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a b s t r a c t

The Turon de Técouère peridotite, North Pyrenean fault zone, France, contains protomylonites grading to
ultramylonites. Grain size reduction to 0.005e0.025 mm took place by reaction during deformation.
Within the protomylonite domain, the size of the porphyroclasts suggests an initial grain size in this
domain of 2e10 mm. In the ultramylonite domain, porphyroclasts are polycrystalline with an internal
grain size of 0.1e0.2 mm, indicating that the ultramylonite domain had a finer initial grain size than the
protomylonite domain. Lattice-preferred orientations and misorientations within a polycrystalline por-
phyroclast in the ultramylonite domain suggest an early episode of dislocation creep accommodated
dynamic recrystallization, restricted predominantly to the present-day ultramylonite domain. Later grain
size reduction by reaction, resulting in very fine-grained ultramylonites, was concentrated in the same
domain. For reaction-involved deformation, initial grain size may be crucially important as it controls the
surface area available for nucleation of new grains. As a result of the finer initial grain size within the
present-day ultramylonites, a critical percentage of fine-grained matrix developed in the present-day
ultramylonite domain earlier than in the present-day protomylonite domain, resulting in localization of
further deformation in the ultramylonites. This study suggests that zones of locally smaller grain size can
act as heterogeneities that control the location and width of shear zones formed by reaction-softening.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Strain localization has been widely researched and well docu-
mented inupperandmiddle crustal settings.While strainwithin the
lower crust and upper mantle (within the “ductile regime”) is often
assumed to be homogeneous, field studies have documented
localized deformation that took place in these rocks under the high
pressures and temperaturesprevalent in these settings (e.g., Boullier
and Gueguen, 1975; Rubie, 1983; Nicolas, 1986; Rutter and Brodie,
1988; Handy, 1989; Drury et al., 1991; Vissers et al., 1991; Jaroslow
et al., 1996; Denghui et al., 1998; Jin et al., 1998; Newman et al.,
1999; Dijkstra et al., 2002; Michibayashi and Mainprice, 2004;
Warren and Hirth, 2006; Warren et al., 2008; Webber et al., 2008,
2010; Toy et al., 2010). The processes responsible for strain locali-
zation in ductiley deforming rocks have been studied through field
research, as well as experimental and theoretical investigations.
Field studies have identified a number of mechanisms responsible
for, or associated with, localization in ductiley deforming rocks,
an).
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including grain size reduction by either dynamic recrystallization
(Rutter and Brodie, 1988; Warren and Hirth, 2006) or by reaction
(Brodie and Rutter, 1987; Handy, 1989; Furusho and Kanagawa,
1999; Kruse and Stünitz, 1999; Newman et al., 1999; Handy and
Stünitz, 2002; Dijkstra et al., 2002), by the introduction of fluids
(Brodie,1980; Vissers et al.,1995) ormelt (Dijkstra et al., 2002), or as
a result of compositional variations (Toy et al., 2010; Webber et al.,
2010). Experimental and theoretical investigations have extended
our understanding of localization processes in ductiley deforming
materials through quantitative evaluation of the influence of vari-
ables such as relative viscosities in polyphase materials, relative
abundance and spatial distribution of “hard” and “soft” phases, and
changing rheologies during deformation (e.g., Tharp, 1983; Jordan,
1987; Rutter and Brodie, 1988; Handy, 1994; Bloomfield and
Covey-Crump, 1993; Govers and Wortel, 1995; Dell’Angelo and
Tullis, 1996; de Bresser et al., 1998, 2001; Montési and Zuber,
2002; Holyoke and Tullis, 2006; Takeda and Griera, 2006; Jessell
et al., 2009).

While the mechanisms responsible for localization have been
explored, less attention has been devoted to the controls on the
location and scale of localization in ductiley deforming rocks. Field,
experimental and theoretical studies indicate that the initiation of
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localized deformation requires a geometric heterogeneity. Within
the upper and middle crust, fractures may provide sufficient
heterogeneity to result in localized deformation, often aided by the
introduction of fluids (e.g., Mitra, 1978; Beach, 1980; O’Hara, 1988,
1990; Fitz Gerald and Stünitz, 1993; Newman and Mitra, 1993;
Stünitz and Fitz Gerald, 1993). Within the lower crust, where high
temperatures and pressures do not favor fracturing, heterogeneities
may be provided by variations in rock type or by zones through
which fluids have been introduced. However, the upper mantle is
thought to be compositionally more homogeneous than the crust,
and free fluids may not always be present in the upper mantle (e.g.,
Newman et al., 1999).

We have attempted to determine the controls on location and
scale of localization in mantle rocks, with respect to a shear zone
developed within upper mantle peridotites and exposed as the
Turon de Técouère peridotite body, France. Strain localization
resulted, in part, from a reaction associated with decreasing
temperatures and pressures. The deformation microstructures,
deformation mechanisms and chemistry of these rocks are dis-
cussed in detail in Vissers et al. (1997) and Newman et al. (1999),
and are reviewed below. This contribution focuses on poly-
crystalline porphyroclasts, observed only within the highest strain
zone of the peridotite body that, when compared with less
deformed rocks outside the high strain zone, suggest that a varia-
tion in grain size existed within these rocks prior to the reaction-
enhanced deformation. For reaction-involved deformation, initial
grain size is crucially important as it controls both the surface area
available for nucleation of new grains and the length scale for
diffusive mass transfer. We argue that the initial variation in grain
size across the Turon de Técouère peridotite body that existed prior
to the reaction-enhanced deformation served as the heterogeneity
that determined the location and thickness of the high strain zone.
2. Background

Turon de Técouère is exposed in the Northern Pyrenean Zone,
north of the North Pyrenean Fault. Alpine thrusting and subsequent
erosion has brought the Variscan basement of the Axial Zone and
the North Pyrenean peridotite massifs to the surface (Fig. 1a;
Fabriès et al., 1991; Vissers et al., 1997). The Turon de Técouère
peridotite is about 600 m across (Fig. 1b). The rocks exposed in the
body are spinel- and plagioclase- bearing lherzolite mylonites.
Protomylonites (w40% matrix) dominate the southwest portion of
the body, with mylonites (w80% matrix) making up the northeast
portion. A layer, about 25e40 m thick, of ultramylonites (w90%
matrix) transects the mylonite domain at a low angle.

The mylonites at Turon de Técouère formed by a reaction-
dominated deformation event (Newman et al., 1999). The fine-
grained matrix was produced by neocrystallization as a result of
a continuous netetransfer reaction written as:

orthopyroxene1 þ clinopyroxene1 þ spinel1 þ plagioclase1
þ olivine1 ¼ orthopyroxene2 þ clinopyroxene2 þ spinel2
þ plagioclase2 þ olivine2 ð1Þ
Changes in mineral chemistry, from porphyroclast compositions to
matrix compositions, are consistent with this reaction occurring
while temperatures were decreasing. Orthopyroxene in the matrix
is depleted in Al and Ca relative to the porphyroclasts, clinopyr-
oxene matrix grains are depleted in Na and Al relative to clino-
pyroxene porphyroclasts, and spinel matrix grains are depleted in
Al and Mg. Olivine does not show large variations in compositions,
but matrix grains contain higher Mg than porphyroclasts.
Geochemical analyses of these phases are provided in Newman
et al. (1999; Fig. 11 and Tables 1e3). This continuous reaction is
associated with the transition from the medium-pressure spinel
lherzolite metamorphic facies to the low-pressure plagioclase
lherzolite facies at pressures around 0.5e1 GPa. Note that while
plagioclase was not present in the initial spinel lherzolite assem-
blage, we have included plagioclase1 as a reactant, because the
chemical analyses of plagioclase grains suggest that they continued
to react after formation (Newman et al., 1999). Geothermometry
based on compositions of matrix grains formed during the reaction
yield temperatures between 850 and 700 �C, while porphyroclasts
yield higher temperatures (w1000 �C) (Newman et al., 1999).

Porphyroclasts in the protomylonites are approximately
0.2e1 cm in diameter, and the reaction resulted in the formation
of fine new grains, 2e25 mm in diameter, observed within proto-
mylonites, mylonites and ultramylonites. The fine-grained matrix
within the mylonites and ultramylonites exhibits a weak lattice
preferred orientation with a concentration of [100] perpendicular
to the lineation (Newman et al., 1999, see Fig. 8b), few dislocations,
and alignment of grain boundaries (Newman et al., 1999). These
observations are consistent with deformation by grain-size
sensitive creep (e.g., Boullier and Gueguen, 1975; Schmid et al.,
1977; Brodie and Rutter, 1987; Drury and Humphreys, 1988;
Passchier and Trouw, 2005; Sundberg and Cooper, 2008). Recent
experimental results by Sundberg and Cooper (2008) particularly
support this interpretation. They deformed fine-grained
(w2e5 mm) olivine-orthopyroxene aggregates at low stresses
(<20 MPa) and observed an olivine LPO similar to the one
observed from the Turon de Técouère rocks, with olivine [100]
perpendicular to the lineation. Sundberg and Cooper (2008)
suggest that their samples deformed by diffusion-accommodated
grain boundary sliding.

Weakening of the rocks, and strain localization, within the
mylonite and ultramylonite domains resulted from a change in the
dominant deformation mechanism from dislocation creep within
porphyroclasts to diffusion creep within the fine-grained matrix.
3. High strain zone (present-day mylonite and ultramylonite
domains)

Evidence for strain localization can be very difficult to ascertain
within high-grade rocks. At Turon de Técouère, in addition to the
increase in the percentage of fine-grained matrix from proto-
mylonites to the ultramylonites, higher strains within the ultra-
mylonites are suggested by variations in the thicknesses of the
spinel-bearing pyroxenite layers within the protomylonite and
mylonite domains. Within the protomylonite domain, the pyroxe-
nite layers are typically between 2 and 5 cm thick (Fig. 2a).
Pyroxenite layers within the mylonite domain are generally only
1e2 cm thick (Fig. 2b), and are often cross-cut by local bands,<1 cm
thick, of ultramylonites (zones that contain a slightly higher
percentage of matrix (>90%)). Within the ultramylonite domain,
pyroxenite layers are rarely observed. The progressively decreasing
thickness of the pyroxenite bands suggests a progressive increase in
strain, and thinning out of the bands, from the protomylonites to
the mylonites to the ultramylonites.

In addition, the ultramylonites transect the mylonite domain at
a low angle, suggesting that at least some deformation within the
ultramylonite domain occurred later than within the mylonites,
and accommodated additional strain. This is further supported by
the thin ultramylonite zones that transect, and cross-cut, pyroxe-
nite layers within the mylonite domain.

While thepercentageofmatrix grains is very similar between the
mylonites andultramylonites (80% vs. 90%), there exist other aspects
of their microstructures that suggest that the ultramylonites may



Fig. 1. (a) Structural sketch map of the Pyrenees, showing the location of the Turon de Técouère and other peridotite bodies. Cross-section based upon ECORS deep seismic
reflection study (ECORS, 1988). NPF e North Pyrenean Fault. (b) Structural map of Turon de Técouère showing distribution of main mylonitic domains.
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have accommodated greater strain. First, there exists a composi-
tional layering in these rocks of olivine-orthopyroxene bands
alternating withmore polyphase bands (olivine, plagioclase and Cr-
spinel); this layering is better developed within the ultramylonites
than in the mylonites. The polyphase bands are generally finer-
grained (2e10 mm) than the olivine-orthopyroxene bands
(5e25 mm) and are more continuous and better defined within the
ultramylonites (compare Fig. 2c and d). In the ultramylonites, the
foliation is defined by a dimensional preferred orientation of the
grains, parallel to the foliation, aswell. Forexample, the longestgrain
diameters of olivine and orthopyroxene grains tend to be parallel to
the foliationwithin the ultramylonites, while in themylonites there
is significant variation in the angles between the longest grain
diameters and the foliation (Fig. 3). In addition, grain boundary
alignments, suggesting deformation by grain boundary sliding, are
best developed in the ultramylonite domain (Fig. 2e). While we
cannot quantitatively determine the contribution of grain boundary
sliding to the strain in these rocks, thewell-developed alignments in
the ultramylonites suggest that they may have accommodated
greater strains within the ultramylonites than in the mylonites.



Fig. 2. (a) Pyroxenite band (arrows) in protomylonite. Band isw3 cm thick (width of hammer handle 4 cm) (b) Pyroxenite bands (arrows) in mylonite. Bands arew1 cm thick. (c and
d) Foliation in mylonite (c) and ultramylonite (d) samples. Light colored bands are composed of predominantly olivine and orthopyroxene. Thin dark-colored bands are more
polyphase composed of spinel, clinopyroxene and plagioclase, in addition to olivine and orthopyroxene. Compositional banding is more continuous in ultramylonite samples. Cross-
polarized light. (e) Grain boundary alignments (indicated by arrows) in a polyphase band. Ultramylonite. Backscattered electrons (BSE). Decorated thin section (Kohlstedt et al.,
1976).
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The geometry of porphyroclast systems can also provide esti-
mates of the minimum amount of local shear strain. For delta and
sigma clasts, the total length of the matrix tails or wings derived
from the porphyroclast divided by the diameter of the clast gives
the minimum local shear strain accumulated in the vicinity of the
porphyroclast (Van den Driessche and Brun, 1987; ten Brink, 1996).
Based on spinel delta and sigma clasts, local shear strain estimates
of 6e25 are obtained for the ultramylonites and local shear
strains < 5 for the mylonites.

4. Polycrystalline porphyroclasts

Polycrystalline porphyroclasts, lozenge shaped porphyroclasts,
0.1 cme0.5 cm in diameter, composed of intermediate-size
(50e200 mm) olivine grains or pyroxene grains are observed within
the ultramylonite zone, and, rarely, within themylonite domain close
to the ultramylonite domain (Fig. 4a). The long axes of these lozenge
shapedclasts areparallel to themylonitic foliation. Theyhavenotbeen
observed within the protomylonite domain. Porphyroclasts within
the protomylonite domain are single crystals and vary in size from
approximately 0.2e1 cm. Geochemical analyses of the intermediate-
size grains within the polycrystalline porphyroclasts indicate
compositions similar to the porphyroclasts (Newman et al., 1999).

The intermediate-size grains that make up the polycrystalline
porphyroclasts show polygonal grain shapes. Straight grain
boundaries and triple junctions are common (Fig. 4). Occasionally,
the intermediate-size pyroxene or olivine grains mantle clinopyr-
oxene or olivine porphyroclasts, respectively (Fig. 4b). The central
clasts typically show substructure (Fig. 4c, e, and Fig. 5a), also
observed in some of the intermediate-size grains (Fig. 5b). Insertion
of the gypsum plate when viewing the polycrystalline porphyr-
oclasts in crossed-polarized light suggests that the intermediate-
sized grains and the central clasts have similar lattice preferred
orientations (Fig. 4d). The olivine-rich polycrystalline porphyr-
oclasts frequently contain some orthopyroxene and spinel grains of
approximately the same grain size as the olivine (Fig. 6). Fine-
grained reaction products are observed around the outside of the
polycrystalline porphyroclasts, but also frequently along grain
boundaries within many polycrystalline porphyroclasts (Fig. 4).

Investigation of olivine polycrystalline porphyroclasts using
decorated samples (e.g., Kohlstedt et al., 1976) on the scanning
electron microscope reveals that most olivine grains in the



Fig. 3. Length of long axes of olivine and orthopyroxene grains vs. the angle of the axes to the foliation.
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polycrystalline porphyroclasts contain substructure (Fig. 5). Subgrain
boundaries are straight and tend to be similarly spaced as in por-
phyroclasts within the ultramylonite and mylonite domains (mean
subgrain size 8.7 mm and 9.5 mm, respectively). All porphyroclasts,
including the polycrystalline porphyroclasts, contain higher dislo-
cation densities than matrix grains, and porphyroclasts in proto-
mylonites contain higher dislocation densities (1.17 � 1013/m2) than
porphyroclasts in mylonites (2.85 � 1012/m2) and ultramylonites
(3.35 � 1012/m2).
4.1. Lattice preferred orientation and misorientation in
a polycrystalline porphyroclast

The microstructure and lattice preferred orientations in one
polycrystalline porphyroclast from an ultramylonite have been
studiedusingelectronbackscatteredpatternsona scanningelectron
microscope (e.g., Prior et al.,1999). Thepolycrystallineporphyroclast
is composed predominantly of olivine, with minor orthopyroxene
and spinel (Fig. 6). Individual grains in the polycrystalline porphyr-
oclast range from 25 to 150 mm in diameter. In the center of the
polycrystalline porphyroclast is a larger olivine grain (400 mm
diameter) that is likely a remnant of a former porphyroclast.

The grains that make up the polycrystalline porphyroclast show
a preferred orientationwith [100] forming a broad point maximum
at a low angle (w15�) to the lineation within the ultramylonites,
and [010] forming a broad point maximum subperpendicular to the
foliation and lineation within the ultramylonites (Fig. 7a).

The large olivine grain in the center of the polycrystalline por-
phyroclast containsmany subgrains that accommodate a cumulative
lattice misorientation of 15� across the grain (Fig. 7b). The general
orientations of these subgrains are close to the point maximum
defined by the grains surrounding the central grain. Most of these
subgrain boundaries are very low angle subgrains with misorienta-
tions less than twodegrees, but several boundaries occurwithhigher
misorientations ranging between 2 and 7� (Fig. 6). Polygonal, inter-
mediate-sized grains are separated from the large central grain by
intermediate angle boundaries with misorientations ranging from
15 to 50� (Fig. 6). Subgrainswithin the polygonal grains show similar
spacings as within the central clast (compare Fig. 5a and b).

Misorientation angles across olivine grain boundaries have been
measured throughout the polycrystalline porphyroclast. The
misorientation angle distribution (MAD) shows a roughly bimodal
distribution, with most boundaries either low angle boundaries
(4 < 5�) or high angle boundaries (4 ¼ 75e110�) (Fig. 8a). The MAD
of low angle subgrain boundaries is strongly skewed towards low
angles (Fig. 8b). Most low angle boundaries have misorientations
less than 2�, but there is a significant number of higher angle
subgrain boundaries (4¼ 2e12�). Fig. 8c shows a plot of cumulative
lattice misorientation across the large central grain and the adja-
cent polygonal grains. The misorientation across individual
boundaries and the cumulative misorientation across the grain
both tend to increase away from the center of the large grain.
Several of the polygonal grains have similar orientations to the
adjacent part of the large grain (Fig. 8c).
5. Discussion

5.1. Development of polycrystalline porphyroclasts

The microstructures of the polycrystalline porphyroclasts
suggest that the intermediate-size (50e200 mm) polygonal grains
that compose these clasts, and the intermediate-sized grains



Fig. 4. Optical photomicrographs, crossed-polars. (a) Polycrystalline porphyroclast within an ultramylonite. Clast is composed of olivine grains, with minor orthopyroxene. (b)
Intermediate-size (50e200 mm) grains mantle a large olivine clast within an ultramylonite. (c) Olivine clast with subgrains mantled by intermediate-size grains. (d) Image of same
area as shown in c, with gypsum plate inserted. Intermediate-size grains have similar orientation as central clast. (e) Olivine clast showing subgrain development.

Fig. 5. (a) Subgrains (arrows) within the large central clast of a polycrystalline porphyroclast within an ultramylonite. Other white lines and points are dislocations. Decorated thin
section imaged with BSE. (b) Subgrains (arrows) within intermediate-size grains of a polycrystalline porphyroclast. Ultramylonite. Orientation contrast imaging (forescattered BSE)
on SEM.
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Fig. 6. (a) Orientation contrast images (forescattered BSE) across portion of polycrystalline porphyroclast. Ultramylonite sample. (b) Sketch of boundary misorientations in (a). Gray
line (AeA0) indicates transect across boundaries shown graphically in Fig. 7c. Numbers indicate misorientation angle, in degrees, of adjacent boundary. Large central clast is enclosed
by grain boundaries with >10� misorientation.
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(50e200 mm) observed at themargins of some porphyroclasts, have
formed by dislocation creep accommodated dynamic recrystalli-
zation. The [100] of grains that make up the polycrystalline por-
phyroclast studied in detail cluster at a small angle to the lineation
and [010] are subperpendicular to the foliation, consistent with
high temperature dislocation creep ([100](010)-slip) in olivine
(Nicolas and Poirier, 1976). Also, the misorientation angle distri-
bution is typical for materials that have deformed by dislocation
creep with concurrent recovery and recrystallization involving the
development of new high angle grain boundaries by subgrain
rotation (Trimby et al., 1998, 2000; Fliervoet et al., 1999). The key
feature of the MAD is the occurrence of high angle subgrains and
new high angle grain boundaries. If recrystallization occurs by
extensive grain boundary migration, individual grains are swept by
grain boundaries before significant subgrain misorientations can
develop (Trimby et al., 2000; Neumann, 2000). The polygonal grain
shapes of the intermediate-sized grains and irregular shape of the
grain boundaries of the porphyroclasts they mantle suggest that
grain boundary migration may also have contributed to the
formation of the recrystallized grains. These findings suggest that
dislocation creep accommodated dynamic recrystallizationwas the
dominant deformation mechanism in the polycrystalline porphyr-
oclasts. The LPO’s are consistent with dynamic recrystallization at
temperatures greater than 950 � 50 �C (Nicolas and Poirier, 1976),
which is in agreement with geothermometry on polycrystalline
porphyroclasts reported by Newman et al. (1999) suggesting that
the dynamic recrystallization occurred atw1000 �C. The changes in
the mineral chemistry between the polycrystalline porphyroclasts
and the fine grains in the matrix suggest that the deformation
dominated by dynamic recrystallization occurred earlier, at higher
temperatures, than the deformation dominated by reaction and
grain-size sensitive creep. In addition, we note that many of the
intermediate-size grains contain very fine grains (2e25 mm) along
their grain boundaries (Fig. 4), suggesting the reaction-dominated
event overprinted the earlier deformation.

Two factors suggest that some static recrystallization occurred
following the dislocation creep and concurrent recrystallization,
but prior to the reaction-dominated deformation event. First, the
relatively straight grain boundaries of the intermediate-size grains
within the polycrystalline porphyroclasts are consistent with
a reduction in the grain boundary lobateness typically associated
with dynamic recrystallization (Heilbronner and Tullis, 2002).
Second, the distinctly polygonal shapes of the intermediate-size
grains resemble the foam geometry expected for static recrystalli-
zation (e.g., Heilbronner and Tullis, 2002).

The dynamic recrystallization dominated deformation and the
reaction-dominated deformation may, therefore, be considered
separate events, possibly separated by some static recrystallization.
The closely spaced very low angle subgrain boundaries observed in
the large central grain and in the smaller polygonal grains were
probably produced during the later lower temperature reaction-
dominated deformation event.

5.2. Controls on scale and location of shear zone

Strain localization along the Turon de Técouère shear zone
occurred as a result of grain size reduction by reaction. Evidence for
the reaction is observed in all of the mylonite domains at Turon de



(100) ol40 Data

S L

(010) ol

S L

(001) ol

S L

S L

15 Data

(100) ol (010) ol (001) ol

S LS L

a Olivine grains within polycrystalline porphyroclast

b Subgrains within central grain of polycrystalline porphyroclast
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phyroclast. S ¼ foliation plane, L ¼ lineation.
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Técouère, but the highest proportion of fine-grained matrix
(2e25 mm) produced by reaction, and the highest strain, is
concentrated in the present-day mylonite and ultramylonite
domains. We suggest that the reaction was localized into these
zones because of the pre-existing finer grain size (50e200 mm).

The polycrystalline porphyroclasts, and the porphyroclasts sur-
rounded by intermediate-size grains, formed by dislocation creep
accommodated dynamic recrystallization at temperatures of
w1000 �C, and are observed only in the present-day ultramylonite
and mylonite zones, suggesting that the high temperature defor-
mation event was restricted to the area that now comprises these
zones. No evidence for dynamic recrystallization is observed in the
protomylonite domain. The high temperature deformation was
followed by a period of static recrystallization. Later deformation
and grain size reduction by reaction (850e700 �C) resulted in the
development of the present-day mylonites and ultramylonites in
the same zone that experienced the earlier high temperature
deformation. The later and lower temperature deformation took
place by a different mechanism (reaction to a very fine grain size
and grain size sensitive creep) than the earlier deformation
(dislocation creep accommodated dynamic recrystallization).

The 50e200 mm grains that compose the polycrystalline por-
phyroclasts observed in the ultramylonite domain indicate the
initial grain size (w50e200 mm) in the ultramylonite domain
before the reaction and associated grain size reduction. The cm-
scale porphyroclasts in the protomylonite domain indicate the
initial grain size (cm-scale) in the protomylonite domain. Therefore,
grain size varied across the region prior to the beginning of the
deformation event dominated by reaction.

Grain boundaries and dislocations act as sites for easier nucle-
ation, enabling nuclei to be formed with lower activation energies
than in homogeneous crystals (e.g., Spry, 1983; Brodie, 1980 and
others listedwithin), so that the nucleation ratemay be increased. A
similar effect of initial grain size on nucleation of dynamically
recrystallized grains is known from cubic metals (Sakai and Jonas,
1984). Enhanced nucleation may also result from greater disequi-
librium as a consequence of higher dislocation densities (e.g.,
Wintsch and Dunning, 1985; Stünitz, 1998). The porphyroclasts in
the protomylonites in these rocks contain higher dislocation
densities than porphyroclasts within the mylonites and ultra-
mylonites. Disequilibrium resulting from higher dislocation densi-
ties, therefore, might be expected to result in higher rates of
nucleation in the protomylonites than in the ultramylonites. As we
see the opposite effect, greater nucleation of new phases in the
present-day ultramylonite and mylonite domains than in the pro-
tomylonite domain, we suggest that the finer grain size in the
present-day ultramylonite domain was dominantly responsible for
enhanced nucleation. The finer grain size resulted in greater grain
boundary surface area available to act as sites for nucleation of new
grains. In addition the initial grain size controls the length scale of
mass transfer needed for the local reactions along the grain
boundaries. Therefore, the percentage of fine-grained (2e25 mm)
matrix, produced by reaction, increased more rapidly in the finer-
grained domain (the present-day ultramylonite domain) than in the
coarser-grained domain (the present-day protomylonite domain).

In the Turon de Técouère rocks, the fine-grained (2e25 mm)
matrix deformed by diffusion accommodated grain size sensitive
creep and was therefore weaker than coarser grains (porphyr-
oclasts and polycrystalline porphyroclasts) that deformed by
dislocation creep. The fine-grained matrix, therefore, constituted
the “weak” phase, while the porphyroclasts constituted the
“strong” phase. Experimental and theoretical studies have investi-
gated localization processes in 2-phase materials (see review by
Jessell et al., 2009). Most of these studies have suggested that when
a critical percentage of a weak phase has been created within
a rock, the rheology of the rock as a whole will be controlled by the



Fig. 8. Boundary misorientations within a polycrystalline porphyroclast. (a) Misori-
entation angles across boundaries of all adjacent olivine grains measured within
a polycrystalline porphyroclast. (b) Low angle boundaries only (<20� misorientation).
(c) Boundary misorientations (open circles) and cumulative misorientations (closed
circles) in transect (AeA0) across large grain and some adjacent grains within the
polycrystalline porphyroclast shown in Fig. 6.
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strength of the weaker phase; most studies indicate that this
transition will occur at 20e30% weak phase (e.g., Tharp, 1983;
Rutter and Brodie, 1988; Jordan, 1987; Handy, 1994; Jessell et al.,
2009 and references therein). Moreover, the contiguity of the
weak phasemay bemore important that the absolute percentage of
weak phase, with w30% weak phase necessary for that phase to
form a connected matrix or load-bearing network (e.g., Handy,
1990; Bloomfield and Covey-Crump, 1993; Dell’Angelo and Tullis,
1996; Takeda and Griera, 2006; Jessell et al., 2009).
Grain size reduction by dislocation creep accommodated
dynamic recrystallization in the present-day mylonite and ultra-
mylonite domains, during the earlier deformation event, resulted in
a finer grain size (50e200 mm) in these domains, relative to the
present-day protomylonite domain. The finer grain size resulted in
greater surface area available for reaction during the reaction-
dominated deformation event. Therefore, the percentage of fine-
grained (2e25 mm) matrix increased to a critical percentage of the
rock within the mylonite and ultramylonite domains, so that
the strength of these rocks became matrix controlled while the
strength of the rocks in the present-day protomylonite domain
remained controlled by the porphyroclasts. Strain localization
occurred because the contrast in stress or strain rate between the
fine-grained (matrix-controlled) zone and the coarser-grained zone
resulted in a sufficient heterogeneity between the two zones (e.g.,
White et al., 1980; Bloomfield and Covey-Crump, 1993; Govers and
Wortel, 1995; Montési and Zuber, 2002; Jessell et al., 2009).

The localization in the present-day mylonite and ultramylonite
domains may be considered a combination of “inherited” locali-
zation and “dynamic” localization, as defined byMontési and Zuber
(2002). “Inherited” localization is controlled by pre-existing zones
of weakness (e.g., compositional heterogeneities or zones along
which alteration has taken place), while “dynamic” localization
results from evolvingmicrostructures during deformation. The pre-
existing structure in the present-day mylonite and ultramylonite
domains (50e200 mm grains) was not necessarily weaker than the
cm-scale porphyroclasts in the protomylonite (during a deforma-
tion dominated by dislocation creep). However, the 50e200 mm
grains in the present-day mylonite and ultramylonite domains
evolved differently during deformation than the present-day pro-
tomylonite domain, nucleating a very fine-grained matrix, and
achieving a “weak” phase controlled network (deforming by
diffusion accommodated grain-size sensitive creep), while defor-
mation in the protomylonite domain was controlled by dislocation
creep in cm-scale porphyroclasts. The “zone of weakness” evolved
during the deformation (“dynamic” localization) as a result of a pre-
existing microstructural heterogeneity.

In the Turon de Técouère rocks, the source of the variation in
grain size was a pre-existing shear zone. This leads to the question
of what controlled the location of this earlier deformation. Unfor-
tunately, there remains too little microstructural evidence and, in
particular, too little spatial information from this early high
temperature deformation event to answer this question.
5.3. Mylonite vs. ultramylonite domains

Both the mylonites and the ultramylonites show significantly
higher percentage of fine-grained matrix (80% and 90%, respec-
tively) than the protomylonites (40%). Both the mylonite and
ultramylonite domains show evidence for the earlier higher
temperature deformation event, although the polycrystalline por-
phyroclasts in the ultramylonite domain, when compared with the
porphyroclasts rimmed with intermediate-size grains in the
mylonite domain, suggest that the earlier deformation event was
concentrated in the present-day ultramylonite domain.

While the mylonite and ultramylonite domains show similar
microstructures, there is evidence, discussed above, suggesting that
the ultramylonite rocks accommodated higher strain than the
mylonites. While a critical percentage of fine-grained matrix, and
contiguity of that matrix, is necessary for the rheology of the rock to
be controlled by the matrix (e.g., Tharp, 1983; Jordan, 1987; Rutter
and Brodie, 1988; Handy, 1990, 1994; Bloomfield and Covey-Crump,
1993; Takeda and Griera, 2006; Jessell et al., 2009), the variation in
strain between the mylonite and the ultramylonite in these rocks



J. Newman, M.R. Drury / Journal of Structural Geology 32 (2010) 832e842 841
suggests that other variables have influenced the strength of these
rocks.

An increase in strain from the mylonites to the ultramylonites
may be partly a result of the slightly higher percentage of fine-
grained matrix. A critical volume fraction of matrix may be
necessary for the destruction of the load supporting framework of
large grains, but once this threshold has been passed, the strength
may still depend on the volume fraction of matrix. This effect will
be stronger within rocks that are deforming with a linear or near
linear viscosity (i.e., diffusion accommodated grain-size sensitive
creep, as inferred for these rocks) than in rocks deforming
according to a non-linear flow law (e.g., Jessell et al., 2009).

The microstructures developed during deformation, however,
may also exert a strong influence on the strength (e.g., Handy,
1990). We have observed several differences in microstructures
between the mylonites and ultramylonites, including better
developed compositional layering of olivine-orthopyroxene bands
alternating with more polyphase bands (mainly olivine, plagioclase
and Cr-spinel) within the ultramylonites (Fig. 2c and d). The poly-
phase bands are finer-grained (2e10 mm) than the olivine-ortho-
pyroxene bands (5e25 mm). Deformation of the fine-grainedmatrix
is inferred to have taken place by diffusion accommodated grain-
size sensitive creep according to the general equation:

_3 ¼ A
�
s1

d3

�
eð�H

RT Þ (2)

where d ¼ grain size, s ¼ stress, and 3
� ¼ strain rate. As strain rate

varies with grain size to d3, the finer grain size in the polyphase
bands, which are very well developed within the ultramylonites,
may have resulted in lower stresses and faster strain rates, allowing
the accommodation of higher strains. It is possible that olivine-
plagioclase aggregates are also intrinsically weaker than olivine-
orthopyroxene aggregates (Furusho and Kanagawa, 1999),
although, experimental studies for grain-size sensitive creep in
feldspar (Wang et al., 1996; Wang and Ji, 2000; Rybacki and Dresen,
2004) suggests that olivine and plagioclase have similar strength at
the same grain size.

The presence of the polycrystalline porphyroclasts predomi-
nantly within the ultramylonite domain suggest that the interme-
diate-size grains (50e200 mm), formed by dynamic
recrystallization at 1000 �C, were more prevalent within the
present-day ultramylonite domain than in the present-day
mylonite domain. Thus, the percentage of fine-grained matrix may
have accumulated more rapidly within the present-day ultra-
mylonite domain. As deformation progressed, the ultramylonite
matrix may have had greater time and opportunity for the rear-
rangement of the microstructure into bands with different
compositions and grain sizes, and forming grain boundary align-
ments, allowing for increased strains.
6. Conclusions

Strain localization occurred as a result of a change in the
dominant deformation mechanism from dislocation creep in por-
phyroclasts to grain-size sensitive creep in the fine-grained matrix
as the percentage of fine-grained matrix, produced by reaction,
increased in these rocks. The percentage of fine-grained matrix
increased more rapidly in the ultramylonite domain relative to the
protomylonite domain because there was a pre-existing fine grain
size in the present-day ultramylonite domain. The finer initial grain
size provided greater grain boundary surface area for the nucle-
ation of new grains and a reduced length scale for diffusive mass
transfer, resulting in rapid grain size reduction in the ultramylonite
domain. Themore rapid grain size reductionwithin the ultramylonite
domain, relative to the protomylonite and mylonite domains, led
to localization of the strain in the present-day ultramylonite domain.

The variables that influence the scale and location of shear zones
are complex, and may include: pre-existing structure or micro-
structure; prevailing pressure, temperature and fluid conditions as
well as changes in these variables over time; and changes in
microstructure and/or mineralogy that occur during deformation.
Changes in microstructure during deformation, in particular, may
result in single localized shear zones accommodating large
displacements over time (e.g., Schmid et al., 1977; Mitra, 1984;
Handy, 1989).

In the Turon de Técouère rocks, strain localization resulted from
the combination of an inherited microstructural variation across
the zone (i.e., grain size variation) and a change in microstructure
induced during shearing (grain size reduction by syntectonic
reaction). The response of the inherited microstructure to defor-
mation during changing pressure and temperature conditions over
time controlled the scale and location of the reaction-enhanced
shear zone.
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