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Abstract: Quartz veins in the Eastern Tonale mylonite zone (Italian Alps) were deformed in
strike-slip shear. Due to the synkinematic emplacement of the Adamello Pluton, a tempera-
ture gradient between 280 °C and 700 “C was effected across this fault zone. The resulting
dynamic recrystallization microstructures are characteristic of bulging recrystallization, sub-
grain rotation recrystallization and grain boundary migration recrystallization. The transi-
tions in recrystallization mechanisms are marked by discrete changes of grain size
dependence on temperature. Differential stresses are calculated from the recrystallized
grain size data using paleopiezometric relationships. Deformation temperatures are obtained
from metamorphic reactions in the deformed host rock. Flow stresses and deformation
temperatures are used to determine the strain rate of the Tonale mylonites through integra-
tion with several published flow laws yielding an average rate of approximately 10-#s~! to
10" 57", The deformation conditions of the natural fault rocks are compared and correlated
with three experimental dislocation creep regimes of quartz of Hirth & Tullis. Linking the
microstructures of the naturally and experimentally deformed quartz rocks. a recrystalliza-
tion mechanism map is presented. This map permits the derivation of temperature and

strain rate for mylonitic fault rocks once the recrystallization mechanism is known.

Introduction

Dynamic recrystallization is in many materials
primarily the result of two processes: (1) the
formation and progressive rotation of subgrains;
and (2) grain boundary migration (e.g. Guillopé
& Poirier 1979; Urai et al. 1986). The interaction
of these two processes is responsible for the
occurrence of three different mechanisms of
dynamic recrystallization forming characteristic
microstructures. These are termed bulging
recrystallization (BLG: e.g. Bailley & Hirsch
1962; Drury er al. 1985), subgrain rotation
recrystallization (SGR: e.g. Hobbs 1968: White
1973; Guillopé & Poirier 1979) and grain
boundary migration recrystallization (GBM;
e.g. Guillopé & Poirier 1979; Means 1983; Urai
et al. 1986; Jessell 1987). We observe similar
recrystallization microstructures in quartz as
have been described for other materials; thus
we infer that the recrystallization mechanisms
vary with temperature in the same way as they
do in those materials (cf. Stipp et al. 2002).
During BLG at low temperature conditions,
local grain boundary migration is the dominant
process. The contribution of subgrain rotation
increases with temperature, until subgrain rota-
tion dominates the recrystallization, and the
resulting microstructures are those of SGR. At
still higher temperatures above the range of
SGR. the dominant recrystallization mechanism

is GBM (cf. Guillopé & Poirier 1979; Urai et al.
1986). The dominant recrystallization process is
again grain boundary migration, but boundaries
sweep entire grains, so that in many cases there is
no reduction in grain size.

In an experimental study, Hirth & Tullis
(1992) have identified three dislocation creep
regimes for quartz. The definition of the disloca-
tion creep regimes is based on mechanical data
and on recrystallization mechanisms identified
by TEM and light microscope observations.
Hirth & Tullis (1992) have demonstrated that
the dominant recrystallization mechanism is
controlled by temperature, stress and strain
rate. The delineation of the different microstruc-
tural regimes reflects the relative rates of grain
boundary migration, dislocation climb and
dislocation production. In regime 1, recovery
and recrystallization are mainly accommodated
by strain-induced grain boundary migration. in
regime 2 by climb-controlled dislocation creep
(subgrain rotation) and in regime 3 by both
grain boundary migration and subgrain rotation
(Hirth & Tullis 1992). In a number of studies, the
experimentally produced microstructures have
been correlated with dynamic recrystallization
microstructures of naturally deformed rocks
(Dunlap et al. 1997; Snoke et al. 1998; Stockhert
et al. 1999; Hirth et al. 2001; Zulauf 2001). How-
ever. due to the given geological settings and out-
crop conditions, none of these studies included
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the full range of dynamic recrystallization micro-
structures of quartz occurring in natural fault
rocks. Some microstructural transitions were
missing and the field samples were derived from
different shear zones, so that the deformation
conditions may have varied significantly.

The Eastern Tonale fault zone exposes a set of
outcrops where the whole range of natural
dynamic recrystallization microstructures of
quartz can be observed within a single shear
zone (Stipp er al. 2002). Deformation tempera-
tures ranging from approximately 280°C to
700 °C were derived from synkinematic mineral
assemblages. The recrystallized grain sizes were
measured in samples ol different deformation
temperatures. In this contribution. differential
stresses have been inferred from paleopiezome-
try, and strain rates have been inferred from
published flow laws of quartz. Combining the
data of these naturally deformed rocks with the
experimental data of Hirth & Tullis (1992), a
recrystallization mechanism map will be con-
structed. Such a map. in conjunction with careful
microstructural observations, will help geologists
to determine or constrain the deformation
conditions in quartz-rich mylonites from natural
shear zones.

Geological setting

The Eastern Tonale Line in the Italian Alps is a
dextral strike-slip segment of the Periadriatic
fault system. In the area of interest, the fault
zone was heated by the synkinematic Oligocene
emplacement of the Presanella intrusion of the
Adamello pluton (Fig. 1). The contact aureole
of the pluton extends across the fault zone,
which is 800m wide and exhibits a vertical
mylonitic foliation and a subhorizontal stretch-
ing lineation. Farther west, the Tonale Line is
deformed entirely by brittle deformation
(Werling 1992; Stipp & Schmid 1998). At the
eastern border of the Adamello pluton. the
Tonale Line is cut by the sinistral Giudicarie
strike-slip zone. Near the pluton, the strike-slip
fault includes the mylonitic rim of the Presanella
intrusion in the south, followed by the Tonale
mylonites of the Southern Mylonite Zone and
the cataclasites towards the north (Fig. 1). The
Stavel mylonites of the Northern Mylonite

Zone (Fig. 1) situated north of the cataclasites
are not part of this study as they belong to an
older deformation stage (Werling 1992).

From north to south there is a temperature gra-
dient ranging from 250 “C to about 700 °C in the
Tonale mylonites (Fig. 1) at a constant confining
pressure of 250 to 300 MPa. These P-T-estimates
are based on critical mineral assemblages and
related reaction isograds in the metasediments of
the Tonale mylonites (Werling 1992; Stipp et al.
2002). Quartz microstructures show that the
transition from dominantly brittle to dominantly
crystal plastic deformation occurs at about
280°C. Three microstructural zones have been
recognized corresponding to the three different
dynamic recrystallization mechanisms of quartz
(Fig. 1). Bulging recrystallization (zone of BLG)
dominates from approximately 280-400°C, sub-
grain rotation recrystallization (zone of SGR)
from approximately 400-500°C and grain
boundary migration recrystallization (zone of
GBM) from approximately 500°C to about
700°C at the magmatic contact (Stipp et al.
2002).

Quartz veins taken from the Southern Mylo-
nite Zone were used for the microstructural
analysis (Fig. 1) because they contain fewer
inclusions than quartzites or quartz layers in
polymineralic mylonites. Only loliation-parallel
veins were sampled and it was ensured that the
dynamic recrystallization microstructures in the
veins were the same as those in quartz within
the metasedimentary host rocks.

Determination of recrystallized grain size

The mylonitic quartz veins have been analysed in
X—Z sections, i.e. normal to the foliation and
parallel to the stretching lineation. The micro-
structural characterization and the grain size
analyses have been carried out using image
analysis methods. In the zone of BLG, grain
sizes have been determined using the autocorre-
lation function (ACF; Panozzo Heilbronner
1992). In the zones of SGR and GBM, the line-
mtercept method (Smith & Guttman 1953, cited
in Ord & Christie 1984) was used. This method
was chosen because it has been used for most
of the experimentally calibrated piezometers as
well as for previous studies on natural quartz

Fig. 1. Map of investigated area of the Tonale fault zone; temperatures and reaction isograds are inferred from
mineral assemblages of metasediments (data from Werling 1992 and Stipp er al. 2002). Three zones of dynamic
recrystallization microstructures are distinguished: BLG (bulging recrystallization); SGR (subgrain rotation
recrystallization); and GBM (grain boundary migration recrystallization). Geographical coordinates refer to
sheet “Passo del Tonale’ of the autonomous province ol Trento (Italy; Carta Topografica Generale No. 041120,
1987). Inset: Regional setting of the investigated area (arrow).
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mylonites, thus ensuring the consistency of our
data with previous studies. The analyses have
been carried out on standard polished thin
sections of a thickness of approximately 20 pm.
For high numerical aperture of the objective,
the optically resolved depth of focus becomes
small. For example, for a numerical aperture of
0.75 (as used for sample 27-3 with the smallest
grain size) the resolved depth of focus is below
I pm. Thus, the grain size is significantly larger
than the resolved depth of field and stereological
corrections (cf. Panozzo Heilbronner 1992) are
therefore not necessary.

Autocorrelation function ( ACF)

Photomicrographs of six samples have been
recorded under crossed polarizers in three differ-
ent orientations (07, 30°, 60°) with respect to the
polarizers. Using NIH Image and the FFT
macro (Rasband 1996) the ACFs were calculated
for selected regions of interest (ROI) of
128 x 128 pixels and 256 x 256 pixels. A large
number of measurements could be made and
processed using the ACF. A minimum of 16
ROIs were selected in each sample, and for
each ROI all three differently oriented images
were used. Using the three different orientations
for each ROI helped to avoid orientational bias.
The average ACFs for each set of three and for
the whole sample were determined. The average
ACF for each sample was thresholded at 52%
ol the maximum ACF value. This thresholding
value was determined by calibrating the ACF
method against the line-intercept method by
analysing the BLG sample with the largest
grain size (sample 24-4). The long and short
axes of the best fit ellipses were measured
and scaled using the “Analyze-tools’ of NIH
Image.

Line-intercept method

The sizes of the recrystallized grains in the SGR
zone were determined by the line-intercept
method (Ord & Christie 1984) carried out on ¢-
axis orientation images (for optical orientation
imaging, see Panozzo Heilbronner & Pauli
1993, 1994). Because the grains are anisotropic
the line-intercepts were counted in directions
parallel and normal to the preferred long axis
orientation. Measurement grids of approxi-
mately 2mm per side (real size) with a mesh
width of approximately 100 pm in both direc-
tions were used. Areas of porphyroclastic
ribbon grains have been avoided for the

measurements or — if this was not possible they
have been subtracted from the grid length.

The size of the recrystallized grains in the
GBM zone is hard to determine due to the
extremely sutured and lobate grain boundaries.
The amplitude of the lobate boundaries can be
so large that sections of neighbouring grains
occur within other grains (‘island grains’), an
effect which was called a ‘dissection microstruec-
ture’ by Urai er al. (1986). Thus, using the line-
intercept method in this zone involves counting
different segments of the same grain as individual
grains. Coherent grains can only be recognized
on the basis of identical crystal lattice orienta-
tion. Since lobateness and the occurrence of
dissection microstructures and island grains
increase with increasing temperature in the
GBM zone, the grain size based on line-
intercepts becomes more and more inadequale
with increasing temperature. Furthermore, line-
intercepts, which are based on the assumption
of equant grain shapes. represent an increasingly
less reliable method to determine the size of
irregularly shaped grains.

In order to get an approximate estimation of
the grain size at least in the lower temperature
part of the GBM zone, two samples (21-2, 16-3)
have been measured by the same method as
described for the zone of SGR including the inter-
cepts with the island grains. A measurement grid
(real size) of approximately 4 mm per side with a
mesh width of 200 um was used for sample 21-2
and a grid of approximately 10mm square
length with a mesh width of 500 pm was used
for sample 16-3. Next to the magmatic contact
the grain size is a few millimetres in diameter
and grain shapes are very complex. Island grains
and dissection microstructures render a grain
size determination by the line-intercept method
meaningless and are therefore not included here.

From the average long and short axes the
geometric mean grain size has been calculated
(Ranalli 1984). In the following we refer to this
mean grain size if not stated otherwise. The
average long and short diameter and the average
grain sizes of the recrystallized grains of the
BLG. SGR and GBM zones are summarized in
Table 1. The recrystallized grain sizes of the
various samples are plotted versus the deforma-
tion temperature in Fig. 2.

Microstructural correlation between nature
and experiment

Temperature and strain rate conditions in experi-
ments differ from those of natural deformation.
The correlation of experimental and natural
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Table 1. Recrystallized grain sizes

Sample Longitudinal Latitudinal Long axis Short axis Mean grain size
coordinate coordinate [um] [pm] [um]
BLG
27-3 1627425 5125605 6.2 4.9 5.5
27-1 1627415 5125595 33 6.6 7.8
26-2 1627395 5125555 9.9 7.6 8.7
25-3 1627375 5125500 17.1 11.9 14.3
25-1 1627365 5125475 25.1 9.5 15.5
24-4 1627355 5125440 28.6 20.6 243
SGR
13-1 1627090 5125220 78 43 58
23-1 1627330 5125345 89 42 61
14-5 1627140 5125155 113 49 74
15-2 1627185 5125125 134 53 84
GBM
21-2 1627320 5125190 289 166 219
16-3 1627250 5125040 440 285 354

Recrystallized grain sizes of the investigated samples taken from different zones of dynamic recrystallization. Mean
grain size is the geometric mean of grain long and short axes. For method of grain size measurement see text.
Geographical coordinates refer to sheet ‘Passo del Tonale’ of the autonomous province of Trento (Italy; Carta

Topografica Generale No. 041120, 1987).

deformation depends upon the operation of the
same deformation mechanisms, which should
produce identical microstructures at strain-
independent steady state flow stress conditions.
Transitions from one recrystallization mechan-
ism to another cause microstructural changes
which can be observed in both nature and experi-
ments. We therefore focus on microstructures
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Fig. 2. Plot of recrystallized grain size versus
deformation temperature; long and short axes of
recrystallized grains and best fits of geometric mean
grain size are shown. Error bars are one standard
deviation; for technical reasons there are no error
bars for the BLG data.

when relating nature to experiments. A reliable
correlation of microstructures rests on clearly
identifiable microstructural criteria. Of particu-
lar interest are distinctly different micro-
structures because they indicate switches in the
dominant dynamic recrystallization mechanisms.
Mercier (1980), Hirth & Tullis (1992) and Zulauf
(2001) reported a step in the grain size—
temperature relationship as the most obvious
microstructural discontinuity. Our data indicate
that this discontinuity is not a step, but rather a
discrete change in the slope of the grain size—
temperature relationship.

In the Tonale mylonites, there are two slope
changes (Fig. 2) which coincide with transitions
in the dominant dynamic recrystallization
mechanism. Other microstructural criteria, e.g.
shape and lobateness, change more slowly or
gradually so that they can only be used in combi-
nation to define transitions in the dominant
recrystallization mechanism. As a first approxi-
mation the three dislocation creep regimes
defined by Hirth & Tullis (1992) can be corre-
lated with the three dominant dynamic recrystal-
lization mechanisms inferred from the deformed
Tonale quartz veins (Stipp et al. 2002). However,
the transitions from BLG to SGR and from SGR
to GBM do not coincide with the transitions
from regime 1 to regime 2 and [rom regime 2 to
regime 3, respectively. In the following we will
describe the microstructural transitions which
are the basis for our correlation of the dynamic
recrystallization mechanisms in the Tonale
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mylonites with the experimentally derived dislo-
cation creep regimes of Hirth & Tullis (1992).

Variation within the zone of BLG

BLG corresponds to regime 1 (Fig. 3a, b) and the
lower temperature part of regime 2 (Fig. 3c.d) of
Hirth & Tullis (1992). We will call the part that
corresponds to regime 1, BLG I, and the part
that corresponds to the lower temperature part
of regime 2, BLG II. The transition from BLG
I to BLG II is not marked by a discontinuity in
the recrystallized grain size—temperature rela-
tionship (Fig. 2). Instead, there are differences
in dynamic recrystallization microstructures,
which allow us to define a change between
BLG I and BLG II. Hirth & Tullis (1992, 1994)
attribute the recrystallization in regime 1 only
to grain boundary migration processes without
subgrain rotation. In the natural samples from
the Eastern Tonale fault zone, BLG I porphyro-
clasts show (in the light microscope) some very
small subgrains along the serrated grain bound-
aries which may correspond to the cell mis-
orientation mechanism suggested for regime 1
(Hirth & Tullis 1992). Furthermore, BLG I
microstructures commonly occur in conjunction
with fractures. Fractures have been excluded
for regime 1 of the experimental dislocation
creep regimes and attributed to the brittle—
plastic transition (Hirth & Tullis 1994). In
nature, however, the confining pressure can be
low at the brittle—plastic or frictional-viscous
(Schmid & Handy 1991) transition. When local
differential stresses reach the magnitude of the
effective confining pressure, fracturing can
occur in alternation with dynamic recrystalliza-
tion in natural mylonites (cf. coseismic creep of
Kiister & Stockhert 1999).

Microfracturing and related solution-deposi-
tion (cf. Hippert & Egydio-Silva 1996) can be
neglected for the formation of new grains in the
Tonale mylonites. We think that in nature,
apart from subgrain rotation, microfracturing
is another important potential process for separ-
ating bulges from porphyroclasts (van Daalen
et al. 1999; Stipp et al. 2002). Fracture zones
are bulged, and bulges and new grains along
these fractures have the same size as bulges, sub-
grains and recrystallized grains along grain
boundaries. The increasing amount and size of
recrystallized grains with increasing temperature
within the zone of BLG occurs together with a
change in the preferred sites of dynamic recrys-
tallization between BLG I and BLG II. In BLG
I, recrystallization occurs preferentially at triple
junctions of porphyroclasts (cf. Stipp et al.

2002), whereas the porphyroclasts in BLG I
are completely surrounded by recrystallized
grains (Fig. 3c.d). Subgrains of the same size as
the bulges are detectable in the light microscope
near the grain boundary region of the porphyro-
clasts, defining core and mantle structures which
are characteristic of BLG II and SGR (White
1976; Fitz Gerald & Stiinitz 1993). These micro-
structures indicate that progressive subgrain
rotation is more important in the zone of BLG
II compared to BLG 1. The porphyroclasts
within BLG I corresponding to regime 1 show
finely serrated grain boundaries and undulatory
extinction and some of the porphyroclasts are
fractured (Fig. 3a,b). In the zone of BLG II
microfracturing is rare and disappears comple-
tely with increasing temperature. The porphyro-
clasts of BLG Il show a more pronounced
elongation, and undulatory extinction and defor-
mation lamellac are frequent, features. which
correspond to those observed in regime 2 by
Hirth & Tullis (1992; Fig. 3c.d).

BLG/SG R-transition

The BLG/SGR transition in the Tonale mylo-
nites occurs within the dislocation creep regime
2 as defined by Hirth & Tullis (1992). The transi-
tion in nature is marked by a discontinuity in the
recrystallized grain size-temperature relationship
(Fig. 2). Porphyroclasts within the zone of SGR
consist of extremely elongated ribbon grains
(Fig. 3e) contrasting with the angular or only
moderately elongated porphyroclasts found in
the zone of BLG (Fig. 3a—d). Internal deforma-
tion features such as undulatory extinction and
deformation lamellae occur occasionally within
the ribbon grains (Fig. 3e); they may partly be
due to overprinting during cooling. At the
BLG/SGR transition, both the recrystallized
grain size and the volume fraction of recrystal-
lized grains increase significantly. In the zone of
BLG, typically less than 20% of the quartz
veins are recrystallized. In the zone of SGR
about 30-80% are recrystallized (Stipp et al.
2002). The ribbon grains are progressively con-
sumed by polygonization (progressive subgrain
rotation, Fig. 3e).

Geometric dynamic recrystallization (GRX;
McQueen etr al. 1985; Doherty et al. 1997)
which has been described as a type of dynamic
recrystallization which occurs in metals at high
deformation temperature and large strain can
produce microstructures similar to those referred
to as BLG II and SGR (Fig. 3c—g). If GRX
occurs at low deformation temperature, as
pointed out by Humphreys & Hatherly (1996),
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it cannot be distinguished from continuous
recrystallization phenomena, i.e. subgrain rota-
tion recrystallization. Hence, the application of
the term GRX to the investigated quartz samples
might be possible, but would not change the
microstructural correlation, because microstruc-
tures similar to GRX also occur in the experi-
mental sample set of Hirth & Tullis (1992; cf.
Fig. 3).

SGR/GBM-transition

The SGR/GBM transition in nature (Fig. 3f)
falls within regime 3 of the experimental disloca-
tion creep regimes (Fig. 3g). Microstructures
typical for GBM in nature are not attainable
experimentally due to the onset of melting.
Within the natural samples, this transition is
again marked by a discontinuity in the recrystal-
lized grain size—temperature relationship (Fig.
2). Recrystallized grains of the GBM zone show
irregular grain shapes and a broad grain size
distribution within a single sample. In contrast.
the recrystallized grains of the SGR zone have
rather constant grain shapes and sizes, which
are almost identical to those of the subgrains
observed in the light microscope. At the transi-
tion to GBM, the recrystallized grain size is
somewhat larger than the subgrain size as visible
in the light microscope. The recrystallized grain
size distribution in the zone of GBM is broader
and the grains display weakly sutured grain
boundaries (Fig. 3e.f). GBM-microstructures
(Fig. 3h) differ from regime 3 (Fig. 3g) in that
they show larger grain sizes and more irregular
grain shapes with more sutured grain boundaries
and amoeboid grain shapes. Dissection micro-
structures (Urai er al. 1986) and 2D-island
grains, which are typical for GBM (Fig. 3h),
have not been found in regime 3 of Hirth &
Tullis (1992). Instead, in regime 3 (Fig. 3g)
grains are of similar size and shape, and grain
sizes are comparable or even smaller than those
of the uppermost SGR (compare grain sizes in
Fig. 3f g). Natural samples of the GBM zone
are completely recrystallized. The transition to
completely recrystallized microstructures occurs
in the experiments of Hirth & Tullis (1992) and
in the samples ol the Tonale mylonites at the
SGR/GBM transition.

The zone of GBM of the Tonale mylonites can
be divided into a lower and a higher temperature
part, GBM I and GBM II, respectively (Stipp
et al. 2002). However, GBM II samples were
not considered in this study because: (1) these
microstructures are not attainable experimen-
tally; and (2) due to the lobateness of grain

boundaries, it is very difficult to determine
grain sizes in such microstructures, as pointed
out above.

Stress and strain rate calculations

The correlation of the experimental dislocation
creep regimes and the natural zones of dynamic
recrystallization is summarized in a schematic
diagram (Fig. 4). In experiments, the same
microstructural transitions take place at higher
temperatures and at strain rates that are 5 to 10
orders of magnitude higher than in nature (e.g.
Hobbs et al. 1976; Mercier et al. 1977; Suppe
1985; Twiss & Moores 1992). Assuming that
the rheological properties are conformable in
nature and experiment, a strain rate/lemperature
extrapolation can be made (cf. Paterson 1987).
Through a stress determination (paleopiezome-
try) and using flow law equations (deformation
temperature is known), the strain rate in the
natural mylonites can be calculated.

Paleopiezometry

The paleostress, which is inferred to be the
steady-state flow stress at the time of deforma-
tion, can be determined by different microstruc-
tural paleopiezometers. These are either based
on the density of unbound dislocations (e.g.
Weertman 1970; Goetze & Kohlstedt 1973;
Takeuchi & Argon 1976), on the subgrain size
(e.g. Raleigh & Kirby 1970; Twiss 1986), or on
the recrystallized grain size (e.g. Luton & Sellars
1969; Mercier et al. 1977; Twiss 1977). Although
only the first two types of piezometers are based
on physical models, we have used a recrystallized
grain size piezometer which is largely empirical.
Both the subgrain size and the dislocation
density are much more sensitive to annealing
and retrograde overprinting and thus the recrys-
tallized grain size has been characterized as the
feature with the highest inherent stability in
naturally deformed rocks (Mercier et al. 1977;
White 1979; Kohlstedt & Weathers 1980).
Recrystallized grain size piezometers have been
calibrated in the form

Ao = BD™, (1)

where Ao is the steady state differential stress, D
is the recrystallized grain size and B and x are
empirical constants. More recently, several
microphysical models have been proposed to
explain the piezometric relationship (Edward
et al. 1982 for subgrain size; Derby & Ashby
1987; Derby 1990; Shimizu 1998; de Bresser
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Fig. 4. Schematic diagram illustrating the ranges of temperature and strain rate of the natural zones of
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Solid lines mark the transitions between BLG, SGR and GBM and their corresponding experimental
microstructures; dashed lines mark the transitions in experimental dislocation creep regimes and their

corresponding microstructures in nature.

et al. 1998 for recrystallized grain size). Since all
these theoretical models have not yet been cali-
brated and used for dynamic recrystallization
of quartz in natural fault rocks, we chose not
to use piezometric relationships corresponding
to these models. However. a recent review on
piezometric relationships (de Bresser et al.
2001) emphasizes the need to test and calibrate
theoretical models with new experimental
studies. When such studies are available they
can be used to critically evaluate and expand
the considerations made below.

For any given grain size the piezometers for
quartz (Mercier et al. 1977; Twiss 1977, 1980;
Christie et al. 1980; Koch 1983 and Mainprice
1981 in Koch 1983) yield a stress range for the
dynamically recrystallized grain sizes of more
than one order of magnitude (Fig. 5). Wet quart-
zite conditions are much more realistic for the
deformation in natural mylonitic shear zones
and we therefore consider only piezometers
calibrated for ‘wet’ conditions and the one
which is based on the theoretical assumptions
of Twiss (1977, 1980) for Fig. 6. The data of
Mercier et al. (1977) and Mainprice (1981) are
not reliable with respect to the water content of
the samples. Furthermore, either the experimen-
tal constraints on the mechanical data are poor
(solid confining medium for the experiments

used in Mercier et al. 1977), or the choice of the
starting material is not very satisfying (Dover
flint in Mainprice 1981), because the finite defor-
mation microstructures differ significantly from
those found in natural quartz mylonites. There-
fore, these calibrations have not been included
in Fig. 6.
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Fig. 6. Flow stresses calculated from recrystallized
grain sizes using different piezometers. Empirical
constants B, x are 4090, 1.11 for the piezometer of
Christie er al. (1980). 676, 0.68 for Twiss (1980) and
21829, 1.61 for Koch (1983). The slopes of the best
fits vary for each of the recrystallization mechanisms.

The wet piezometers of Christie er a/. (1980)
and Koch (1983) yield unrealistically high
values for stress at the small grain sizes of
BLG. This can probably be related to the poor
experimental constraints on the mechanical
data (see Gleason & Tullis 1993. 1995 for
discussion). For sample 27-3, which has been
deformed under the lowest temperature condi-
tions, the flow stresses predicted by the different
paleopiezometers in Fig. 6 range from 212 MPa
(Twiss 1980) to 1396 MPa (Koch 1983, wet).
The piezometers of Koch (1983) and Christie
et al. (1980) predict differential stresses for
BLG which are much higher than the confining
pressure (250 to 300 MPa) derived from coexist-
ing mineral assemblages (Stipp et al. 2002).
Such high stresses would produce dominant brit-
tle deformation (Hirth & Tullis 1994; Kohlstedt
et al. 1995) instead of low temperature crystal
plasticity. Dominantly brittle deformation
microstructures have not been observed. Hence,
the piezometers of Christie (1980, wet) and
Koch (1983, wet) can be excluded.

For the entire sample set, including BLG 1
through GBM 1, the piezometer of Twiss (1980)
yields stresses from 212 MPa to 12.5 MPa (Fig.
6). The extrapolation of this flow stress range
to the brittle—plastic transition, corresponding
to the transition from the Cataclastic Fault
Zone to the Southern Mylonite Zone of the
Tonale Line at 280 "C (Fig. 1), yields a differen-
tial stress of about 250 MPa (Fig. 6). The confin-
ing pressure of 250 to 300 MPa derived from
critical mineral assemblages is approximately

equal to this differential stress magnitude at the
brittle—plastic transition. Empirically, the high
confining pressure limit of semibrittle deforma-
tion is reached when confining pressure and
differential stress are of approximately the same
magnitude (Kirby 1980; Evans et al. 1990;
Kohlstedt er al. 1995). Thus the paleopiezometer
of Twiss (1980) and our microstructural observa-
tions yield consistent results for the brittle—
plastic transition. Paleopiezometers appropriate
for the individual different recrystallization
mechanisms are not calibrated for quartz as has
been found experimentally for other minerals
(see evaluation of paleopiezometers). The paleo-
piczometer by Twiss (1977, 1980) appears to be
the most suitable calibration for our samples in
the light of the geological constraints for the
data and therefore it has been used in this
study (cf. Gleason & Tullis 1993, 1995).

Strain rate estimation

The strain rate is related to flow stress and
temperature by experimentally derived flow
laws (e.g. Heard & Carter 1968: Parrish er al.
1976; Kronenberg & Tullis 1984: Koch er al.
1989). We have used the most recent experimen-
tal calibrations carried out by Luan & Paterson
(1992) in the gas-apparatus and by Gleason &
Tullis (1995) in the molten salt cell-technique in
the Griggs-type piston-cylinder apparatus since
the mechanical data of their studies are quite
well constrained. Additionally. the geologically
constrained, ‘theoretical’ flow laws of Paterson
& Luan (1990) and Hirth er al. (2001) are consid-
ered in this study. The necessary coefficients for
the flow laws are listed in Table 2.

In Fig. 7a the lines of constant strain rates
corresponding to the flow laws of Luan & Pater-
son (1992) and Gleason & Tullis (1995; Table 2)
as well as to the geologically constrained flow
law of Paterson & Luan (1990) are compared
with the data from this study. The comparison
yields an estimate of the strain rate in the range
of 107" to 1072 (Fig. 7a). This estimate is
within the traditionally inferred range for natural
fault zone conditions (c.g. Pfiffner & Ramsay
1982; Suppe 1985; Twiss & Moores 1992). The
two orders of magnitude difference in the esti-
mated strain rate (Fig. 7a) is due to the different
flow law coeflicients, which are partly caused by
experimental differences in water fugacity. For
H,O-saturated quartz aggregates the confining
pressure is equal to the H,O-pressure (for both
the Tonale fault zone samples and the experiments
of Luan & Paterson 1992 it is about 300 MPa).
The experiments of Gleason & Tullis (1995)
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Table 2. Quariz flow law coefficients of flow laws used in this study

O [kJ mol™] A[MPa"s! n
Luan & Paterson (1992) 152 4% 10710 4
Gleason & Tullis (1995) 223 1181072 4
Paterson & Luan (1990) 135 65x107% 3.1
Hirth er al. (2001) 135 6.30957 x 10712 4

Experimental calibrations from Luan & Paterson (1992) and Gleason & Tullis (1995);
coefficients presented by Paterson & Luan (1990) and Hirth er al. (2001) are con-
strained by quartzite rheology and microstructural comparison.

were carried out at 1.5GPa confining pressure
with 0.15 weight% of added water. Kohlstedt
et al. (1995) introduced a water fugacity term
into the flow law equation:

€=AA0"(fu,0)"exp(~Q/RT),  (2)

where £ is the strain rate, Ao is the differential
stress, T is the temperature, R is the Boltzmann
constant per mole. O is the creep activation
energy per mole, fy,o is the water fugacity, A is
a material constant, n is the stress exponent and
m the water fugacity exponent. Saturated water
conditions are a reasonable assumption for the
samples of the eastern Tonale Fault Zone because
of the H,O-releasing metamorphic reactions in
the metasediments of the shear zone, the quite
homogencous microstructures of dynamic recrys-
tallization (local changes in water content may
cause a switch in the dominant deformation
mechanism and may thus produce a different
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microstructure) and the abundance of fluid inclu-
sions in the porphyroclasts.

In order to reduce differences in water fugacity
the flow laws of Gleason & Tullis (1995) and
Hirth er al. (2001) were normalized to the water
fugacity at a pressure of 300 MPa, i.e. the confin-
ing pressure of the Tonale mylonites and the
experiments of Luan & Paterson (1992), using a
fugacity exponent of m = 1 (cf. Kohlstedt et al.
1995; Hirth et al. 2001). For the flow law of
Gleason & Tullis (1995) the water fugacity
coeflicients after Tédheide (1972) were extrapo-
lated to a confining pressure of 1.5 GPa (Fig.
7b). All flow laws indicate that the strain rate
increases somewhat towards higher temperatures
for the Tonale mylonites (using the stresses indi-
cated by the Twiss-paleopiczometer relation).
The strain rates, however, show considerable
difference between the flow laws (Fig. 7b). Kohl-
stedt ez al. (1995) come to a similar conclusion.
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Fig. 7. (a) Flow stress data of the Tonale line samples (using the piezometer of Twiss 1980) plotted versus
deformation temperature. Curves of constant strain rate are calculated from the flow laws of Luan & Paterson
(1992). Gleason & Tullis (1995) and Paterson & Luan (1990). No account is taken of water fugacity differences.
(b) Flow stress data of the Tonale line samples (using the piezometer of Twiss 1980) plotted versus deformation
temperature. The curves of constant strain rate from the flow laws of Gleason & Tullis (1995) and Hirth er af.
(2001) are normalized to a water fugacity at a confining pressure of 300 MPa and a fugacity exponent m = 1 so
that all data sets have equivalent water fugacity conditions.
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Their extrapolation of the laboratory data of
Gleason & Tullis (1995) and Luan and Paterson
(1992) to crustal deformation conditions at a
constant strain rate leads to substantial differ-
ences in the predicted rock strength between the
two data sets.

Discussion

Natural constraints on deformation along the
Tonale Fault Zone

In the larger scale geological framework, the
Tonale Line is a predominantly cataclastic fault
zone (Schmid er al. 1989), which was active
over at least 15 Ma (Miller 1998) with a dextral
displacement  of  approximately 100 km
(Laubscher 1991: Steck & Hunziker 1994;
Frisch et al. 1998; Schmid & Kissling 2000) and
a mean width of the fault zone of approximately
200 m. Hence, a reasonably fast shear strain rate
estimate of approximately 10 '*s™! results for
this fault zone. Within that fault system, the
investigated local Southern Mylonite Zone has
formed as a consequence of a small local heat
anomaly caused by the Adamello intrusion
(Werling 1992). Thus, the deformation of the
investigated mylonites is controlled by the
larger kinematic framework of the entire
Tonale fault zone and it can be inferred that
the local mylonite strain rate results from the
external kinematic boundary conditions related
to plate movements. The actual local shear
strain rate of the mylonites may vary from the
overall estimate because of strain partitioning,
variable shear zone width etc. The externally
imposed shear strain rate of approximately
102 57" agrees best with the strain rate derived
from the geologically constrained flow law of
Hirth er al. (2001; Fig. 7b). Strain rates of
107" s™! and slower are derived from the flow
law of Gleason and Tullis (1995; Fig. 7b). Such
slow strain rates are not in the range of typical
geological strain rates (e.g. Pfiffner & Ramsay
1982) and are probably too low for the Tonale
Line (see above).

Recrystallized grain size

Grain size reduction during dynamic recrystalli-
zation is observed in the case of BLG and SGR
microstructures. As pointed out by Schmid and
Handy (1991) syntectonic grain boundary migra-
tion recrystallization may lead to a decrease or an
increase in size of the recrystallized grains. The
very large grains in the GBM II zone, close to

the magmatic contact, may indicate such a
grain size increase. The recrystallized grain sizes
may have been modified after deformation
ceased, either by annealing or by deformation
at decreasing temperatures. Lower temperature
overprints have been excluded. since only sam-
ples in which the microstructure could clearly
be related to the synkinematic mineral assem-
blages used for the temperature estimates (cf.
Stipp er al. 2002) have been selected. Micro-
structural features indicative of annealing, e.g.
straight grain boundaries and increased grain
sizes, are rare and only occur in the GBM II
zone. The fact that subgrains and recrystallized
grains in the zone of SGR (observed in the light
microscope) have identical sizes is further evi-
dence that postdeformational grain growth is
not important. Therefore, corrections for grain
growth (Hacker ef al. 1990, 1992) are not neces-
sary for the investigated sample set. Microstruc-
tural evidence for posttectonic grain growth in
the Tonale mylonites is absent and indicates
that posttectonic grain growth had only a
minor effect because of the relatively rapid cool-
ing after contact metamorphism. Fast cooling
was caused by: (1) the low depth (approximately
8km) of mylonitization of the investigated
section; and (2) because colder rocks were con-
tinuously passing along the intrusion during the
strike-slip movement of the fault zone (advective
cooling). The rapid cooling is confirmed by the
small difference between U/Pb-ages on zircon
(32.04+2.3Ma; Stipp 2001) Rb/Sr-ages on
muscovite (31.3 4+ 1.5Ma; Del Moro er al
1983) and K/Ar and Rb/Sr ages on muscovite
(~29.5+2Ma; Del Moro et al. 1983) of the
Presanella granitoids in the Adamello pluton,
indicating fast cooling of the magmatic body.

Evaluation of paleopiezometers

The different slopes of the flow-stress versus
temperature curves calculated for different
recrystallization mechanisms (Fig. 6) indicate
that. ideally, piezometers should be adjusted for
different recrystallization mechanisms. The need
to define different piezometers for different
recrystallization mechanisms was first stated by
Poirier and Guillopé (1979) and experimentally
calibrated for halite (SGR, GBM) by Guillopé
and Poirier (1979). A number of piezometers,
which depend on the dynamic recrystallization
mechanism, have been proposed for other rock-
forming minerals, e.g. for calcite (SGR, GBM:
Schmid et al. 1980; Rutter 1995), olivine
(GBM: van der Wal er al. 1993). Post and
Tullis (1999) showed that the slope of the
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stress—grain size relationship for the regime 1
piezometer of feldspar varies from that for
regime 2 for other minerals. In the case of
quartz, however, none of the proposed piezo-
meters takes the recrystallization mechanism
into account (cf. White 1982). Only the piezo-
meter of Twiss (1977, 1980) is in quite good
agreement with the most recent experimental
studies on crystal plastic deformation of quartz
aggregates (Gleason & Tullis 1993). Gleason
and Tullis (1995) and Hirth et al. (2001) find
the piezometer of Twiss (1977) the most accurate
for the transition between regime 2 and 3 and for
regime 3, and they recommend the use of this
relationship for SGR and at the SGR/GBM
transition until new experimental calibrations
are available. This study also finds that the rela-
tion of Twiss (1977, 1980) is the most consistent
paleopiezometer for geological deformation con-
ditions within the zone of BLG. We are aware of
the fact that the piezometer of Twiss (1977) is
based on questionable assumptions of equili-
brium thermodynamics, as pointed out in Poirier
(1985), Derby (1990) and de Bresser et al. (2001).
Yet we recommend its application because of its
best fit to currently published experimental and
natural data on the dynamic recrystallization of
quartz.

The comparison between subgrains and
recrystallized grains in the Tonale mylonites
(observed in the light microscope) does not
show a significant difference in size. However,
subgrains can only be measured grain by grain
and such measurements have not been included
in this study because a profound statistical base
is lacking. Furthermore, the difference between
the larger subgrains determined in the light
microscope compared to those determined in
the TEM is not yet understood. Nevertheless. if
we assume that the light optically determined
subgrains represent the precursors towards pro-
gressive rotation and recrystallization without a
significant variation in size, the same stress
dependency for subgrains and recrystallized
grains could apply (Schmid et al. 1980). In that
case, the temperature seems not to have a
major influence on the recrystallized grain size
during ongoing recrystallization. Equal dia-
meters of bulges and recrystallized grains in the
samples also suggest the absence of thermally
induced grain growth during and after dynamic
recrystallization for the zone of BLG. The
absence of thermally induced grain growth is in
agreement with the considerations of Post and
Tullis (1999) who point out that migration rate
and strain rate have the same temperature depen-
dence and, thus, the resulting recrystallized grain
size is not temperature dependent. In addition, in

experiments on Carrara marble, Rutter (1995)
does not find a significant influence of tempera-
ture and strain rate on the recrystallized grain
size. Instead, the same author finds a clear
stress dependence and a difference between the
piezometer for subgrain rotation recrystalliza-
tion and that for grain boundary migration
recrystallization. Hence, there is, so far. no
experimental evidence for an important tempera-
ture effect on the dynamically recrystallized grain
size of major rheologically relevant minerals,
This is despite the theoretical models of Derby
& Ashby (1987), Derby (1990), Shimizu (1998)
and de Bresser er al. (1998), all of which include
a (weak) temperature dependency via the activa-
tion energy term. Our results indicate that well
constrained experimental data on quartz in
terms of physical parameters (7, Ao. e £

Jn,0). recrystallized grain and subgrain size,

and steady state recrystallization microstruc-
tures, will be required. before we can evaluate
microphysical models of piezometers for
quartz, as presented and discussed in de Bresser
et al. (2001).

A deformation mechanism map of dynamic
recrystallization

Hirth and Tullis (1992) plotted the results of their
experiments on a strain rate versus temperature
diagram. This type of diagram has also been pro-
posed by Frost and Ashby (1982) as one possible
presentation of deformation mechanism maps.
The presentation of dynamic recrystallization
mechanisms in a strain rate versus temperature
plot has several advantages: (1) the extrapolation
of deformation experiments to natural condi-
tions is an extrapolation in strain rate: and (2)
as pointed out by Handy (1989), time and
strain can sometimes be derived directly from
geological observations and isotopic studies so
that in certain cases the natural strain rate can
be determined independent of experimental
flow laws.

The data set from the Tonale fault zone is
plotted in such a strain rate versus temperature
diagram (Fig. 8) together with the experimental
data of Hirth and Tullis (1992) and another
natural sample set from the Ruby Gap Duplex
in Central Australia (Dunlap et al. 1997). The
strain rates of the natural samples were calcu-
lated using flow laws, as discussed above (Fig.
8a). The two natural sample sets (Dunlap et al.
1997 and the Tonale mylonites) cover a range
of strain rates from 10-2 to 10-''s~!, Strain
rates of 10~ to 10~ 5! appear unrealistically
slow, because strain rates of 107"°s! and
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Fig. 8. (a) Strain rate versus temperature diagram showing the experimental data of Hirth & Tullis (1992),
natural samples from the Tonale Line (this study) and those of the Ruby Gap Duplex (Dunlap ef al. 1997).
Only microstructures at transitions BLG 1 — BLG 11 (sample 26-2), BLG 11 — SGR (sample 24-4) and

SGR — GBM I (sample 15-2) are used; data from Dunlap er al. (1997) have been reinterpreted using
microstructural criteria discussed here. Deformation temperatures are taken from Dunlap et al. (1997) and
Stipp er al. (subm.), and the flow stress data required for flow law calculations were derived from the
piezometer of Twiss (1977; 1980). The natural strain rates have been calculated from four different flow laws.
Experiments of Hirth & Tullis (1992) were carried out ‘as-is’ (crosses) or with added water (open circles); the
dislocation creep regimes are indicated by the numbers. Lines of constant flow stress from the flow laws of
Luan & Paterson (1992, dashed lines) and Gleason & Tullis (1995, solid lines) are displayed.

slower are not believed to leave microstructural
traces in the rock (Pfiffner & Ramsay 1982).
Thus, strain rates derived from the experimental
flow laws of Gleason & Tullis (1995) and Luan &
Paterson (1992) produce unrealistic results for
the two natural sample sets. The geologically
constrained empirical flow laws of Paterson &
Luan (1990) and Hirth er al. (2001) show a
strain rate of approximately 107'"2s~! which is
consistent with other geological constraints for
the Tonale Line. The faster strain rates for the
Ruby Gap samples of approximately 107" 5!
to 107"s™' predicted by Paterson & Luan
(1992) and Hirth er al. (2001) are also in the
range of natural rock deformation. From the
study of Hirth and Tullis (1992), both ‘as-is’
and water-added experiments are plotted (Fig.

8a). Together with the naturally deformed sam-
ples of the Ruby Gap Duplex (Dunlap et al.
1997) and the Tonale samples, there are now
three data sets available to define the transitions
of recrystallization mechanisms in a strain rate
versus temperature diagram (Fig. 8a, b). Straight
lines in a log strain rate versus 1/T plot imply
constant stress conditions (Hirth er al. 2001).
As a consequence of constant stress conditions,
the grain sizes along the transitions should be
constant. However, the recrystallized grain size
in the experimental samples is much smaller
than in the Tonale samples for corresponding
recrystallization mechanisms (compare the
experimentally and naturally deformed samples
in Fig. 3). Thus, it remains questionable that
the transitions between different recrystallization
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Fig. 8. (b) Strain rate versus temperature diagram (as in a) with the microstructural correlations made in this
study indicated by dashed lines. From the experimental data set of Hirth & Tullis (1992, dislocation creep
regimes are indicated by the numbers) only the water-added samples are used. Water fugacity is normalized to

a confining pressure of 300 MPa.

mechanisms correspond to constant stress curves
for a given flow law. The great temperature
difference between corresponding natural and
experimental  recrystallization  mechanisms
might also effect a difference in the recrystallized
grain size as discussed by de Bresser ef al. (1998,
2001). At present. however, there is no experi-
mental proof for this difference in quartz, as
pointed out above,

Several adjustments must be made for corre-
lating experimental and natural sample sets.
The experiments of Hirth and Tullis (1992)
were carried out in a solid medium apparatus,
and the derived flow stresses tend to be overesti-
mated. Water has pronounced weakening effects
at high confining pressures and a correction
needs to be applied to extrapolate flow stresses
to lower pressures. One procedure for such a
correction is to introduce the water fugacity
with an exponent m as a coefficient into the
flow law, as has been described before (cf. Kohl-
stedt et al. 1995; Post er al. 1996; Hirth et al.
2001). Thus, the experimental data points in
Fig. 8a are shified to slower strain rates (or

higher temperatures) if normalized to the confin-
ing pressures of the naturally deformed samples
at 300 MPa. The iso-stress lines of the Luan
and Paterson (1992) flow law (dashed lines) and
of the Gleason and Tullis (1995) flow law (solid
lines) for uncorrected experimental data points
are added for comparison.

The microstructural similarities between all
sample sets are striking, so that it appears safe
to correlate the natural and experimental condi-
tions of temperature and strain rate for dynamic
recrystallization. It is suggested that natural and
experimental transitions of dynamic recrystalli-
zation mechanisms may follow a straight curve
fit in a logarithmic strain rate versus 1/T plot.
Such a fit of the boundaries between the three
recrystallization mechanisms is indicated by the
two dashed lines in Fig. 8b. Only the water-
added samples have been used from the data
set. These experiments have been carried out in
NaCl- and pyrophyllite-cells (Jan Tullis. pers.
comm.). Johannes (1978) found that the effective
confining pressure in NaCl-cell assemblies
corresponds to the externally measured pressure
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and that the effective confining pressure in
pyrophyllite assemblies is about 20% lower
than in NaCl-assemblies. Based on his findings
we recalculated strain rates for the Hirth &
Tullis (1992) data set with a water fugacity for
an effective confining pressure of 1.5GPa and
1.2 GPa for the salt and the pyrophyllite assem-
blies, respectively (Fig. 8b).

The diagram shows that the reerystallization
mechanism transitions primarily depend on
temperature and strain rate. Changing one of
these two variables will change the dominant
dynamic recrystallization mechanism. According
to the reported predominance of relative con-
stant natural strain rate conditions on the order
of 107 to 107257 (e.g. Mercier er al. 1977;
Pfiffner & Ramsay 1982: Suppe 1985: Twiss &
Moores 1992) microstructural changes have
usually been related to temperature changes as
is obvious for e.g. the Tonale mylonites or the
Ruby Gap Duplex (Dunlap et al. 1997). How-
ever, major changes in the strain rate and related
flow stress conditions at relatively small tem-
perature variations have also been observed in
conjunction with changes in the dominant recrys-
tallization microstructure (e.g. White 1982; Stipp
2001). Because of the importance of dynamic
recrystallization of quartz in mylonitic shear
zones this recrystallization mechanism map is
applicable to most natural deformation condi-
tions. In contrast to the deformation mechanism
maps previously constructed for quartz (e.g.
Rutter 1976: White 1976; Etheridge and Wilkie
1979), which are largely based on theoretical
assumptions and calculations, the recrystalliza-
tion mechanism map in Fig. 8b is derived from
experimental as well as natural data. The map
includes the complete field of dislocation creep
and covers the dynamic recrystallization micro-
structures of quartz occuring in natural mylonitic
fault rocks. Additional experimental and geo-
logical field studies encompassing a broad spec-
trum of metamorpic conditions (e.g. Stockhert
et al. 1999; Zulauf 2001) are necessary to better
constrain this dynamic recrystallization mechan-
ism map.

We consider this study as an attempt to
demonstrate that estimations of temperature
and strain rate may be made by characterizing
dynamic recrystallization microstructures. The
geological application is fairly straightforward.
The dynamic recrystallization mechanism
(BLG, SGR. GBM) has to be determined from
the microstructure of quartz (preferably in pure
quartz aggregates). Il the deformation tempera-
ture can be determined (e.g. from syndeforma-
tional mineral assemblages), then the range of
strain rates can be determined from the recrystal-

lization mechanism map. Alternatively, il age
data are available which allow for an estimate
of the strain rate within a shear zone, the recrys-
tallization mechanism map provides an indepen-
dent tool for the determination of deformation
temperatures. The recognition of the recrystalli-
zation mechanism is valuable because it may
help to constrain deformation temperatures and
strain rates within a usually narrow range of
natural fault zone conditions in the upper crust.

Summary and conclusions

Dynamic recrystallization microstructures of
quartz have been used as a link between nature
and experiment. The recrystallization microstrue-
tures of the eastern Tonale mylonites have been
correlated with the experimental dislocation
creep regimes of Hirth & Tullis (1992). From the
Tonale mylonites. temperature, stress and strain
rate data can be determined. using the Twiss
theoretical recrystallized grain size piezometer
for all recrystallization mechanisms and quartzite
flow laws adjusted for water fugacity. The data
from naturally deformed quartz can help to con-
strain piczometers and flow laws. There is a need
for quartz paleopiezometers to be calibrated for
different recrystallization mechanisms. Natural
and experimental data sets of dynamic recrystalli-
zation microstructures and dislocation creep
regimes can be plotted on a strain rate versus
temperature diagram. The fields of the different
recrystallization microstructures are separated by
transition zones, and their trend is consistent in
nature and experiment. Using microstructural
correlations. a recrystallization mechanism map
can be derived from this diagram. This map may
be used for either estimating strain rates (if the
temperature is known) or temperature (if the
strain rate is known) from studying the recrystalli-
zation microstructure.
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funded by the Swiss National Science Foundation
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