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Abstraet--Mylonitization of medium-grade marbles in the Bancroft shear zone, Ontario, Canada, is character- 
ized by decreasing grain-size of both calcite and graphite, and a variety of textures. Calcite grain-sizes vary from 
several millimeters in the protolith, to 50-200/~m in mylonite, to <30/~m in ultramylonite. Corresponding calcite 
grain shapes are equant in the protolith, elongate in protomylonite (first-developed dimensional preferred 
orientation), equant in coarse mylonite, elongate in fine mylonite (second-developed dimensional preferred 
orientation) and generally equant in ultramylonite, which suggests that external energy (applied stress) that tends 
to elongate grains competed with internal energy sources (e.g. distortional strain) that favor equant shapes. 
Graphite grain-size changes from several millimeters to centimeters in the protolith to submicroscopic in 
ultramylonite. In the mylonitic stages, graphite is present as dark bands, while in the ultramylonitic stage it is 
preserved as a fine coating on calcite grains. 

Based on textural evidence, twinning (exponential creep; regime I), dynamic recrystallization (power law 
creep; regime II) and possibly grain boundary sliding superplasticity (regime III) are considered the dominant 
deformation mechanisms with increasing intensity of mylonitization; their activity is largely controlled by calcite 
grain-size. Calcite grain-size reduction occurred predominantly by the process of rotation recrystallization during 
the early stages of mylonitization, as indicated by the occurrence of core and mantle or mortar structures, and by 
the grain-size of subgrains and recrystallized grains. Grain elongation in S-C structures indicates the activity of 
migration recrystallization; these structures are not the result of flattening of originally equant grains. 
Differential stress estimates in coarse mylonites and uitramylonites, based on recrystailized grain-size, are 2-5 
and 14-38 MPa, respectively. Initial grain-size reduction of graphite occurred by progressive separation along 
basal planes, analogous to mica fish formation in quartzo-feldspathic mylonites. 

Calcite-graphite thermometry on mylonitic and ultramylonitic samples shows that the metamorphic conditions 
during mylonitization were 475 + 50°C, which, combined with a differential stress value of 26 MPa, gives a strain 
rate of 1.2 x 10-10 s- t based on constitutive equations; corresponding displacement rates are <38 mm yr- l 

INTRODUCTION 

DEFORMATION experiments that have been carried out 
during the past several decades have produced a remark- 
ably detailed record of the behavior of carbonates under 
laboratory conditions (e.g. Turner et al. 1954, Griggs et 
al. 1960, Heard & Raleigh 1972, Rutter 1974, Rutter & 
Schmid 1975, Rutter & Rusbridge 1977, Schmid et al. 
1977, 1980, 1987, Spiers 1979, Friedman & Higgs 1981, 
Schmid 1982, Groshong et al. 1984, Wenk et al. 1986, 
1987, Borradaile & McArthur 1990, Rowe & Rutter 
1990, de Bresser 1991). One of the principal aims of such 
experiments is to determine the characteristic defor- 
mation mechanism for conditions of differential stress 
(a), temperature (T), strain rate (b) and grain size (d), 
and to extrapolate the results to geologic conditions. In 
contrast to this extensive experimental database, studies 
on microstructures in naturally deformed carbonates are 
much more limited (e.g. Barber & Wenk 1979, Schmid 
et al. 1981, Schmid 1982, Dietrich & Song 1984, Heitz- 
mann 1987). This may in part be attributed to the 
emphasis that has been placed on shear zones that are 
related to thrusting. Thermal equilibration after rela- 
tively instantaneous thrusting (e.g. England & Thomp- 
son 1984) facilitates static recrystallization (annealing) 
and the destruction of deformation microstructures. 
This holds particularly true for calcite. Griggs et al. 

(1960) found that annealing of carbonates occurs rapidly 
at temperatures over 500°C. Consequently, only marble 

mylonites that were formed in regions that never 
exceeded middle to upper greenschist facies conditions, 
or those formed during the retrograde history of higher 
grade rocks, will have preserved their original defor- 
mation microstructures. 

In this paper the microstructures of marble mylonites 
are described from an anastomising shear zone, the 
Bancroft shear zone (Carlson et al. 1990) in the Gren- 
ville Province of southern Ontario (Fig. 1), in which a 
complete sequence from protolith to ultramylonite is 
preserved. The microstructures of the various mylonitic 
textures and their dominant deformation mechanisms 
are analyzed in the light of studies of experimentally 
deformed carbonates. Furthermore, the temperature of 
mylonitization (475 + 50°C) is determined using calcite- 
graphite geothermometry. Deformation mechanism 
maps at these uppermost greenschist facies conditions 
are calculated from experimentally-derived constitutive 
equations. These data collectively provide information 
on the differential stress magnitude, strain rate and 
displacement rate associated with this mylonite zone. 

GEOLOGIC SETTING 

The Grenville Province in southern Ontario (Fig. 1) is 
subdivided into three main tectonostratigraphic zones; 
from west to east they are: the Central Gneiss Belt 
(CGB), dominated by high-grade metaigneous rocks, 
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Fig. 1. Major subdivision of the Grenville of North America (inset), and simplified lithologic map of the area that contains 
the Bancroft shear zone. Abbreviations are: B = Bancroft, CGB = Central Gneiss Belt, CGT = Central Granulite 
Terrane, CMB = Central Metasedimentary Belt, G = Gooderham, W = Wilberforce. Map simplified from Carlson et al. 

(1990) and references therein• 

the Central Metasedimentary Belt (CMB), dominated 
by medium- to high-grade metasedimentary and meta- 
igneous rocks, and the Central Granulite Terrane 
(CGT), dominated by high-grade metaigneous rocks 
including anorthosites (Wynne-Edwards 1972, David- 
son 1986). The Bancroft shear zone is located in the 
western portion of the CMB and separates middle to 
upper amphibolite-grade gneisses and marbles of the 
Bancroft domain from overlying greenschist to lower 
amphibolite-grade gneisses, metavolcanics and marbles 
of the Elzevir domain (Carlson et al. 1990) (Fig. 1). The 
Bancroft shear zone is a narrow, anastomosing belt of 
predominantly mylonitic marbles; locally, myionitized 
granitic rocks are present• The thickness of individual 
shear zones is <20m,  with an overall width of the 
anastomosing zone < 2 k m  (Fig. 1). Well-preserved 
shear-sense indicators in this shallowly SE-dipping zone 
indicate top side (i.e. Elzevir domain) down. Wide- 
spread thrusting (Davidson 1986, Mawer 1987, Hanmer 
1988) predates and coincides with extension, and van 
der Pluijm & Carlson (1989) speculated that extension in 
this area reflects the gravitational collapse of an over- 
thickened orogenic wedge. 

MICROSTRUCTURES 

Four microstructural types are recognized in the mar- 
bles of this study: protolith, protomylonite, mylonite 
(coarse and fine) and ultramylonite. These types rep- 
resent an increase in intensity of mylonitization from 

relatively undeformed (protolith) to most highly de- 
formed (ultramylonite). The boundary between these 
types is arbitrary, because a gradation between each 
exists. However, each type is readily recognized by field 
characteristics such as color and grain size (Carlson et al. 
1990), and by the microstructural characteristics de- 
scribed below. 

All thin sections were cut perpendicular to the folia- 
tion plane and parallel to the lineation, i.e. parallel to 
XZ. In samples without foliations and/or lineations the 
regional orientation was used. The microstructures that 
are illustrated in Fig. 2, and the reported grain-size 
measurements, were obtained from five representative 
sections• Microstructures were digitized from photomo- 
saics using a digitizing tablet. JANDEL software was 
used to calculate the mean grain size and standard 
deviation of at least 300 grains per section; the long 
dimension is reported for elongate grains. 

Protolith 

Samples of the protolith are characterized by coarse, 
relatively strain-free grains in thin section• The grain- 
size of a representative sample (GO-2D) ranges from 2 
to 6 mm (mean 3.2 + 1.1 mm). Most calcite grains are 
equant and show slightly serrated grain boundaries that 
meet in triple points. In almost all grains, calcite twins 
are present (Fig. 2a). Graphite is recognizable in hand 
specimen as well as in thin section, and occurs as large, 
euhedral flakes (1-20 mm, measured in the basal planes) 
that are randomly oriented in the marble matrix. 
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Fig. 2. Photomicrographs of marble microstructures in the Bancroft shear zone. (a) Protolith. (b) Protomylonite 
(c) Coarse mylonite. Scale bars 200pm. 
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Fig. 3. Photomicrographs of marble microstructures in the Bancroft shear zone. (a) & (b) Fine mylonite. (c) Ultramylo 
nite. Scale bars 200/~m. 
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Protomylonite 

Slightly elongate, large calcite grains (mean 
2.3 +_ 1.0mm; sample GO-4B) and a population of 
smaller grains (50-150/~m) characterize the protomylo- 
nitic marbles in thin section (Fig. 2b). The elongate large 
grains define a weak dimensional preferred orientation 
(DPO) that is parallel to the foliation (C-surface) in more 
strongly mylonitized samples. Deformation bands, 
undulose extinction and bent twins are present in the 
large grains, and subgrains and recrystaUized grains 
commonly decorate their edges. The term 'subgrain' is 
used when the crystallographic mismatch across a grain 
boundary is <10 °, following the convention of White 
(1976) and Poirier (1985). The microstructure has the 
appearance of a core and mantle or mortar structure, 
which is common in deformed quartzose rocks (White 
1976). Graphite flakes have ragged edges and are 
oriented roughly parallel to elongate calcite grains. Their 
DPO is responsible for a weak lineation in outcrop. 

d 

c 

a 

Mylonite 

Mylonite samples were subdivided into coarse and 
fine mylonites. In a representative sample of coarse 
mylonite (WI-1D), there is a single population of gener- 
ally equant grains with a mean grain size of 153 + 67/~m 
(Fig. 2c). Occasionally, a slight grain elongation is 
observed, but this feature is much more pronounced in 
the fine mylonite (see below). Straight grain boundaries 
that meet in triple points (foam texture) characterize the 
calcite microstructure of coarse mylonites. Darks bands 
consisting mainly of fine-grained graphite define a well- 
developed foliation; some individual graphite flakes can 
still be recognized, but in most of these bands fine- 
grained, amorphous graphite dominates. 

Fine mylonites typically show pronounced calcite 
grain elongation. The long dimension of elongate grains 
is 47 + 22 ~m and is oriented at an angle of about 35 ° to 
the graphitic foliation (sample GO-6; Fig. 3a). This 
geometry is identical to S-C structures in quartzo- 
feldspathic mylonites (e.g. Berth6 et al. 1979, Lister & 
Snoke 1984) and its significance for the sense of shear is 
in agreement with extension (Carlson et al. 1990). The 
long dimension of elongate grains in S-C structures is 
less than the mean grain-size of grains in the coarse 
mylonite. The grain-size of calcite in C-surfaces is 
further reduced and grains are elongate parallel to this 
foliation (Fig. 3b). As in the coarse mylonite, individual 
graphite grains are no longer recognizable. 

Fig. 4. Composite sketch of microstructures in the Bancroft shear 
zone, showing relative positions of (a) protolith, (b) protomylonite, 

(c) coarse mylonite, (d) fine mylonite and (e) ultramylonite. 

grains are equally common. Figure 3(c) shows a rep- 
resentative example (BA-3D) of this mylonite type; the 
calcite grain size is 22 + 10/~m. Finely disseminated 
graphite is located at grain boundaries between calcite 
grains, contributing to the overall dark color of the 
ultramylonites. The regular S and C foliations that 
characterized some of the previous mylonitic stages are 
no longer present. 

In Fig. 4, the microstructures associated with increas- 
ing mylonitization are shown schematically. Bent twins 
in calcite and core and mantle structures characterize the 
protomylonite (Fig. 4b). Calcite grains in the mylonitic 
stage (Figs. 4c & d) are equant in the relatively coarse- 
grained texture and elongate in fine-grained mylonite; 
the latter commonly displays S-C structures. In the 
ultramylonitic stage (Fig. 4e), regular foliations (S and/ 
or C) are absent and irregular flow banding and very 
fine, equant grains of calcite are the primary optical 
characteristics. 

THERMOMETRY 

Ultramylonite 

Ultramylonites are easily recognizable in outcrop by 
their dark gray to black color and their extremely fine 
grain-size. Sometimes an irregular foliation anasto- 
moses around clasts of other lithologies such as granite 
and amphibolite that were incorporated into the shear 
zone. In thin section, the foliation is defined by slight 
grain elongation of calcite, however, equant calcite 

The significance of deformation microstructures is 
greatly enhanced by knowledge of the temperature at 
which they were formed (e.g. Hobbs 1985). Several 
reliable geothermometers are available for mylonites in 
metapelites that contain various combinations of garnet, 
aluminosilicate, phyllosilicate, quartz and feldspar (e.g. 
Essene 1989). Temperature determinations in relatively 
pure carbonates (>95% carbonate) in the greenschist 
and amphibolite facies, on the other hand, are mainly 

SG 13:10-C 
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Fig. 5. The At3C isotopic fractionation of calcite-graphite pairs in 
fine-grained mylonite and ultramylonite (grain-size <100/~m). The 
range of A13C values (6.2--9.5, Table 1) and associated temperatures 
(450-540"C) are indicated with thin lines; the relationship between 
AI3C and temperature is shown by the shaded band, which is based on 

Wada & Suzuki (1983) and Morikiyo (1984). 

Table 1, Mean C and O isotopic data for calcite (co) and graphite (gr) 
in fine-grained mylonites (grain-size <100/~m)* 

Grain-size 
Sample 61800: 613Ccc 613Cgr Al3Ccc.gr (/urn) 

BA-0f 18.6 -1.1 -10.6 9.5 <50 
BA-3Df 23.0 1.2 -7.1 8.3 <50 
BA-6Bf 26.6 0.4 -7.5 7.9 <50 
BA-28 21.6 -2 .0  -9.6 7.6 <50 
BA-31B 21.7 - 1.8 -8.2 6.4 50--100 
BA-32 19.4 - 1.6 -8.2 6.6 <50 
GO-2Af 22.7 1.8 -5.6 7.4 <50 
GO-12 15.8 -2.3 -8.5 6.2 50--100 
GO-14 25.5 1.6 -4.7 6.3 50-100 

* I3C in ppm PDB (Peedee belemnite); 1sO in ppm SMOW (stan- 
dard mean ocean water). 

fData from van der Pluijm & Carlson (1989). 

restricted to calcite--dolomite (e.g. Anovitz & Essene 
1987) and calcite-graphite thermometry (Valley & 
O'Neil 1981, Valley 1986). The calcite-dolomite geo- 
thermometer uses the MgCO3 content of calcite in 
equilibrium with dolomite to determine the metamor- 
phic temperature. With decreasing grain size, however, 
it becomes more difficult to accurately obtain the chemi- 
cal composition. Microprobe data on coarse-grained 
samples of the Bancroft shear zone were obtained for 
protoliths and protomylonites. Calculated temperatures 
from these analyses are greater than 600°C and agree 
well with earlier determinations by Sobol (1973, as 
reported in Essene 1983) in the same area. The tempera- 
tures from these large grains, however, reflect the meta- 
morphic conditions during the earlier metamorphic his- 
tory of these rocks and not those during mylonitization 
(van der Pluijm & Carlson 1989). 

Calcite-graphite thermometry is a method that uses 
the temperature dependent fractionation of laC be- 
tween calcite and graphite (Valley & O'Nei11981, Wada 
& Suzuki 1983, Morikiyo 1984). The analytical method 
for this application was presented in van der Pluijm & 
Carlson (1989). It was found that exchange between 
calcite and graphite at relatively low temperatures is 
strongly dependent on grain-size, and approaches equi- 
librium conditions with decreasing grain-size (Wada 
1988, van der Pluijm & Carlson 1989). Thus, calcite- 
graphite thermometry is useful for samples with small 
grain-sizes (<50pm) and nicely complements calcite- 
dolomite thermometry. Figure 5 combines five new 
analyses from mylonitic (500100/~m) to ultramylonitic 
(<50gm) samples with four earlier results from fine- 
grained samples listed in van der Pluijm & Carlson 
(1989). The AI3C values in these fine-grained samples 
range from 6.2 to 9.5 (Table 1). Comparison of these 
values with the empirically derived relationship between 
temperature and A13C (Valley 1986) gives a temperature 
range of 450-540°C (Fig. 5). Considering that equilib- 
rium conditions at these relatively low temperatures are 
only approached at the finest grain-size, it is concluded 
that a temperature of 475 + 50°C was reached during 
mylonitization. This temperature estimate is supported 
by the absence of annealing textures (cf. Griggs et al. 
1960). 

DISCUSSION 

Calcite-graphite thermometry indicates that myloni- 
tization of the Bancroft shear zone occurred at con- 
ditions near the greenschist-amphibolite facies bound- 
ary. Using a representative range for the geothermal 
gradient of 20025 ° km - l  (Cosca et al. in press) and a 
temperature of 475°C, the part of the shear zone cur- 
rently outcropping was formed at a depth of about 
20 km. 

Microstructures in samples from the Bancroft shear 
zone are remarkably similar to those observed in experi- 
mentally deformed carbonates and in natural quartzo- 
feldspathic mylonites. By analogy, the microstructures 
of the marble mylonites are used to determine the active 
deformation mechanisms (cf. White et al. 1980, Gros- 
hong 1988, Knipe 1989). Furthermore, the empirically- 
derived relationships between differential stress and 
microstructure, and the concept of deformation mech- 
anism maps, provide a stimulating background for the 
discussion of these marble mylonites. 

Deformat ion  mechanisms 

The two main mineral constituents of the mylonites 
are calcite and graphite and they display distinct micro- 
structures. The behavior of each mineral is contrasted 
during the various stages of myionitization in Fig. 6. 
Equant, slightly serrated calcite grains in the protolith 
are generally twinned (Fig. 6a). Preliminary analysis of 
calcite twins following the methods of Turner (1953) and 
Spang (1972) located the compression axis (al) at an 
intermediate angle to the regional mylonitic foliation in 
an orientation that is in agreement with the inferred 
sense of shear (to the SW). This relationship is consist- 
ent with twinning as the deformation regime operative at 
low finite strains and compares well with Schmid et al. 
(1987), who reported similar results from twinning 
analysis on Carrara marble in simple shear experiments. 

The occurrence of slightly deformed host grains, and 
subgrains and recrystallized grains near their edges (core 
and mantle or mortar structure) in the protomylonite 
(Figs. 6b & c), suggests that dislocation creep is the 
dominant deformation process (e.g. Barber 1985). 
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Fig. 6. Sketch of characteristic microstructures of calcite and gra- 
phite. (a) Protolith: large graphite flakes and twinned calcite grains. 
(b) Protomylonite;  calcite subgrains and bent  twins. (c) Protomylo- 
nite; core and mantle  structure in calcite. (d) Coarse mylonite. (e) Fine 
mylonite; S - C  structure. (f) Ultramylonite.  See text for detailed 

explanation. 

Furthermore, the pattern across large grains from mildly 
deformed centers, to subgrains with bent twins, to 
recrystallized grains with straight grain boundaries 
(foam texture) near the edges, suggests that recrystalli- 
zation occurred primarily by subgrain rotation (Poirier 
1985, Urai et al. 1986, Knipe 1989). It is at this stage that 
the first dimensional-preferred orientation (DPO) 
formed, defined by elongate large calcite grains. This 
DPO was produced by dynamic recrystallization con- 
centrated at grain boundaries and defines the mylonitic 
foliation. 

Coarse mylonites have equant grains with a uniform 
grain-size and a well-developed foam texture (Fig. 6d). 
The size of these grains corresponds to that of the fine- 
grained population at the rims of large grains in the 
protomylonite, which indicates that rotation recrystalli- 
zation continued to transform large, protomylonitic 
grains into smaller recrystallized grains during this stage. 
Simultaneously, large graphite flakes were aligned into 
stringers of finer graphite flakes by a mechanism of basal 
plane slip (Figs. 6b-d). Such a mechanism would be 
analogous to the deformation of phyliosilicates in 
quartzo-feldspathic mylonites (e.g. Lister & Snoke 
1984). 

Grain-size was further reduced in the fine mylonites, 
which are also characterized by grain elongation ( S - C  
structures, Fig. 6e). The reduced grain-size indicates 
that grain elongation does not simply result from flatten- 
ing of originally equant grains, but that it involves grain 
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Table. 2. Exporimentaily-derived constitutive equations for (a) Soln- 
hofen limestone and (b) Carrara  marble,  used in this study 

Regime I (exponential law) 
= 10 -°"12 exp ( - 47000 /RT  + o/160) 
= lff  s's exp ( -62000 /RT  + o/114) 

(a) Rutter  1974 
(b) Rutter  1974 

Regime II (power law) 
= 10 -t '33 exp (-71000/RT) o 4.7 
= 10 -5.5 exp (-75000/RT) o ~'° 
= 103 .8 exp (-860001RT) o 2"9 

(a) Schmid et al. 1977 
(b l )  Schmid 1982 
(b2) Schmid 1982 

Regime IH (superplasticity; compensated for grain-size) 
= 10  5.0 d - 3  exp (-51000/RT) o 17 (a) Schmid et al. 1977 

Stress vs recrystallized wain-size 
cr = 103.67 d -1"°1 Schmid et al. 1980 

= strain rate (s- l ) .  
o = differential stress (bar).  
T = absolute temperature (K). 
R = gas constant (1.98 cal mo1-1 K- t ) .  
d = grain-size ~ m ) .  

boundary migration (see also Lister & Snoke 1984, 
Knipe & Law 1987). Graphite stringers define a strong 
foliation in fine mylonites. It is noted that the presence 
of well-developed C-surfaces in protomylonite and 
coarse mylonite suggests that the S-surface in S - C  struc- 
tures formed after the C-surface. 

The absence of regular foliation surfaces, overall fine 
grain-size and commonly euhedral grains in ultramylo- 
nites (Fig. 6e) may indicate that finite strain accumu- 
lated by grain boundary sliding superplasticity (e.g. 
Poirier 1985). Experiments on Solnhofen limestone by 
Schmid et al. (1977) suggested the occurrence of this 
deformation mechanism in carbonates at small grain 
sizes. A remarkable similarity exists between their 
experimental microstructures (Schmid et al. 1977, fig. 6) 
and the natural textures observed in this study (Fig. 3c). 
The main difference between these experiments and the 
natural samples described is the larger grain-size of the~ 
natural samples. However, the lower strain rate at; 
natural conditions may allow superplasticity to occur at 
larger grain-sizes (Schmid et al. 1977). 

Differential  stress and recrystallized grain-size 

Recrystallized grain-size may be used as an indicator 
of differential stress magnitude (e.g. Twiss 1977, White 
1979, Hacker et al. 1990). Ord & Christie (1984) and 
Twiss (1986) examined this relationship in detail and 
discussed examples for quartz and olivine. Poirier (1985) 
pointed out that grain-size is, at best, an empirical 
paleopiezometer that can only be used if the mechanism 
of recrystallization is well understood, i.e. rotation re- 
crystallization or migration recrystallization, and that it 
may only indicate the maximum stresses. 

Schmid et al. (1980) obtained a stress vs grain-size 
relationship from their experiments on Carrara marble 
(Table 2). The dominant recrystallization mechanism in 
the experiments was rotation recrystailization, which is 
considered the operative mechanism during the myloni- 
tic stages of the Bancroft shear zone samples. In Fig. 7 
the relationship of Schmid et al. (1980) is plotted against 
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Fig. 7. Recrystallized grain-size (log d) vs differential stress (log o). 
Based on the empirically-derived equation of Sehmid et al. (1980, 
inset), the coarse myionite and ultramylonite record differential stress 

magnitudes that range from 2-5 and 14-38 MPa, respectively. 

the recrystallized grain-size of coarse mylonite and ultra- 
mylonite in which stable microstructures are character- 
ized by euhedral grains with straight grain boundaries. 
The protomylonite has a bimodal grain-size distribution, 
and the fine mylonite may reflect grain boundary mi- 
gration; these samples were therefore not used. From 
the relationship in Fig. 7 we derive a differential stress 
range of 2-5 MPa for the coarse mylonite, and for the 
ultramylonite the range is 14-38 MPa. 

Deformation mechanism maps 

Ashby (1972) introduced the concept of deformation 
mechanism maps to the study of rock deformation. In 
deformation mechanism maps the conditions under 
which one deformation mechanism dominates is plotted 
in temperature vs stress space at constant grain size, or 
stress vs grain-size space at constant temperature for 
different strain rates (e.g. Langdon 1985, Poirier 1985). 
Deformation experiments on limestones and marbles 
(e.g. Rutter 1974, Schmid et al. 1980, 1987, Schmid 
1982) at various conditions of stress, temperature, grain- 
size and strain rate, produced a number of flow laws that 
are representative for different deformation regimes. 
The temperature of mylonitization in the Bancroft shear 
zone was about 475°C and deformation mechanism 
maps were calculated for differential stress vs grain-size 
at constant T using the equations listed in Table 2. Two 
maps were constructed based on deformation experi- 
ments with very fine-grained (4/tm) Solnhofen lime- 
stone (Fig. 8a) and a combination of Solnhofen lime- 
stone and medium-grained (200/zm) Carrara marble 
(Fig. 8b). 

At strain rates that are less than 10 -l° s -1, samples 
with a grain-size greater than about 50/~m are located in 
the field of power law creep (Regime II, Fig. 8). This 
prediction is in good agreement with the occurrence of 
subgrain formation and rotation recrystallization in the 
protomylonitic and coarse mylonitic stages. At similar 
strain rates, smaller grain-sizes generally fall in the field 

of superplastic behavior. Knipe (1989) discussed the 
importance of changes in local strain rate under con- 
ditions of bulk simple shear, and Schmid et al. (1977, 
1980) observed work-softening in the superplastic 
regime where grain-size is small. This would suggest that 
an increase in strain rate accompanied the transition 
from mylonitic to ultramyionitic stagd (Fig. 8). In fact, 
using the differential stress value of 26 MPa and a 
temperature of 475°C, a strain rate of 1.2 x 10 -1° s -1 is 
obtained with the equation for Regime III (Table 2). 

Some complexity arises when the deformation mech- 
anism maps of Fig. 8 are compared with the stress-grain- 
size relationship discussed in the previous section. The 
relationship shown in Fig. 7 would fall in the field of 
superplastieity (Regime III) for both deformation mech- 
anism maps of Fig. 8. As was noted by Schmid (1982), 
one might expect this curve to lie in the field of Regime II 
if recrystallization by subgrain rotation was responsible 
for the microstructure. This inconsistency is removed if 
recrystallized grain-size results from a mechanism other 
than subgrain rotation (e.g. grain boundary migration), 
but this is not supported by the observations. Alterna- 
tively, heterogeneous deformation may have produced 
regions with reduced grain-size where superplastic be- 
havior occurs, while rotation recrystallization continues 
to dominate the overall flow. Thus, the microstructure is 
initially controlled by one deformation mechanism, but 
as it evolves a different mechanism becomes increasingly 
important. Such coupling between the evolving micro- 
structure and the dominant deformation mechanism 
cannot be adequately represented in a single defor- 
mation mechanism map because it assumes strain- 
insensitive, steady-state flow. 

Displacement rates 

The various parameters obtained above can be com- 
bined to estimate displacement rates of the Bancroft 
shear zone. Information on the thickness of the active 
part of the shear zone (i.e. the effective thickness) is 
critical for this calculation. Field evidence indicates that 
the thickness of ultramylonite does not exceed 5 m, 
which places an upper bound on displacement rates. The 
strain rate of 1.2 x 10 -1° s -1 corresponds to a shear 
strain rate of 2.4 x 10 -1° s -1 and gives a displacement 
parallel to the shear zone of <38 mm yr -1 (i.e. <38 km 
per m.y.). Using a dip of 30 ° for the Bancroft shear zone 
(Carlson et al. 1990), a relative vertical displacement 
rate of < 19 mm yr-1 and a horizontal (extension) rate of 
<33mm yr -1 are calculated using trigonometric re- 
lationships. These values, however, require careful in- 
terpretation in view of the uncertainties associated with 
the various input parameters and the constitutive 
equations. 

CONCLUSIONS 

Mylonites of the Bancroft shear zone, which contain 
predominantly calcite and graphite, show a variety of 
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microstructures that were formed at medium metamor- 
phic grade. Mylonitization is characterized by decreas- 
ing grain-size of both calcite and graphite. Grain-size in 
the protolith is on the order of several millimeters; in the 
mylonite stage it ranges from 50 to 200 ~m; in ultramylo- 
nites the grain-size is <30/zm. Calcite grain shapes are 
equant in the protolith, elongate in the protomylonite, 
equant in coarse mylonite, elongate in the fine mylonit e 
and equant to slightly elongate in the ultramylonite. This 
grain-shape cyclicity suggests that external energy (ap- 
plied stress), which tends to elongate grains, competes 
with energy sources internal to the grains (e.g. distortio- 
nal strain) that favor equant shapes. Excellent corre- 
spondence exists between microstructures in experi- 
mentally deformed carbonates and these natural 
samples. Moreover, many features of quartzo- 
feldspathic mylonites, such as core and mantle or mortar 
structures, mica fish, and S - C  structures, are present in 
these marble mylonites. S -C  structures are found only in 
samples of the fine mylonite (30-70/~m grain-size). The 
C-surfaces are marked by dark bands of graphite and 
very fine, elongate calcite grains (grain-size <30/~m); 
the S-surface is defined by slightly larger, elongate 
calcite grains. Calcite grain-size reduction occurred pre- 
dominantly by the process of rotation recrystallization. 
Graphite grain-size reduction occurred by separation 
along basal planes. S-C structures developed after a 
mylonitic foliation (C) was formed during the coarse 
mylonitic stage. Calcite grain elongation in the S- 
surfaces was accompanied by continued grain-size re- 
duction and the activity of migration recrystallization, 
and is not a result of simple flattening of originally 
equant grains. 

Calcite-graphite thermometry on the samples shows 
that the metamorphic conditions during mylonitization 
were 475 + 50°C. The empirically-derived recrystallized 
grain-size vs differential stress relationship of Schmid et 
al. (1980) indicates that differential stresses were on the 
order of 26 MPa. Combined with the temperature deter- 
mination, this differential stress gives a strain rate of 
1.2 × 10- l0 s- !. Corresponding displacement rates were 
<38 mm yr-1. 

This study shows that no single microstructure and, 
therefore, no single deformation mechanism is charac- 
teristic for a single temperature. Twinning (exponential 
creep; Regime I), recrystallization (power law creep; 
Regime II) and possibly grain boundary sliding super- 
plasticity (Regime III) were all active during mylonitiza- 
tion. Changes in the dominant deformation mechanism 
were controlled largely by grain-size. This coupling 
between deformation mechanism and microstructure 
makes a deformation mechanism map that plots grain- 
size vs stress most useful. From such maps it is inferred 
that a significant strain rate increase characterized the 
ultramylonitic microstructure. The absence of steady- 
state flow (flow at constant stress and strain rate, Means 
1981), however, somewhat limits quantitative analysis 
of the microstructures. For example the cyclic grain 
shape pattern prohibits the use of grain shape as a 
measure of finite strain (see also Means 1981, Lister & 
Snoke 1984, Knipe & Law 1987). 
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