $% 0#3-" "4(-1-5$+#1 6(#7(%$%58

2,*,+I,4: 66 ),J#,KL,' 8999 C F**,J#,4: 9 @*#0L,' 6777 C H3L1+-(,4 0"1+",: 67 ?,*,KL,' 6777
! )J'+"M,'NO,'1&M 6777

12)3(453 !# +- P+4,1Q L,1+,I,4 #(&# M'&+" -+R, ',43*N
#+0" LQ 4Q"&K+* ',*'Q-#&11+R&#+0" *&" 1,&4 #0 K&S0'
'(,010M+*&1 P,&T,"+"M &"4 &--0*+&#,4 -#'&+" 10*&1N
+R&#+0" LQ L'+"M+"M &L03# & -P+#*( U'0K M'&+" -+R,
+"-,"-+#+I, 4+-10*&#+0" *',,J #0 M'&+" -+R, -,"-+#+I, 4+UN
U3-+0" *',,JA 2,*,"#1QV (0P,I,'V P, &4I&"*,4 #(,
(QJ0#(,-+- #(&#V '&#(,' #(&" & -P+#*(V 4Q"&K+* ',*'Q-N
#&11+R&#+0" 1,&4- #0 & L&1&"*, L,#P,," M'&+" -+R, ',43*N
#+0" &"4 M'&+" M'0P#( J'0*,--,- -,# 3J +" #(, ",+M(N
L0'(004 0U #(, L03"4&'Q L,#P,," #(, 4+-10*&#+0"
*',,J U+,14 &"4 #(, 4+UU3-+0" *',,J U+,14A !" #(+- J&J,'V
P, *0KJ&', #(, J',4+*#+0"- +KJ1+,4 LQ 03' (QJ0#(,-+-
P+#( #(0-, 0U 0#(,' K04,1- U0' 4Q"&K+* ',*'Q-#&11+R&N
#+0"A W, &1-0 ,I&13&#, #(, U311 '&"M, 0U K04,1- &M&+"-#
,XJ,'+K,"#&1 4&#& 0" & I&'+,#Q 0U K&#,'+&1-A W, *0"N
*134, #(&# & #,KJ,'&#3', 4,J,"4,"*, 0U #(, ',1&#+0"N
-(+J L,#P,," ',*'Q-#&11+R,4 M'&+" -+R, &"4 U10P -#',--
*&""0# L, ",M1,*#,4 & J'+0'+A Y(+- -(0314 L, #&T,"
+"#0 &**03"# P(," ,-#+K&#+"M "&#3'&1 U10P -#',--,-
3-+"M ,XJ,'+K,"#&11Q *&1+L'&#,4 ',*'Q-#&11+R,4 M'&+"
-+R, J+,R0K,#,'-A W, &1-0 4,K0"-#'&#, ,XJ,'+K,"#&1
-3JJ0'# U0' #(, U+,14 L03"4&'Q (QJ0#(,-+-A Y(+- -3JN
J0'# +KJ1+,- #(&# -+M"+U+*&"# P,&T,"+"M LQ M'&+" -+R,
',43*#+0" +" 10*&1+R,4 -(,&' R0",- +- J0--+L1, 0"1Q +U
*&3-,4 LQ & J'0*,-- 0#(,' #(&" 4Q"&K+* ',*'Q-#&11+R&N
#+0" .-3*( &- -Q"#,*#0"+* ',&*#+0" 0' *&#&*1&-+-5 0' +U
M'&+" M'0P#( +- +"(+L+#,4A

6&789(:) ?,U0'K&#+0" Z [+*'0-#'3*#3',- Z
H&1,0J+,R0K,#'Q Z 2(,010MQ Z 2,*'Q-#&11+R&#+0"

9%,"-)*+,$-%

Y(, 10*&1+R&#+0" 0U -#'&+" +" 4,U0'K+"M '0*T- +-
L,1+,I,4 #0 L, 0U J'+K, +KJ0'#&"*, +" *0"#'011+"M #(,
4Q"&K+*- 0U #(, 1+#(0-J(,',A \0KK0"1QV 10*&1+R,4
4,U0'K&#+0" R0",- -(0P & M'&+" -+R, #(&# +- ',43*,4
P+#( ',-J,*# #0 #(&# +" #(, J'0#01+#( .,AMA W(+#, ,# &1A
89;7] Y311+- &"4 ^3"4 89;>] $+" ,# &1A 899;] )(+M,N
K&#-3 89995A F--0*+&#,4 P+#( #(+- ',43*#+0" +" M'&+"
-+R,V & M,",'&1 '(,010M+*&1 P,&T,"+"M +- +"U,'',4 .H0+N
'+,' 89;7] _0LL- ,# &1A 89975A [,&"+"MU31 K04,1+"M 0U
4,U0'K&#+0" L,(&I+0' 0U '0*T- K3-# #(,',U0', +"*134,
#(, '(,010M+*&1 *(&"M,- 1+"T,4 P+#( M'&+" ',U+",K,"#
&"4 10*&1+R&#+0"V &- ,KJ(&-+R,4 +" P0'T LQV &K0"M-#
0#(,'-V `3'10"M .899D5V /0I,'- &"4 W0'#,1 .899>5 &"4
a'&3" ,# &1A .89995A
),I,'&1 4+UU,',"# K,*(&"+-K- *&" ',-31# +" M'&+"

-+R, ',43*#+0" 43'+"M 4,U0'K&#+0"A Y(,-, +"*134, *&#&N
*1&-+- .,AMAV _+JJ1,' &"4 b"+J, 89975V -Q"#,*#0"+*V K,#N
&K0'J(+* ',&*#+0" .,AMAV E,PK&" ,# &1A 89995V &"4
4Q"&K+* ',*'Q-#&11+R&#+0" 43'+"M ',*0I,'QN*0"#'011,4
*',,J .,AMAV Y311+- ,# &1A 8997] _+'#( &"4 Y311+- 89965A
Y(, 1&-# 0U #(,-, K,*(&"+-K- +- 0U J&'#+*31&' +"#,',-#
L,*&3-, ,XJ,'+K,"#&1 P0'T 0" "3K,'03- K,#&1-V
*,'&K+*-V &"4 '0*T- (&- 4,K0"-#'&#,4 #(&# #(, K,&"
',*'Q-#&11+R,4 M'&+" 4+&K,#,' ! .3-3&11Q ',U,'',4 #0 &-
#(, cM'&+" -+R,d5 *&" L, ',1&#,4 #0 #(, -#,&4Q -#&#,
U10P -#',-- ! LQ &" ,e3&#+0" 0U #(, #QJ,

!f"!<# .85

P(,', " &"4 # .#QJ+*&11Q 7AB<8Ag5 &', K&#,'+&1N &"4
K,*(&"+-KN-J,*+U+* *0"-#&"#- .Y&T,3*(+ &"4 F'M0"
89Bg] YP+-- 89BB] ?'3'Q ,# &1A 89;>] 23##,' 899>5A !U
*&1+L'&#,4 ,XJ,'+K,"#&11QV #(+- #QJ, 0U !<! ',1&#+0"
*&" L, 3-,4 #0 ,-#+K&#, J&1,0N-#',--,- U'0K #(, K+*'0N
-#'3*#3', 0U "&#3'&11Q 4,U0'K,4 '0*T- .W(+#, 89B95V
J'0I+4+"M & 3-,U31 #001 +" e3&"#+UQ+"M 1+#(0-J(,',
4Q"&K+*-A !" &44+#+0"V !<! ',1&#+0"- 0L#&+",4 U0' M,0N
10M+*&1 K&#,'+&1- -3*( &- 01+I+", &"4 *&1*+#, (&I, L,,"

$A_AHA ?, a',--,' .!5 Z $A_A Y,' _,,M, Z \A$A )J+,'-
_HYNG&L0'&#0'QV `&*31#Q 0U %&'#( )*+,"*,-V h#',*(# h"+I,'-+#QV
HA@A a0X ;7A768V D>7; YF h#',*(#V Y(, E,#(,'1&"4-
%NK&+1: SA(AJA4,L',--,'iM,0A33A"1
H(0",: jD8ND7N6>D=9BD
`&X: jD8ND7N6>DBB6>

!
1
8

!16

!
1
6

!14

!
1
4

!
1
4

!12!12

!
1
2

!
1
2

!10!10

!1
0

!
1
0

!8!8!8

!
8

log d, grain size (microns)

lo
g
 !

, 
st

re
ss

 (
M

P
a
)

Olivine, P=300 MPa, T=1015 C

 

 

1 1.5 2 2.5 3 3.5 4
!1

!0.5

0

0.5

1

1.5

2

!18

!16

!14

!12

!10

!8

gs reduction -> diff  creep field ->
grain growth -> disl. field -> gs reduction

quartz:



grain size is defined by the Van der Wal's piezometer, an
important stress decrease is predicted during grain size
reduction that has to be achieved in the diffusion creep
domain. Braun et al. (1999) consistently modelled the
dynamic recrystallisation related to this rheology, i.e.,
based on the piezometric relationship, and they obtained
strain localisation. However, the assumption of grain size
reduction within the GSS diffusion creep is not supported
by any published experimental results (Derby and Ashby,
1987; Drury et al., 1991).

2.2. GBS-related rheology

Recently, a new deformation mechanism was pro-
posed to account for grain size reduction in a grain size
sensitive creep (Hirth and Kohlstedt, 1995; 2003). This
mechanism has been called dry-GBS creep by Hirth and
Kohlstedt (2003), or GSS-power law creep by Drury
(2005), and consists of grain boundary sliding (GBS)
creep accommodated by dislocation and diffusion creeps
(Hirth and Kohlstedt, 2003; Drury, 2005):

:eGBS ¼ AGBS " exp
#QGBS

R:T

! "
"snGBS "d#mGBS ; ð5Þ

where :eGBS, AGBS, QGBS, nGBS and mGBS are the strain
rate, the pre-exponential constant, the activation energy,
the stress exponent and the grain size exponent of the so-

called dry-GBS creep mechanism, respectively. The
strain rate is thus a low-power function of stress (non-
Newtonian viscosity) and of grain size (GSS). The
difference in the grain size exponent between this law
(mGBS=2) and the diffusion creep law (mdiff=3; Eq. (2))
marks different types of diffusion creep; namely coble
creep (e.g. surface diffusion) and Nabarro–Herring creep
(e.g. volume diffusion; Knipe, 1989; Wheeler, 1992),
respectively. As a result, the combination of the three
deformation mechanisms, i.e., dislocation creep, diffusion
creep and dry-GBS creep yields the following definition
of the overall strain rate:

:e ¼ :edisl þ
:ediff þ

:eGBS ð6Þ

The deformation map of Fig. 2b shows different slopes
of the strain rate isolines in the dry-GBS creep and
diffusion creep fields due to their different grain size
exponents, and thus displays three deformation mecha-
nism domains. Similar to the deformation map provided
in Fig. 2a, far away from the transition line between each
mechanism domain, the partial strain rate for the
considered mechanism ( :edisl,

:ediff or :eGBS) contributes
as a whole to the overall strain rate :e. In contrast, in the
neighbourhood of the transition line, all partial strain rates
contribute to the overall strain rate (Eq. (6)). At the exact
transition line between dislocation creep and dry-GBS
creep (GSI/GBS transition), dislocation and GBS strain

Fig. 2. Olivine deformationmaps (shear stress inMPa as a function of the grain size in μm) with strain rate isolines at a constant temperature (T=850 °C).
a) Dislocation/Diffusion-related rheology: Olivine deformation map with two deformation mechanisms, namely dislocation creep (Eq. (1)) and diffusion
creep (Eq. (2)). Creeping parameters are given in Table 1. The black arrow represents the grain size reduction by dynamic recrystallisation at a constant
strain rate. The recrystallised grain size could be defined as the boundary between the two deformation mechanisms (Balance hypothesis, curve ① De
Bresser et al., 1998; 2001) or as the experimentally calibrated VDW's piezometer (curve② Van der Wal et al., 1993). b) GBS-related rheology: Olivine
deformation map with three deformation mechanisms: dislocation creep, diffusion creep and dry-GBS creep (Eq. (4)). Creeping parameters are given in
Table 1. During dynamic recrystallisation, grain sizes reduce and tend towards the recrystallised grains balance that is here defined as the boundary between
dry-GBS creep and diffusion creep at high stress and between dislocation creep and diffusion creep at low stress (modified balance hypothesis).
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It is now admitted that the high strength of the subcontinental uppermost mantle controls the first order strength of the lithosphere. An
incipient narrow continental rift therefore requires an important weakening in the subcontinental mantle to promote lithosphere-scale
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the only relevant weakening mechanism responsible for strain localisation and 2), with increasing strain, grain size reduction is coeval
with both the scattering of orthopyroxene neoblasts and the decrease of the olivine fabric strength (LPO). These features allow us to
propose that grain boundary sliding (GBS) partly accommodates dynamic recrystallisation and subsequent grain size reduction.

A new GBS-related experimental deformation mechanism, called dry-GBS creep, has been shown to accommodate grain size
reduction during dynamic recrystallisation and to induce significant weakening at low temperatures (Tb800 °C). The present
microstructural study demonstrates the occurrence of the grain size sensitive dry-GBS creep in natural continental peridotites and
allows us to propose a new rheological model for the subcontinental mantle. During dynamic recrystallisation, the accommodation
of grain size reduction by three competing deformation mechanisms, i.e., dislocation, diffusion and dry-GBS creeps, involves a
grain size reduction controlled by the sole dislocation creep at high temperatures (N800 °C), whereas dislocation creep and dry-
GBS creep, are the accommodating mechanisms at low temperatures (b800 °C). Consequently, weakening is very limited if the
grain size reduction occurs at temperatures higher than 800 °C, whereas a large weakening is expected in lower temperatures. This
large weakening related to GBS creep would occur at depths lower than 60 km and therefore provides an explanation for ductile
strain localisation in the uppermost continental mantle, thus providing an alternative to the brittle mantle.
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and/or, an alternative idea:  the “Wattmeter”
grain size is proportional to the dissipated energy, not just the stress.

based on ideas from non-equilibrium thermodynamics:  the recrystallized 
grain size represents the budget of  energy being stored in grain 
boundaries and energy dissipated by flow. 

total work/dt = energy stored + energy dissipated

in creation 
of  new GB

fraction of  
dislocation 
creep

all diffusion 
creep

+

net grain growth/dt = growth rate + reduction rate
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tions in grain-boundary mobility owing to differ-
ences in water fugacity, porosity, or solute impuri-
ties. For example, for olivine rocks (Fig. 2D), 
Karato (1989) used hot-pressed powders to study 
grain-growth kinetics. This technique invari-
ably results in small amounts of porosity, which 
reduces grain-boundary mobility. Conversely, 
Karato et al. (1980) and Van der Wal et al. (1993) 
used olivine single crystals and natural samples, 
respectively. These probably have lower porosity 
and, thus, higher grain-boundary mobility. If the 
pre-exponential in the grain-growth equation is 
adjusted to account for experimental differences, 
the resulting agreement is striking (Fig. 2D).

For calcite, we also inverted the piezometric 
data using Equation 8, assuming that β was con-

stant (Fig. 2 ). The inverted value for p (4.9) is sig-
nifi cantly larger than that observed in experiments 
(Evans et al., 2001). However, it is striking that this 
three-parameter fi t reconciles laboratory data that 
are discrepant with any of the empirical piezome-
ters (i.e., Equation 1). The elevated p value might 
indicate that β includes a grain-size dependence, 
which perhaps refl ects an increased component of 
diffusion creep for smaller grain sizes.

EXTRAPOLATION TO CONDITIONS OF 
NATURAL DEFORMATION

Extrapolation from laboratory conditions to 
natural deformation of rocks requires knowl-
edge of the effects of stress, temperature, and 
strain rate. The empirical piezometers (Equa-
tion 1) are temperature and strain rate indepen-
dent, whereas kinetic balance models, such as the 
paleo wattmeter or the fi eld boundary model, may 
contain temperature dependence. Extrapola tions 
to natural conditions are shown in Figure 3.

For calcite, our paleowattmeter predicts 
stresses lower than the piezometer of Rutter 
(1995), and different from that of Schmid et al. 
(1980). For example, for a grain size of 10 µm 
(common in both natural shear zones and experi-
ments), the paleostresses predicted by Equation 1 
are 105 MPa (Rutter, 1995) or 46 MPa (Schmid 
et al., 1980), regardless of temperature; the paleo-
wattmeter predicts 75 MPa at 573 K, a tempera-
ture consistent with many calcite-hosted shear 
zones (A. Ebert, 2005, personal commun.). In 
a recent study of the Helvetic nappes, Herwegh 
et al. (2005) noted that stresses predicted by 
Rutter’s (1995) piezometer are much greater than 
the expected lithostatic pressure, perhaps sug-
gesting that the actual shear stresses along these 
faults were lower. For quartz rocks, the paleowatt-
meter also predicts consistently lower stresses for 
lower-temperature deformation. For example, for 
a grain size of 10 µm, the Stipp and Tullis (2003) 
piezometer predicts a stress of 110 MPa, while 
our paleowattmeter predicts stresses of 130 MPa 
and 44 MPa at 1373 K and 773 K, respectively. 
For olivine, there is very little difference between 

our paleowattmeter (Kg = 7.0 × 1016 µmp s–1) and 
the paleopiezometric calibration of Van der Wal 
et al. (1993). The temperature dependence for 
this material is small because activation ener-
gies for dislocation creep (530 kJ/mol; Hirth 
and Kohlstedt, 2003) and for grain growth 
(520 kJ/mol; Karato, 1989) are similar.

DATA FROM NATURAL SHEAR ZONES
When studying natural shear zones, two of the 

most readily available pieces of information are 
grain size and temperature. Average recrystallized 
grain size often correlates with inverse tempera-
ture, as shown in Figure 4 for mylonites hosted 
within calcite and quartz rocks. For a given strain 
rate, both power and fl ow stress will correlate 
with inverse temperature. Recently, de Bresser 
et al. (2002) found consistent discrepancies 
between paleopiezometers and stresses inferred 
from currently available fl ow laws. In Figure 4, 
we compare the predicted power for natural 
shear zones as a function of temperature. Using 
the parameters shown in Figure 2 (B and C), we 
see that both laboratory and natural data are par-
allel to lines of constant σε̇ (Figs. 1 and 4), and 
the natural data are shifted to coarser grain sizes. 
For calcite, the natural samples span an immense 
range of σε̇, where most proto mylonites lie on 
contours that are essentially static (e.g., σε̇ << 
10−14 MPa s–1). However, virtually all the calcite 
ultramylonites are consistent with power levels 
necessary for strain rates of 10−12 < ε̇ < 10−6 s–1. 
The grain-size–temperature  relationship for 
quartz rocks of Stipp et al. (2002) is consistent 
with σε̇ < 10−12 MPa s–1.

The paleowattmeter may also explain the pro-
gressive reduction in recrystallized grain size 
from shear-zone margin to core (i.e., from proto-
mylonite to ultramylonite). If the average grain 
size at a given position in the shear zone is a func-
tion of stress only, then the stress within the shear 
zone is inferred to increase toward the core. If 
grain size refl ects the local power dissipated, then, 
for constant stress conditions, those regions with 
higher strain rates will have smaller grain sizes.

Grain size (µm)

S
tr

es
s 

(M
P

a)

10
0

10
1

10
2

10
3

10
0

10
1

10
2

Van der Wal et al., 1993
Field boundary

Paleowattmeter: Literature

1573 K

87
3 

K

97
3 

K

10
73

 K

11
73

 K

12
73

 K

13
73

 K
14

73
 K

Dislocation 
creep

Diffusion creep

C) Olivine

S
tr

es
s 

(M
P

a)

10
0

10
1

10
2

10
3

10
0

10
1

10
2

Stipp and Tullis, 2003
Field boundary

Paleowattmeter: Literature

1473 K

1273 K

1073 K
973 K

873 K

773 K

673 K

573 K

1673 K

Dislocation creep

Diffusion creep

B) Quartz

S
tr

es
s 

(M
P

a)

10
0

10
1

10
2

10
3

10
0

10
1

10
2

Rutter, 1995
Schmid et al., 1980

Field boundary
Paleowattmeter: Inversion
Paleowattmeter: Literature

67
3 

K

62
3 

K

57
3 

K

52
3 

K

Dislocation creepDiffusion 
creep

A) Calcite

Figure 3. Deformation mechanism maps at 
ε̇ = 10−12 s–1 for (A) calcite, (B) quartz, and (C) 
olivine, with stress–grain-size relationships 
from paleowattmeter, empirical paleopiezo-
metric calibrations (see respective legends), 
and fi eld boundary hypothesis (de Bresser 
et al., 1998, 2001). For olivine, Kg was taken 
as 7.0 × 1016 µmp s–1. Dislocation and diffu-
sion creep laws used are, respectively, (A) 
calcite: Renner et al. (2002) and Herwegh 
et al. (2003); (B) quartz: Hirth et al. (2001) and 
 Rutter and Brodie (2004); and (C) olivine : 
Hirth and Kohlstedt (2003).
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INTRODUCTION
Reduced grain size is a common and striking 

feature of mylonites. Creep experiments indi-
cate that average grain size evolves to a stable 
value (ds) determined by the deformation condi-
tions. Early work suggested that ds was inversely 
related to stress (σ) (Twiss, 1977), and, thus, 
mylonite grain sizes have been used to infer 
paleostresses (e.g., Stipp and Tullis, 2003):

 ds = Aσ –m, (1)

where A and m are empirically determined. The 
application of this idea was clouded by evidence 
of independent infl uence of metamorphic condi-
tions (Etheridge and Wilkie, 1981). More recent 
workers have suggested that ds is also a function 
of temperature or strain rate (Poirier and Guil-
lopé, 1979; de Bresser et al., 1998, 2001; Drury, 
2005). At present, there is no universally accepted 
theory to explain the relationship between ds and 
the deformation conditions, but factors to be 
considered are transitions in the recrystallization 
mechanism (Poirier and Guillopé, 1979; Rutter, 
1995), stabilization of the grain size at values bal-
ancing diffusion and dislocation creep (de Bresser 
et al., 1998, 2001), subgrain nucleation and grain-
growth rates (Shimizu, 1998), and nucleation-site 
density (Sakai and Jonas, 1984).

Field observations of nominally single-phase 
rocks often indicate a gradation in recrystallized 
grain size from protomylonite to ultramylonite 
(e.g., de Bresser et al., 2002, and references 
therein). If stress is the only parameter deter-
mining ds, then one may infer that the most 
highly deformed rocks have seen the highest 
stresses, in contradiction to localization theory 
for nondilating materials (e.g., Hobbs et al., 

1990). Clearly, a theoretical understanding of 
recrystallization is necessary to interpret natural 
microstructures.

SCALING BETWEEN POWER 
AND GRAIN SIZE

During deformation, external forces do work 
(per unit volume) at a rate of Ẇtot = σε̇ + σ̇ε, 
where a dot denotes a time derivative, and σ and 
ε are differential stress and incremental strain, 
respectively. For simplicity, we consider uniaxial 
stress and coaxial strain. If σ varies less rapidly 
than grain size, then, on some time scale, σ̇ = 0 
and Ẇtot = σε̇. The rate that work is done equals 
the rate of increase in internal energy, Ėint, plus 
the rate of energy dissipation, θ̇irr, including heat 
production and any other irreversible increases 
in entropy (Poliak and Jonas, 1996; Bercovici 
and Ricard, 2005). If the stored energy associ-
ated with free dislocations rapidly attains steady 
state, then the rate of change of internal energy 
is proportional to the rate of change of grain 
boundary area:

 Eint = −cγ
d 2 dred , (2)

where c is a geometric constant, d is the grain 
size at time t, and γ is the average specifi c grain 
boundary energy. Then,

 Wν = σε = −cγ
d 2 dred + θirr . (3)

Grain growth rates in calcite rocks during dif-
fusion creep do not differ from normal, static 
growth rates (Walker et al., 1990; Austin and 
Evans, 2005), so we postulate that the mechani-
cal work done by diffusion creep, Ẇdiff = σε̇diff, is 
completely dissipated. Part of the work done on 
the material by dislocation creep, Ẇdisl = σε̇disl, is 

also dissipated, but a fraction, λ, is responsible 
for increases in internal energy owing to grain-
boundary area. If the total strain rate can be par-
titioned between dislocation and diffusion creep, 
then β = Ẇdisl/Ẇtot, and the dissipation rate is

 θ̇irr = (1 – β)σε̇ + (1 – λ)(β)σε̇. (4)

Incorporating Equation 4 into Equation 3 and 
rearranging yields

 σε = −cγ
βλd 2 dred . (5)

The stable grain size is often posited to occur 
when grain growth and reduction rates are equal 
(de Bresser et al., 1998; Hall and Parmentier, 
2003). When no mechanical work is done, the 
total grain-size evolution rate must equal the 
static growth rate. Lacking any specifi c infor-
mation on how (or if) growth and reduction 
processes couple, we assume they are linearly 
independent: ḋtot = ḋred = ḋgr.

Thus,

 σε = −cγ
βλd 2 (dtot − dgr ). (6)

Assuming that deformation does not modify 
normal grain growth kinetics, then the rate of 
growth is ḋgr = Kg exp[–Qg/RT]p–1d1–p, where p 
is the exponent in the normal grain growth law. 
The total grain-size evolution rate is

 d tot = βλσεd 2

cγ
+ Kg exp

−Qg

RT






p−1d1− p . (7)

The steady-state grain size occurs when the 
total evolution rate is zero:

 ds
1+ p =

Kg exp
−Qg

RT






p−1cγ

βγσε
, (8)

into which β may be substituted, yielding:

 ds
1+ p =

Kg exp
−Qg

RT






p−1cγ

λσεdisl

. (9)

Finally, if the rock deforms by power-law creep, 

ε = ε 0σn exp− Qdisl

RT




, then

 ds = κ ⋅σ - ′m ⋅exp− ′Q
RT





 , (10)

where κ
γ

λ ε
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Paleowattmeters: A scaling relation for dynamically 
recrystallized grain size
Nicholas J. Austin* Department of Earth, Atmospheric, and Planetary Sciences, Massachusetts Institute of Technology, 
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ABSTRACT
During dislocation creep, mineral grains often evolve to a stable size, dictated by the deforma-

tion conditions. We suggest that grain-size evolution during deformation is determined by the 
rate of mechanical work. Provided that other elements of microstructure have achieved steady 
state and that the dissipation rate is roughly constant, then changes in internal energy will be 
proportional to changes in grain-boundary area. If normal grain-growth and dynamic grain-size 
reduction occur simultaneously, then the steady-state grain size is determined by the balance of 
those rates. A scaling model using these assumptions and published grain-growth and mechani-
cal relations matches stress–grain-size relations for quartz and olivine rocks with no fi tting. For 
marbles, the model also explains scatter not rationalized by assuming that recrystallized grain 
size is a function of stress alone. When extrapolated to conditions typical for natural mylonites, 
the model is consistent with fi eld constraints on stresses and strain rates.

Keywords: recrystallization, deformation, rheology, calcite, quartz, olivine, grain size, piezometers, 
localization, dissipation.
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INTRODUCTION
Reduced grain size is a common and striking 

feature of mylonites. Creep experiments indi-
cate that average grain size evolves to a stable 
value (ds) determined by the deformation condi-
tions. Early work suggested that ds was inversely 
related to stress (σ) (Twiss, 1977), and, thus, 
mylonite grain sizes have been used to infer 
paleostresses (e.g., Stipp and Tullis, 2003):

 ds = Aσ –m, (1)

where A and m are empirically determined. The 
application of this idea was clouded by evidence 
of independent infl uence of metamorphic condi-
tions (Etheridge and Wilkie, 1981). More recent 
workers have suggested that ds is also a function 
of temperature or strain rate (Poirier and Guil-
lopé, 1979; de Bresser et al., 1998, 2001; Drury, 
2005). At present, there is no universally accepted 
theory to explain the relationship between ds and 
the deformation conditions, but factors to be 
considered are transitions in the recrystallization 
mechanism (Poirier and Guillopé, 1979; Rutter, 
1995), stabilization of the grain size at values bal-
ancing diffusion and dislocation creep (de Bresser 
et al., 1998, 2001), subgrain nucleation and grain-
growth rates (Shimizu, 1998), and nucleation-site 
density (Sakai and Jonas, 1984).

Field observations of nominally single-phase 
rocks often indicate a gradation in recrystallized 
grain size from protomylonite to ultramylonite 
(e.g., de Bresser et al., 2002, and references 
therein). If stress is the only parameter deter-
mining ds, then one may infer that the most 
highly deformed rocks have seen the highest 
stresses, in contradiction to localization theory 
for nondilating materials (e.g., Hobbs et al., 

1990). Clearly, a theoretical understanding of 
recrystallization is necessary to interpret natural 
microstructures.

SCALING BETWEEN POWER 
AND GRAIN SIZE

During deformation, external forces do work 
(per unit volume) at a rate of Ẇtot = σε̇ + σ̇ε, 
where a dot denotes a time derivative, and σ and 
ε are differential stress and incremental strain, 
respectively. For simplicity, we consider uniaxial 
stress and coaxial strain. If σ varies less rapidly 
than grain size, then, on some time scale, σ̇ = 0 
and Ẇtot = σε̇. The rate that work is done equals 
the rate of increase in internal energy, Ėint, plus 
the rate of energy dissipation, θ̇irr, including heat 
production and any other irreversible increases 
in entropy (Poliak and Jonas, 1996; Bercovici 
and Ricard, 2005). If the stored energy associ-
ated with free dislocations rapidly attains steady 
state, then the rate of change of internal energy 
is proportional to the rate of change of grain 
boundary area:

 Eint = −cγ
d 2 dred , (2)

where c is a geometric constant, d is the grain 
size at time t, and γ is the average specifi c grain 
boundary energy. Then,

 Wν = σε = −cγ
d 2 dred + θirr . (3)

Grain growth rates in calcite rocks during dif-
fusion creep do not differ from normal, static 
growth rates (Walker et al., 1990; Austin and 
Evans, 2005), so we postulate that the mechani-
cal work done by diffusion creep, Ẇdiff = σε̇diff, is 
completely dissipated. Part of the work done on 
the material by dislocation creep, Ẇdisl = σε̇disl, is 

also dissipated, but a fraction, λ, is responsible 
for increases in internal energy owing to grain-
boundary area. If the total strain rate can be par-
titioned between dislocation and diffusion creep, 
then β = Ẇdisl/Ẇtot, and the dissipation rate is

 θ̇irr = (1 – β)σε̇ + (1 – λ)(β)σε̇. (4)

Incorporating Equation 4 into Equation 3 and 
rearranging yields

 σε = −cγ
βλd 2 dred . (5)

The stable grain size is often posited to occur 
when grain growth and reduction rates are equal 
(de Bresser et al., 1998; Hall and Parmentier, 
2003). When no mechanical work is done, the 
total grain-size evolution rate must equal the 
static growth rate. Lacking any specifi c infor-
mation on how (or if) growth and reduction 
processes couple, we assume they are linearly 
independent: ḋtot = ḋred = ḋgr.

Thus,

 σε = −cγ
βλd 2 (dtot − dgr ). (6)

Assuming that deformation does not modify 
normal grain growth kinetics, then the rate of 
growth is ḋgr = Kg exp[–Qg/RT]p–1d1–p, where p 
is the exponent in the normal grain growth law. 
The total grain-size evolution rate is

 d tot = βλσεd 2

cγ
+ Kg exp

−Qg

RT






p−1d1− p . (7)

The steady-state grain size occurs when the 
total evolution rate is zero:

 ds
1+ p =

Kg exp
−Qg

RT






p−1cγ

βγσε
, (8)

into which β may be substituted, yielding:

 ds
1+ p =

Kg exp
−Qg

RT






p−1cγ

λσεdisl

. (9)

Finally, if the rock deforms by power-law creep, 

ε = ε 0σn exp− Qdisl

RT




, then

 ds = κ ⋅σ - ′m ⋅exp− ′Q
RT





 , (10)
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Equations 8–9 suggest that the stable grain 
size during dynamic recrystallization scales 
with the rate of mechanical work done by dis-
location creep. Thus, recrystallized grain size, 
rather than being a paleopiezometer, is likely a 
paleowattmeter.

COMPARISON TO OTHER MODELS OF 
DYNAMIC RECRYSTALLIZATION

Because this treatment includes neither the 
exact physics of the grain-size reduction process 
(e.g., Derby, 1991, 1992), nor the kinetics of 
nucleation (e.g., Shimizu, 1998), this wattmeter 
is properly called a scaling relation, rather than a 
kinetic law. The model contains several explicit 
assumptions, including:

1. Other elements of microstructure have 
achieved steady state or do not infl uence the parti-
tioning of work into the stored boundary energy.

2. The rate of production of new boundary 
area is proportional to the rate of work done on 
the material.

3. Grain growth and reduction processes 
operate independently and, at steady state, bal-
ance each other.

4. The growth mechanism is governed by an 
equation similar to that for normal grain growth.

5. During diffusion creep, the grain-size 
reduction rates are small compared with grain 
growth rates.

6. Diffusion and dislocation creep operate as 
linearly independent processes.

These assumptions arise either because 
of lack of contrary evidence (3, 4, and 6), or 
because of positive experimental evidence, 
albeit fragmentary (1 and 5). The constant 
of proportionality in the second assertion (λ) 
might conceivably depend on the dislocation 
density and/or the recrystallization mecha-
nism. For example, Hirth and Tullis (1992) 
suggested that three distinct recrystallization 
regimes exist for quartz rocks. If so, λ might 
not simply be a numerical constant over all 
conditions; it would, of course, be bounded 
by 0 < λ < 1. Assertion 4 is based on experi-
mental observations for olivine (Karato, 1989) 
and calcite rocks (Walker et al., 1990; Austin 
and Evans, 2005), but may not be true for all 
materials. If not, Equations 5–7 could be modi-
fi ed to include changes to the grain-size evolu-
tion rate. Likewise, if solute drag or additional 
phases infl uence either the grain-size evolution 
kinetics or the power dissipation, the appropri-
ate equations may be modifi ed accordingly.

Previous treatments of dynamic recrystal-
lization also predict relations similar to Equa-
tion 10 (de Bresser et al., 1998; Derby, 1992; 
Derby and Ashby, 1987; Drury, 2005; Shimizu, 
1998). In common with those models, the 
paleo wattmeter suggests a modest temperature 
dependence of the ds-σ relation, involving the 
difference between Qg and Qdisl (cf. Eqn. 10). 
Such a correlation between recrystallized grain 

size and temperature can be seen for rocks 
deformed at constant σε̇ (Fig. 1). The expo-
nents, m′, predicted by particular models dif-
fer in details, but are similar in magnitude, e.g., 
m′ is predicted to be 1.5 (Derby); 1.25–1.33 
( Shimizu); 1.0 (fi eld boundary), and 1.33 (watt-
meter, taking n = 3, p = 2). Additional data and 
observations will be necessary for validation 
of one model or another. However, note that, 
unlike the de Bresser fi eld boundary model, the 
wattmeter does not constrain the grain size to 
lie at the boundary between creep mechanisms 
(Figs. 2 and 3).

COMPARISON WITH 
EXPERIMENTAL DATA

In Figure 2, we compare the wattmeter to 
stress–grain-size data reported from deforma-
tion experiments on calcite (Schmid et al., 1980; 
 Rutter, 1995; Barnhoorn et al., 2004), quartz 
(Stipp and Tullis, 2003), and olivine (Karato et al., 
1980; Van der Wal et al., 1993) rocks. Inserting 
material parameters from published creep and 
grain-growth laws without fi tting, the wattmeter 
predicts recrystallized grain sizes in remarkably 
good agreement with the data (Figs. 2A, 2C, and 
2D). Slight misfi ts could be explained by varia-
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Figure 1. Relationship between temperature and grain size for (A) calcite and (B) quartz. See 
legend for data sources. Gray scale and symbol size both scale with log of power in each 
experiment.
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Figure 2. Grain size predicted from paleowattmeter (Equations 8 or 9) compared to that 
measured during dynamic recrystallization of (A) calcite, using dislocation creep fl ow law 
of Renner et al. (2002) and grain growth parameters from Covey-Crump (1997); (B) calcite, 
using inversion of Equation 8; (C) quartz using dislocation creep fl ow law of Hirth et al. 
(2001) and grain growth parameters from Wightman et al. (2006); and (D) olivine, using dislo-
cation creep fl ow law of Hirth and Kohlstedt (2003) and grain growth parameters from Karato 
(1989). Solid lines indicate where the predicted grain size equals the measured grain size.


