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Dislocation creep regimes in quartz aggregates 
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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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dominant,  and how these processes are affected by 
changes in temperature ,  strain rate and the presence of 
water. Finally we discuss the implications that identifi- 
cation of these regimes have for interpreting microstruc- 
tures from naturally deformed rocks, and the extrapo- 
lation of flow laws to geologic conditions. 

EXPERIMENTAL DETAILS 

Starting materials 

Experiments  were conducted on cylinders (6.3 mm 
diameter,  14 mm length) cored from two orthoquartz- 
ites and a fine-grained novaculite. Heavitree quartzite 
has an average grain size of 210/~m, and consists of 
~-99% quartz with -1% muscovite, feldspars and iron 
oxides. Optical observations of this quartzite show 
equant grains which exhibit slight undulatory extinction 
(Fig. la). TEM observations show a variable (10 l°-  
10~3m ~-) density of dislocations which are sometimes 
tangled. This material has been used in other experi- 
mental deformation studies (e.g. Kronenberg & Tullis 
1984, Mainprice & Paterson 1984). Black Hills quartzite 
has an average grain size of 100/~m, and consists of 
- 9 9 %  quartz with - 1% feldspars and iron oxides and a 
variable porosity (up to ~ 4 %  by volume'). Optical 
observations of this material show equant grains with 
straight extinction (Fig. lb). TEM observations show 
lower (10m- l ( )~m-2)  dislocation densities than ob- 
served for the Heavitree quartzite. Black Hills quartzite 
has also been used in other experimental  deformation 
studies (Tullis et al. 1973, Mainprice & Paterson 1984. 
Dell 'Angelo & Tullis 1989). The fine-grained novaculite 
we used is of unknown origin. It has an average grain size 
of 2/~m and consists of ~99% quartz with ~ 1 %  impuri- 
ties. TEM observations show equant grains with equilib- 
rium textures and tow (between 0 and 5 dislocations per 
grain) dislocation density (Fig. lc). 

Experimental procedures 

The cores were jacketed in a 250/~m thick sleeve of 
Ag or Pt, then mechanically sealed (either "as is" or 
with 0, 17 +_ 0.01 wt% water added) using Pt end discs. 
Deformation experiments were conducted in axial 
compression at constant displacement rates of either 
1.91 × 10 -Tor  1.9 × 1(1 - s i n  s ~ (equal to average strain 
rates of 1.5 x 10 ~ and 1.5 x 10-6s -~) m a modified 
Griggs-type apparatus. At temperatures  of <1000°C. 
solid NaCI or KCI was used as the confining medium, 
and at temperatures > 1000°C soft-fired pyrophytlite was 
used. Additional experiments were conducted at 1000°C 
using a eutectic mixture of KC1-NaCI melt as the con- 
fining medium, in a molten salt assembly (Green & 
Borch 1989) modified for a 1 inch bore pressure vessel. 
All experiments were conducted at a confining pressure 
of 1.5 _+ 0 .05GPa  (includes up to 100MPa cell and 
piston friction inherent to the solid medium apparatus).  

Samples were subiected to varying amounts of axial 

strain (up to a maximum of 60%, although curves in 
Fig. 3 are only shown out to 45°/,,) in order to relate the 
microstructural ew)lution to the mechanical behavior. 
At the end of an experiment the temperature  was 
lowered quickly (~5°C s ~1) to 300°C in order to quench 
in the microstructure, and the differential stress was 
lowered to --, 100 MPa. The pressure was then lowered at 
-~30 MPa min - ~ keeping the differential stress less than 

200 MPa. The temperature  was lowered to room tem- 
perature in 100°C increments when the confining press- 
ure reached 45(I, 350 and 250 MPa. Differential stress vs 
axial strain curves were calculated using the force 
measured with a standard external load cell assuming 
that the sample remained cylindrical with no volume 
change. Observed sample strengths were reproducible 
to +_50 MPa. Differential stresses reported for experi- 
ments using solid salt as a confining medium may include 
up to 100MPa piston friction inherent to the solid 
medium apparatus (Green & Borch 1989). Deformed 
samples were impregnated with epoxy, cut in half longi- 
tudinally, and several thin sections were prepared. 
Microstructural observations were made using a stan- 
dard petrographic microscope and a Philips EM420 
transmission electron microscope. 

RESULTS 

Experiments on both quartzite and novaculite show 
that three regimes of dislocation creep occur for quartz 
aggregates, depending on the temperature,  strain rate 
and amount of water present during the deformation.  
The experimental  conditions for the three dislocation 
creep regimes are shown on a plot of temperature  vs 
strain rate in Fig. 2 The lines in Fig. 2 outline approxi- 
mate boundaries between the regimes: we would like to 
emphasize that these boundaries are gradational. The 
data shown for samples deformed at a strain rate of 
1.5 x 10 -7 s  ~ represem experimentally deformed 
Quadrant  quartzite described previously by Tullis 
( 1971 }, Ardell et al. (1973) and Tullis et al. (t973). The 
location of these samples in Fig. 2 was based on optical 
microstructures. 

With the addition o~ a trace amount  of water the 
transitions between the regimes are lowered by -100°C 
at experimental  strain rates (compare Figs. 2a &b) .  
However.  within each regime, the microstructures and 
mechanical behavior of samples deformed "as is" are 
indistinguishable from those deformed with added 
water. Thus. in the section below we only describe the 
mechanical behavior and microstructures which charac- 
terize each regime, and do not comment  specifically on 
the effect of water (or other experimental  variables). In 
this section we also include some interpretative dis- 
cussion in order to show how microstructural obser- 
vations were used to determine the physical processes 
operative during deformation,  Finally, we describe the 
relationship between microstructural evolution and 
mechanical behavior for each regime in order to illus- 
trate whether the achievement of steady state flow stress 
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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). 
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grains. The occurrence of recrystallization-accommo- 
dated dislocation creep is well known for cold-worked 
metals (e,g. Sellars 1978) and has also been observed in 
aggregates of feldspar (Tullis & Yund 1985), aragonite 
(Snow & Yund 1985), olivine (Zeuch 1983) and pyrox- 
erie (Kirby & Kronenberg 1984). 

While many of the recrystallized grains nucleate via a 
bulge mechanism at original grain boundaries (Urai et 
al. 1986), additiomd grains may nucleate in the grain 
boundary regions via a cell misorientation mechanism. 
TEM observations from some grain boundary regions 
show very small (<0.1 urn) cells and recrystallized grains 
within the heavily work-hardened areas of a grain 
(Fig. 4d). It is possible that misorientation at cell bound- 
aries results in the formation of high-angle grain bound- 
aries in a manner analogous to progressive subgrain 
rotation recrystallization. After they are nucleated, 
these recrystallized grains grow by strain-induced grain 
boundary lnigration. 

The experiments on quartzite show that progressive 
recrystallization continues up to the highest strains 
tested (55% shorlening, Fig. 3a). Optical observations 
of the high strain samples show inhomogeneous flatten- 
mg of original grains, and extensive (20-30%) recrystal- 
lization (compare Figs. 4 b & e ) .  The recrystallized 
grains have a htrge variability in dislocation density, 
which is again evidence for strain-induced grain bound- 
arv migration (Fig. 4t"). This microstructure also illus- 
trates the cyclic naturc of the grain boundary migration 
rectystallizafion mechanism (Sellars 1978, Tullis & 
Yund 1985). When a boundary migrates to create a 
recrystallized grain, the strain-free region is weak and 
able to accommodate an increment of dislocation glide. 
However, since climb is difficult the new grain becomes 
work-hardened and is eventually replaced by another 
grain. 

The strain weakening associated with grain boundary 
migration recrystaltization occurs because as a greater 
percentage of the sample becomes recrystallized, a cor- 
respondingly greater percentage of recovered (or strain- 
free) grains is produced (Tullis & Yund 1985). Since the 
recrystallized matrix is weaker than the work-hardened 
original grains, the strain is accommodated predomi- 
nantly within the recrystallized regions. Thus after 55°/,, 
shortening, many of the original grains remain equant 
(Fig. 4e). Silnilar observations have been made for 
fektspar aggregates which were deformed in the 
recrystallization-accommodated dislocation creep 
regime (Tullis & Yund t985). In the high strain quartzite 
samples there is some evidence for the formation of 
subgrain boundaries (see arrow in Fig. 4f). This indi- 
cates that while grain boundary migration is the domi- 
nant accommodation mechanism, some dislocation 
climb does occur at the lower stresses (higher strains) in 
regime I. 

We would predict that a steady state flow stress in 
regime l can only be achieved after a sample is com- 
pletely recrystallized. For the quartzites, many portions 
of original grains relnain after 55% shortening (Fig. 4e). 
Thus, to simulate conditions where a sample becomes 

completely recrystallized, we conducted experiments on 
fine-grained novaculite. The novaculite samples are 
completely recrystallized after --20% strain due to the 
greater surface area, and thus the greater number of 
nucleation sites for grain boundary bulging, in these 
fine-grained aggregates. TEM observations of a nowtcu- 
lite sample shortened 50% in regime 1 show a uniform 
microstructure which is the same as that observed in the 
highly recrystallized regions of quartzite samples. Since 
the stress vs strain curves lk~r these novaculite samples 
show very little strata weakening, these results indicate 
that the achievement of mechanical steady state in 
regime l is dependent on the achievement ofmicrostruc- 
rural steady state (100% recrystallization). 

Microstructural observations on the novaculite also 
indicate that the occurrence of strain weakening in 
regime 1 depends on the relationship between the orig- 
inal grain size and the recrystallized grain size. In the 
novaculite, where the recrystallized grain size is approxi- 
matelx the same as the original gram size. little or no 
strain weakening is observed (Fig. 3a). Conversely, the 
recrvstallized grain size in the quartzite is approximately 
two orders of magnitude smaller than the original grain 
size. and the stress vs strain curves show continuous 
strain weakening (Fig. 3a). Similar results have been 
reported for torsion experilnents on Ni (Sakai & Jonas 
1984}: strain weakenino wa,, only observed when the 
original grain size was greater than or equal to twice the 
recrystallized grain slzc. This relationship between 
weakening and recrvstaltized grain size is onlv appli- 
cable when recrvstallization occurs by the grain bound- 
arv migration mechamsm. 

Regime 2. With an increase in temperature or a 
decrease in strain rate f both of which result in a decrease 
in flo~ stre~l ,  mictostructural observations indicate 
that the rate of dislocation climb becomes sufficiently 
rapid to accommodate rccover~. In this regime steady 
state flow is achieved at relatively low strain for both 
quartzite and novaculite (Fig. 3b). 

Microstructures indicative of easy dislocation climb 
are apparent fit both optical and TEM scales for quartz- 
ite samples shortened 30% tn regime 2. The original 
grams exhibit a sweeping undulatory extinction, in con- 
trast to the irregular patchy extinction observed in 
regime 1 (compare Figs. 5a and 4b). in addition, the 
original grains show opticalb visible subgrains and sub- 
basal deformation lamellae. TEM observations from the 
cores of the original grains show that the free dislocatiorl 
density is much lower than that observed for regime 1 
(compare Figs. 5b and 4a I, and due to the effectiveness 
of climb the dislocations are arranged into low energy 
subgrain boundaries. Within individual grains thc sub- 
grains range in diameter from - 1 to 10~ml. The sub- 
basal deformation lamellae are defined by planar re- 
gions of higher dislocation density and elongate sub- 
grains, consistent with previous observations on experi- 
mentally deformed quartz aggregates (Christie & Ardell 
1974, 1976~. 

In regime 2 recrystallizanon occurs predominantly bv 



Dislocation creep regimes in quartz aggregates 

Fig. 1. Microstructures of starting materials. (a) Optical micrograph of untreated Heavitree quartzite. (b) Optical 
micrograph of untreated Black Hills quartzite. (c) TEM micrograph of untreated novaculite. 
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Fig. 4. Regime I microstructures. The shortening direction is vertical for all optical micrographs. (a) TEM micrograph of 
W-340 (Heavitree quartzite, 700°C, l0 6 s i 1.5 GPa, 20% strain, 'as-is') from the core of an original grain with a high 
density of tangled and straight dislocations. (b) Optical micrograph of W-340 showing patchy undulatory extinction and 
diffuse grain boundaries (arrow). The horizontal microcraeks formed during unloading. (c) TEM micrograph of W-340 
showing initiation of grain boundary migration rccryStailiZation. Recrystallized grains are indicated by asterisks. (d) TEM 
micrograph of W-340 showing grain boundary region with very small cells (c) and recrystallized grains (R). (e) Optical 
micrograph of W-377 (Heavitree quartzite, 700°C, l0 ~'s i 1,5GPa, 58% strain, 'as-is') showing irregular patchy 
extinction, inhomogeneously flattened origimd grains and extensive grain boundary rccrystal|ization. The horizontal 
microcracks formed during unloading. (f) TEM micrograph of W-348 (Black Hills quartzite, 850°C, 10 5s i GPa. 45% 
strain, 'as-is') showing recrystallized regiom The grains exhibit variable dislocation densities and sonic show evidcnce for 

strain-induced grain boundary migration. A few grains also show subgrain bntmdaries (arrow). 
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Fig. 5. Regime 2 microstructures. The shortening direction is vertical for all optical micrographs. (a) Optical micrograph 
of CQ-73 (Black Hills quartzite, 800°C, 10 -6  S - l ,  1.5 GPa, 30% strain, 'as-is') showing sweeping extinction, optically 
visible subgrains, deformation lamellae, and core and mantle structure. (b) TEM micrograph of C0-73 showing low 
density of curved dislocations, subgrain boundaries and subgrains. (c) Optical micrograph of W-370 (Heavitree quartzite, 
800°C, 10 -6  s -1 ,  1.5 GPa, 60% strain, 'as-is') showing homogeneously flattened original grains. (d) TEM micrograph of 
W-370 showing recrystallized region. Recrystallized grains all have similar dislocation densities, and are bounded partly 

by subgrain boundaries and partly by high angle boundaries. 
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Fig. 6. Regime 3 microstructures. The shortening direction is vertical for all optical micrographs. (a) Optical micrograph 
of CQ-78 (Black Hills quartzite, 900°C, 10 6 s -1 1.5 GPa, 36% strain, 0.17 wt% water added) showing optically visible 
subgrains within the original grains and core and mantle structure. (b) TEM micrograph of CQ-78 showing subgrain 
boundaries and low dislocation density within subgrains. (c) TEM micrograph of CQ-78 showing grain boundary 
migrating towards subgrain boundary (arrow). (d) Optical micrograph of CQ-82 (Black Hills quartzite, 900°C; 10 -6 s 1 

1.5 GPa, 57% strain, 0.17 wt% water added) showing 100% recrystallization of original grains. 
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progressive subgrain rotation (i.e. 'rotation recrystal- 
lization' of Guillope & Poirier 1979). A high-angle 
grain boundary is formed by this mechanism when a 
critical number of dislocations glide and climb into a 
low energy subgrain boundary. This mechanism of re- 
crystallization was first reported for experimentally 
deformed quartz single crystals (Hobbs 1968), and has 
also been observed in experimentally deformed halite 
(Guillope & Poirier 1979), olivine (Karato et al. 1982) 
and calcite (Schmid et al. 1980). Misorientation of 
subgrains occurs when dislocations of dominantly one 
sign glide and climb into the boundary, or when migrat- 
ing subgrain boundaries incorporate dislocations of 
dominantly one sign (see fig. 7 of Urai et al. 1986). The 
amount of misorientation required to induce the 
transition from subgrain to high-angle grain boundary 
is still poorly understood, but it is clear that in- 
homogeneous deformation of individual grains is 
required (Drury & Urai 1990). Due to strain gradients 
which develop in the grain boundary regions, re- 
crystallized grains initially form along the grain bound- 
aries. This produces the distinctive core and mantle 
structure (White 1976) shown in Figs. 5(a) & (c). Evi- 
dence that these recrystallized grains formed by pro- 
gressive subgrain rotation is best illustrated at the TEM 
scale. Observations from a recrystallized region of the 
sample shown in Fig. 5(c) indicate that the size of 
the recrystallized grains is similar to that of the 
smaller subgrains (compare Figs. 5d & b). In addition, 
the free dislocation density of the recrystallized grains 
is the same as that of the original grains from which 
they were formed, and individual grains may be 
bounded partly by high angle and partly by subgrain 
boundaries. 

Recrystallization by the progressive misorientation of 
subgrains does not result in strain weakening because 
the recrystallized grains have about the same dislocation 
density as the original grains from which they formed. 
Thus in regime 2, the achievement of a steady state 
microstructure (or 100% recrystallization) is not 
required for the achievement of steady state flow. This is 
emphasized by the similarity of the stress vs strain curves 
for samples of novaculite and quartzite deformed in this 
regime. 

Regime  3. With a further increase in temperature or 
decrease in strain rate (both of which result in a decrease 
in flow stress), dislocation climb remains sufficiently 
rapid to accommodate recovery. However, under these 
conditions microstructural observations indicate a sig- 
nificantly increased rate of grain boundary migration. In 
regime 3 steady state flow is again achieved at relatively 
low strain for both quartzite and novaculite (Fig. 3c). 
The strain weakening exhibited by the Black Hills 
quartzite is due to the reduction of locally high dislo- 
cation densities which form in response to stress concen- 
trations around the pores when samples are taken to run 
conditions (Hirth & Tullis in press). 

Microstructures indicating that deformation is still 
accommodated by dislocation climb are observed at 

both the TEM and optical scales in the quartzite sample 
shortened 36%. The original grains exhibit a core and 
mantle structure with optically visible subgrains that are 
larger than those observed for regime 2 samples (com- 
pare Figs. 6a and 5a). TEM observations from the cores 
of the original grains show that the free dislocation 
density within the subgrains is lower than that observed 
in regime 2 (compare Figs. 6b and 5b). 

In regime 3 recrystallization occurs by both grain 
boundary migration and progressive subgrain rotation. 
A similar regime of dislocation creep has been described 
for polycrystalline Mg (Drury et al. 1984), and may be 
equivalent to the 'migration recrystallization' regime 
that Guillope & Poirier (1979) reported for single crys- 
tals of halite. Microstructural evidence for grain bound- 
ary migration is best illustrated at the TEM scale. For 
example, the grain boundary indicated with the arrow in 
Fig. 6(c) was apparently migrating in the direction of the 
arrow. In contrast to regime 2, notice that the recrystal- 
lized grain is significantly larger than the subgrain within 
the grain that it is replacing. The driving force for grain 
boundary migration in regime 3 may be due in part to a 
difference in the free dislocation density between grains. 
However, the grain boundaries in samples deformed in 
this regime are often observed to form a cusp where they 
intersect a subgrain boundary (see arrow on Fig. 6c). We 
interpret this microstructure to indicate that the energy 
associated with the subgrain boundaries is an important 
component of the driving force for grain boundary 
migration. 

Evidence for subgrain rotation recrystallization is 
illustrated by the presence of a core and mantle structure 
within original grains (Fig. 6a). Due to concomitant 
grain boundary migration, it is difficult to assess how 
much recrystallization occurs by the subgrain rotation 
mechanism. However, with the operation of two recrys- 
tallization mechanisms, samples deformed in regime 3 
become completely recrystallized at lower strains than 
samples from regime 2 or regime I (compare Figs. 6d, 5c 
and 4c). 

Although recovery accommodated by grain boundary 
migration is significant in regime 3, the relationship 
between microstructural development and mechanical 
behavior is similar to that in regime 2. In regime 3 the 
achievement of a steady state flow stress is not depend- 
ent on the achievement of a steady state microstructure 
(at least within the resolution of our mecl]anical 
data). This is indicated by the similarity of the stress vs 
strain curves for quartzite and novaculite samples de- 
formed in regime 3, and by the achievement of steady 
state flow stress at low strains where only a small 
percentage of the original grains have recrystallized. 
The lack of significant strain weakening can be attribu- 
ted to the small difference in the dislocation density 
between recrystallized and original grains. 

Some of the quartzite samples deformed in regime 3 
exhibit small amounts (< 1%) of partial melt in the grain 
boundary regions. However, this melt does not appear 
to affect the microstructural development of the quartz- 
ite. Microstructures in the novaculite samples deformed 
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in this regime, which contain no melt, are the same as 
those in the quartzite. The possible effects that the melt 
has on the rheological behavior are discussed below. 

DISCUSSION 

Transitions between dislocation creep regimes 

The microstructures which we have used to identify 
the three regimes of dislocation creep in quartz aggre- 
gates indicate that different recovery mechanisms oper- 
ate within each regime. In this section we will use these 
microstructural observations, in conjunction with theor- 
etical considerations, to constrain the processes respon- 
sible for the transitions between regimes. 

Transition from regime 1 to regime 2. The transition 
from regime 1 to regime 2 occurs with an increase in 
temperature or decrease in strain rate (Fig. 2), both of 
which result in a decrease in flow stress. In each case the 
transition occurs due to an increase in the rate of 
dislocation climb relative to the rate of dislocation 
production. The enhancement of climb is illustrated by 
comparing the microstructures of samples deformed in 
regimes 1 and 2. While the interiors of grains deformed 
in regime 1 exhibit high densities of tangled dislocations 
which commonly have straight segments (Fig. 4a), the 
interiors of grains deformed in regime 2 show the devel- 
opment of subgrain boundaries, and a lower density of 
free dislocations which are often curved (Fig. 5b). The 
enhancement of dislocation climb with increasing tem- 
perature occurs due to an increase in the rate of the 
diffusive process involved. The enhancement of climb 
with decreasing strain rate occurs because the recovery 
mechanism has more time to operate. 

One of the diagnostic characteristics of the regime 2 
microstructure is the lack of evidence for grain boundary 
migration. Experimental observations indicate that the 
velocity of grain boundary migration (V) is proportional 
to the driving force (F) raised to the nth power, where 
the proportionality constant is the grain boundary mo- 
bility (M) and n is commonly observed to be unity 
(Simpson & Aust 1972). In the dislocation creep regime, 
the predominant driving force for grain boundary mi- 
gration arises from differences in strain energy which 
result from variations in the free dislocation density 
across the boundary (Poirier 1985). Grain boundary 
mobility is modelled as the diffusive process associated 
with the transport of atoms across the grain boundary 
(Lucke & Stuwe 1971). Thus, with a constant driving 
force, an increase in temperature results in an exponen- 
tial increase in grain boundary velocity. 

Since the transition to regime 2 occurs with increasing 
temperature (increasing grain boundary mobility), the 
lack of microstructural evidence for grain boundary 
migration in regime 2 indicates that the driving force for 
migration must be lower. A reduction in driving force in 
regime 2 is illustrated by the uniform dislocation density 
of the recrystallized and the original grains (compare 

Figs. 5d and 4c). The development of gradients in 
dislocation density is most likely to occur when limited 
numbers of slip systems are operative (Jessell 11986, 
Karato 1987). Single crystals of synthetic quartz de- 
formed at a confining pressure of 1.5 GPa and a strain 
rate of 10 -~ s -~ show a transition from basal slip to 
combined basal and prismatic slip as the temperature is 
increased from 600 to 700°C (Blacic 1975). Thus the 
transition to regime 2 may also correspond to the 
enhanced activity of prismatic slip, which would cause a 
decrease in dislocation density gradients (and thus a 
decrease in the driving force for grain boundary mi- 
gration). Increased activity of prismatic slip in the 
quartzites is suggested by the more uniform flattening of 
original grains in regime 2 (compare Figs. 5c and 4e), 
which indicates that the strain is more homogeneous. In 
addition, the preferred orientation that develops in 
samples deformed in regime 2 indicates that both basal 
and prismatic slip systems are operative (Gleason & 
Tullis 1990). 

Transition from regime 2 to regime 3. The transition 
from regime 2 to regime 3 also occurs with a decrease in 
strain rate or an increase in temperature (Fig. 2). The 
microstructural characteristics of regime 3 indicate that 
dislocation climb remains sufficiently rapid to accommo- 
date recovery. However, microstructural observations 
also indicate that the rate of grain boundary migration is 
faster in regime 3 than it is in regime 2. The grain 
boundary mobility is greatest in regime 3 because it is the 
highest temperature regime of dislocation creep. How- 
ever, the transition to regime 3 can occur with a decrease 
in strain rate at constant temperature (mobility), sugges- 
ting that the velocity of grain boundary migration in- 
creases due to an increase in driving force. 

An increase in the driving force for grain boundary 
migration may arise from an increase in the relative 
contribution to the total energy made by the energy 
associated with subgrain boundaries. Microstructural 
observations clearly show the migration of grain bound- 
aries preferentially into subgrain dislocation networks 
(Fig. <~cJ. We suggest that the transition to regime 3 
occurs when the flow stress is low enough to allow the 
energy associated with subgrain (and high angle) bound- 
aries to become a significant portion of the driving force 
for grain boundary migration. This process is thus simi- 
lar to static grain growth, where grain boundary mi- 
gration occurs as a mechanism to reduce surface energy. 
The relative influence of the subgrain boundaries is 
greater at low flow stresses because the strain energy 
associated with the free dislocations decreases as the 
dislocation density decreases. The importance of sub- 
grain boundary energy as a driving force for grain 
boundary migration has also been suggested to explain 
the relationship between recrystallized grain size and 
flow stress for hot-worked metals (Derby & Ashby 1987. 
Derbv 1991 ~. 

An alternative explanation for the transition to 
regime 3 is that it occurs due to a change from impurity- 
controlled to impurity-free grain boundary migration. 
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Trace amounts of soluble impurities have been shown to 
decrease the rate of grain boundary migration (Lucke & 
Stuwe 1971, Guillope & Poirier 1979). This effect is 
modelled as a decrease in the effective driving force 
which arises from a velocity-dependent tendency for 
impurities to accumulate along grain boundaries (drag- 
ging force). With an increase in driving force at constant 
temperature, or increase in temperature (mobility) at 
constant driving force, a transition to fast migration 
rates can occur if the grain boundaries break away from 
their impurity atmosphere (Poirier & Guillope 1979). 
Unfortunately, our microstructural observations are in- 
sufficient to evaluate whether the transition from regime 
2 to regime 3 is a result of grain boundaries breaking 
away from their impurity atmosphere. However, none 
of our results are inconsistent with this hypothesis. 

Compar i son  with other exper imental  studies 

Many of the microstructures we have illustrated in this 
paper have been described previously for quartz aggre- 
gates experimentally deformed at similar conditions. 
However, some of the optical microstructures described 
in earlier experimental studies probably included contri- 
butions from microcracking as well as dislocation glide 
(e.g. Heard & Carter 1968, Ave' Lallement & Carter 
1971). At temperatures lower than those shown for 
regime 1 in Fig. 2, a combination of optical and TEM 
observations shows that samples deform predominantly 
by cataclastic flow or develop through-going faults 
(Hirth & Tullis 1991). At these conditions the strain is 
initially accommodated by dislocation glide, but samples 
quickly develop high densities of tangled dislocations 
and work harden to very high stresses (flow stress 
of -2 .0  GPa at 700°C, 10 -5 s -1, 1.5 GPa confining 
pressure), resulting in the development of distributed 
microcracks and brittle shear zones (Tullis et al. 1979, 
Hirth & Tullis 1991). These results indicate that the rates 
of climb and grain boundary migration are insufficient to 
accommodate the recovery. 

At the optical scale, our microstructural observations 
are consistent with those of Tullis et al. (1973) for 
experiments conducted on Quadrant quartzite at similar 
conditions. The microstructures they describe are diag- 
nostic of regime 2 (Tullis et al. 1973, fig. 5) and regime 3 
(Tullis et al. 1973, fig. 6). The TEM microstructures of 
some of the samples from Tullis et al. (1973) were 
described by Ardell et al. (1973) and they are also 
consistent with those that we have illustrated. However, 
Ardell et al. (1973) did not report several of the diagnos- 
tic microstructures which make it possible to distinguish 
the different processes operative in the dislocation creep 
regimes. First, Ardell etal .  (1973) claim that for samples 
deformed at conditions which span the range from 
regime 1 to regime 3, the original grains show no 
evidence of easy climb (recovery). We find that only in 
regime 1 is there no evidence of easy climb; our Figs. 
5(b) and 6(b) clearly show relatively low dislocation 
densities and the formation of subgrain boundaries 
within original grains of samples deformed in regimes 2 

and 3. Ardell et al. (1973) did not illustrate the TEM 
microstructures of the cores of original grains deformed 
at regime 2 and 3 conditions; thus we cannot evaluate the 
reasons for the discrepancy in interpretation. Second, 
Ardell et al. (1973) did not characterize the mechanisms 
of recrystallization that operated in the samples they 
described. 

The presence of a trace amount of water has been 
shown to have profound effects on the microstructural 
development of quartzite samples deformed within the 
dislocation creep regimes. For example, optical micro- 
structures produced in Heavitree quartzite deformed at 
900°C, 10-6s -1, and 1.5 GPa confining pressure are 
dramatically affected by the amount of water present 
during the experiment (Jaoul et al. 1984). Samples 
deformed after vacuum drying (-0.17 wt% water loss) 
show regime 1 (or possible semi-brittle cataclastic flow) 
microstructures; samples deformed 'as is' show regime 2 
microstructures; and samples deformed with 0.4wt% 
water added show regime 3 microstructures (Jaoul et al. 
1984, fig. 3). These results are consistent with our obser- 
vation that the addition of a few tenths wt% water is 
equivalent to increasing the temperature -100°C at 
experimental strain rates (Fig. 2). 

Microstructural observations described by Koch et al. 
(1989) in a study on the effect of water on the rheology of 
quartzite are also consistent with our results. However, 
they did not describe the different mechanisms of dy- 
namic recrystallization. In addition, whereas the micro- 
structures of their samples deformed at comparable 
conditions are similar to ours, the flow stresses reported 
by Koch et al. (1989) are consistently higher. For 
example, they report a flow stress of 940 MPa for a 
sample deformed 'as is' at 800°C, 10 -6 s-l;  at the same 
temperature and strain rate we observe a flow stress of 
-350 MPa. However, the microstructures they show for 
the 940 MPa sample (fig. 11 of Koch et al. 1989) are 
almost identical to those we illustrate for the 350 MPa 
sample (Fig. 5d). 

The discrepancy between our results and those of 
Koch et al. (1989) may be due to differences in the 
amount of water available during 'as is' experiments, or 
to the effect of confining pressure ( fH20)  on the flow 
stress (our experiments were conducted at 1.5 GPa 
while theirs were at 1.0-1.25 GPa). However, if the 
stresses they report are accurate, we would expect a 
different microstructure corresponding to the higher 
flow stress. Another possibility is that the discrepancy in 
flow stress arises due to differences in the strength of the 
solid confining medium used. Koch (1983) used a sleeve 
of Macor ceramic as the confining medium around the 
cold upper piston (copper was used around the sample). 
In the same position we have used NaC1 (see Kronen- 
berg & Tullis 1984). The strength was measured exter- 
nally in both cases, but may have included a larger 
contribution from friction in their case. 

Previous studies have shown that at experimental 
strain rates, high confining pressures are necessary to 
induce dislocation creep in quartz aggregates (Tullis et 
al. 1979, Kronenberg & Tullis 1984). The effect of 
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confining pressure can be illustrated by comparing the 
microstructurai observations we have made with those 
of Mainprice & Paterson (1984) who deformed Heavi- 
tree quartzite at 300 MPa confining pressure. They de- 
scribe regime 1 microstructures for samples deformed at 
1000°C, 10 -s s -~, with 0.3 wt% water added. At equiv- 
alent conditions (900°C, 10 -6 s-  ~; same regime on Fig. 
2b) we observe regime 3 microstructures for samples of 
the same quartzite deformed at 1.5 GPa confining press- 
ure with 0.17wt% water added. The cause of this 
confining pressure effect is still not completely under- 
stood. However,  it has been shown that when water is 
available, increasing confining pressure enhances the 
rates of dislocation climb and grain boundary migration 
(Tutlis & Yund 1989). In addition, oxygen self-diffusion 
rates in quartz are observed to depend strongly on f H 2 0  
(Farver & Yund 1991). Thus the effect of confining 
pressure on the strength of quartz aggregates may be 
directly related to an effect of f H 2 0  (Paterson 1989, 
Tullis & Yund 19891. 

At temperatures greater than ~800°C, some of our 
experiments on quartzite with added water show trace 
amounts of grain boundary melt. Similar observations 
have been made by Jaoul et al. (1984), Mainprice & 
Paterson (1984) and Dell 'Angelo & Tullis (1989). The 
grain boundary melt occurs due to the presence of trace 
amounts of impurity phases (micas, feldspars, iron ox- 
ides). Little or no melt was observed for experiments on 
the very pure novaculite samples. The presence of melt 
may decrease the strength of the aggregate, by reducing 
strain incompatibility at grain boundaries or by enhanc- 
ing grain boundary diffusion creep (Jaoul et aI. 1984, 
Mainprice & Paterson 1984). The presence of melt has 
been observed to result in a transition to diffusion creep 
mechanisms (e.g. Cooper & Kohlstedt 1986, Dell 'An- 
gelo et al. 1987), but only when the grain size is ex- 
tremely fine (<101an).  At conditions where small (-~ 1 
volume percent) amounts of melt are present in our 
quartzite samples, the TEM and optical scale micro- 
structures are almost indistinguishable from those in 
samples of novaculite with no melt. This observation 
indicates that while the melt may affect the strength of 
the aggregate (we cannot evaluate this due to insuf- 
ficient stress resolution for these experiments), dis- 
location creep remains the dominant deformation 
mechanism. 

IMPLICATIONS 

Interpretation of" microstructures from naturally 
deformed quartz aggregates 

Dislocation creep has been recognized as an import- 
ant deformation mechanism for quartz aggregates under 
conditions of greenschist metamorphism or higher (e.g. 
White 1976, Mitra 1978). Whereas the TEM microstruc- 
tures we illustrated help to constrain the processes 
associated with dislocation creep, it is important to 
emphasize that each of the dislocation creep regimes we 

identified has a unique optical microstructure. Thus. by 
comparing the optical microstructures of naturally de- 
formed rocks to those illustrated in Figs. 4-6. it may be 
possible to identify the operation of a particular regime 
of dislocation creep. Once a positive correlation be- 
tween natural and experimental microstructures has 
been made. it would be possible to use our results to help 
determine the processes which controlled the mechan- 
ical behavior of the naturally deformed aggregate. In 
addition, assuming that the transitions between dislo- 
cation creep regimes occur the same way in the crust as 
they do in our experiments (i.e. with increasing tem- 
perature,  decreasing strain rate. or addition of H20),  
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. 

The best evidence for identifying the operation of 
regime 1 dislocation creep is the presence of extremely 
patchy undulatory extinction, and a very fine recrystal- 
lized grain size. In previous studies of naturally de- 
formed quartz aggregates, microstructures suggestive of 
regime 1 grain boundary m~gration recrystallization 
have been illustrated, including grain boundary bulging 
(e.g. White 1976. fig. 3c. Bell & Etheridge 1976, fig. 7) 
and small strain-free recrystallized grains (e.g. White 
1976. fig. 4b). However.  examples of regime 1 micro- 
structures such as those shown in Fig. 4 appear to be 
rather rare. At crustal conditions where regime 1 would 
be expected (possibly near the brittle-ductile transition. 
where the crust is strongest), it is possible that the 
presence of water, fine grain size. and/or mica enhances 
pressure solution creep (e.g. Mitra 19781. 

Regime 2 appears to be the only dislocation creep 
regime in which extremely flattened original grains de- 
velop. This microstructure is commonly observed in 
quartz aggregates deformed at mid-greenschist con- 
ditions (e.g. Mitra 1978, fig. 8b. Law etal. 1984. figs. 7b 
and 9b). In some cases, aspect ratios of original grains 
greater than 100:1 have been reported (e.g. Christie 
19631. The presence of extremely flattened original 
grains in naturally deformed aggregates suggests that 
100% recrystallization does not occur in regime 2. It is 
possible that the strain gradients which are required to 
produce recrystallized grains by the subgrain rotation 
mechanism are largely accommodated within the recrys- 
tallized matrix. In this case the original grains would be 
free to strain homogeneously after a mantle of recrystal- 
lized grains developed 

Regime 3 is characterized by the absence of highly 
flattened original grams in strained rocks, the large size 
of the recrvstallized grains, and a high percentage of 
recrystallization. In regime 3. quartz aggregates are 
often 100% recrystallized, or show only remnants of the 
original grains (e.g. Evans & White 1984. fig. 4a). In 
addition, when deformation occurs non-coaxialty in 
regime 3. the recrystallized grains often define a planar 
fabric which is rotated about 25 ° from the C surface (e.g. 
Lister & Snoke 1984. fig 3c. Law etal. 1990. fig, 2). This 
type of fabric is probably an example of a steady state 
foliation (Means 1981~ which represents the instan- 
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taneous state of strain (Lister & Snoke 1984). The 
development of this type of steady state foliation is 
favored when grain boundary migration is relatively fast 
(Means 1981). 

Recrystallized grain size piezometry 

The theoretical basis for recrystallized grain size pie- 
zometry lies in the steady state relationship between the 
elastic strain energy associated with free dislocations 
and the surface energy associated with grain boundaries 
(Twiss 1977). Experimental evidence indicates that 
grain size is more strongly dependent on stress when 
recrystallization occurs by grain boundary migration 
than when it occurs by progressive subgrain rotation 
(Guillope & Poirier 1979, Schmid et al. 1980). The 
importance of this difference has been recognized in the 
application of grain size piezometry to mantle xenoliths 
(Mercier 1980). On a profile of olivine recrystallized 
grain size vs depth, a stepped decrease in grain size is 
observed with increasing depth (Ave' Lallement et al. 
1980). Mercier (1980) concluded that this discontinuity 
was a result of a transition from subgrain rotation to 
grain boundary migration recrystallization. However, 
we suggest that a stepped increase in grain size would be 
expected for any transition in recrystallization mechan- 
ism with increasing depth (increasing homologous tem- 
perature). 

The application of recrystallized grain size piezometry 
to the continental crust has been based on relations 
calibrated using microstructures from experimentally 
deformed quartz aggregates (e.g. Kohlstedt & Weathers 
1980, Ord & Christie 1984, Hacker et al. 1990). How- 
ever, the importance of different mechanisms of recrys- 
tallization on the calibration of quartz piezometers has 
not been taken into account. Existing grain size piez- 
ometers for quartz have been determined by assuming a 
single log-linear relationship between differential stress 
and grain size (Mercier et al. 1977, Koch 1983). We 
would expect the recrystallized grain size in regimes 1 
and 3 to have a greater dependence on stress than that 
for regime 2 if grain boundary migration recrystalliza- 
tion has a greater dependence on stress than subgrain 
rotation recrystallization. The scatter in the existing data 
sets is rather large, but the data from Koch (1983) do 
show a trend towards increasing stress dependence at 
the highest stresses (regime 1). It should be pointed out 
that the existing piezometers (Mercier et al. 1977, Koch 
1983) were calibrated using microstructures from 
samples deformed with talc as a confining medium. Both 
the strength of talc and the problem with defining a zero 
stress point with the solid medium apparatus may have 
resulted in errors in these piezometers. 

Determination o f  f low law parameters 

The identification of the three regimes of dislocation 
creep has important implications for the determination 
of flow law parameters. If the different accommodation 
processes (e.g. grain boundary migration, dislocation 

climb) associated with dislocation creep have different 
activation energies and stress dependences, then a linear 
fit to the power law over all regimes is not expected, and 
extrapolation of such relationships to geologic strain 
rates is not warranted (see Schmid et al. 1980). The 
existing flow laws published for quartz aggregates (Par- 
rish et al. 1976, Shelton & Tullis 1981, Jaoul et al. 1984, 
Kronenberg & Tullis 1984, Koch et al. 1989) show 
substantial disagreement (Kirby & Kronenberg 1987, 
table 3), which suggests that a single flow law for dis- 
location creep may not be appropriate. It is possible to 
fit data in which more than one process is operative with 
a non-linear flow law (Parrish & Gangi 1981); however, 
extrapolation of non-linear relations to natural con- 
ditions is again tenuous. The disagreement between the 
existing flow laws undoubtedly also reflects several 
other problems, including: use of strong confining 
media, resulting in poor stress resolution and difficulty 
in determining the 'zero stress' point; use of high differ- 
ential stresses, resulting in contributions from micro- 
cracking; the presence of grain boundary melt; and the 
use of different and unconstrained f H 2 0  conditions. 

Another problem associated with experimental deter- 
mination of flow laws is the evaluation of whether the 
deformation was steady state or not. We have shown 
that for regime 1 mechanical steady state is only 
achieved after -100% recrystallization; this never 
occurs for experiments on quartzites even after 50% 
shortening. Thus we suggest that the best way to deter- 
mine steady state flow laws for quartz aggregates (espe- 
cially in regime 1) would be to use fine-grained novacu- 
lites. This would make it possible to achieve steady state 
deformation in all three dislocation creep regimes and 
also to ensure that all experiments were free of grain 
boundary melt. 

CONCLUSIONS 

Using optical and TEM microscopy we have deter- 
mined that three regimes of dislocation creep occur in 
experimentally deformed quartz aggregates, depending 
on the relative rates of grain boundary migration, dislo- 
cation climb and dislocation production. The rates of 
these processes depend on the temperature, strain rate 
and the amount of water present during the defor- 
mation. 

In regime I (the lowest temperature regime) diffusion 
rates are too slow for dislocation climb to be an effective 
recovery mechanism. In this regime recovery occurs by 
strain-induced grain boundary migration recrystalliza- 
tion. The driving force for the migration arises from 
variations in the free dislocation density between grains. 
The characteristic microstructure of samples deformed 
in regime 1 consists of inhomogeneously flattened orig- 
inal grains which exhibit an irregular patchy extinction 
and very fine recrystallized grains along the grain bound- 
aries. This is the only regime of dislocation creep where 
significant strain weakening was observed, and is thus 
the only regime where the achievement of a steady state 

$G 14:2-B* 
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flow stress is dependen t  on the ach ievement  of a steady 
state (completely recrystallized) microst ructure .  

The t ransi t ion from regime 1 to regime 2 occurs due to 
the greater  e n h a n c e m e n t  of dislocation cl imb relative to 
that of grain bounda ry  migrat ion with increasing tem- 
pera ture ,  decreasing strain rate,  or the addi t ion of a 
trace a m o u n t  of water  (all of which result  in a decrease in 
flow stress). The diagnostic microstructure  of samples 

deformed in regime 2 consists of homogeneous ly  flat- 
tened original grains which exhibit  sweeping undu la to ry  
extinction.  In this regime recrystall ization occurs by 
progressive subgrain rotat ion producing  a distinctive 
core and mant le  structure.  This is the only regime of 

dislocation creep where ext remely  f lat tened original 
grains are p roduced  at high strain. 

The t ransi t ion from regime 2 to regime 3 occurs with 
increasing t empera tu re ,  decreasing strain rate,  or the 
addi t ion of a trace a m o u n t  of water  (again all of these 
changes result  in a decrease in flow stress). Al though  the 

rate of dislocation cl imb remains  sufficiently rapid to 
accommodate  the recovery,  a significant change in the 
microstructure  is observed due to rapid grain bounda ry  
migrat ion.  The driving force for grain bounda ry  mi- 
grat ion in regime 3 results part ly from differences in free 
dislocation density and part ly from the energy associ- 
ated with subgrain  boundar ies .  Since bo th  progressive 
subgrain rotat ion and grain bounda ry  migrat ion recrys- 
tallization occur in regime 3, samples are character ized 
by recrystallized grains larger than subgrains,  absence of 
highly f lat tened original grains,  and a high percentage  of 
recrystaltization. 

The identif ication of the three regimes of dislocation 
creep may have impor tan t  implicat ions for the determi-  
nat ion of flow law parameters  and the cal ibrat ion of 

recrystallized grain size piezometers .  If the different  
accommodat ion  processes (e.g. grain boundary  mi- 
grat ion,  dislocation climb) associated with dislocation 
creep have different  act ivation energies  and stress 
dependences ,  then a l inear fit to the power  law over all 
regimes is not  expected.  In addi t ion,  the re la t ionship 

be tween recrystallized grain size and stress may not  be 
the same for the different mechanisms of dynamic  re- 
crystallization. Thus,  it is possible that grain size piez- 

ometers  which were cal ibrated using a log-l inear re- 
lat ionship be tween  stress and grain size may result in 
crrors in the es t imat ion of differential  stress. 

By compar ing  the exper imenta l ly  produced micro- 

structures to those of natura l ly  de formed  quartzi tes  it is 
apparen t  that the three regimes of dislocation creep also 
occur under  geologic condit ions.  Assuming  that  the 
t ransi t ions be tween  the regimes occur the same way in 
the crust (e.g. with increasing t empera tu re ,  decreasing 
strain rate or increasing water  conten t ) ,  the identifi- 
cation of a part icular  regime of dislocation creep may 
help constra in  the condi t ions  at which a natura l  defor- 
mat ion occurred.  The  identification of similar regimes of 
dislocation creep in other  common  minera ls  (such as 
feldspars and pyroxenes)  may help to fur ther  our  under -  
s tanding of the processes which control  deformat ion  in 

the crust. 
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