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Abstract: Unraveling the kinematic and rheological evolution of tectonic contacts it is crucial to understand mass
distributions across an orogen. Reactivation of structures is common and might lead to the misunderstanding of the
structural evolution. As a consequence, unequivocal determination of the shear sense is required in major contacts.
Besides, the interpretation of deformative linear fabrics as transport direction is always a controversial task. The Bazar
Shear Zone (BSZ) represents a major regional contact between two allochthonous units in the Ordenes complex (NW
Spain), the metagabbroic Monte Castelo unit, with magmatic arc affinities above, and the Bazar ophiolite, below.
Previous regional works interpreted the contact as a top-to-the E thrust related to the formation of the Variscan
tectonic pile. New crystallographic preferred orientation or texture (TOF-neutron diffraction) and shape fabric data in
mylonitic amphibolites suggest that the BSZ recorded a different flow direction, with a top-to-the S shearing.
Microstructural analysis suggests a complex interaction of frictional and viscous mechanisms within the shear zone
that is compatible with the prevalence of dissolution-precipitation creep. Mechanical and regional implications are
discussed.
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Introduction

Allochthonous units in the NW Iberian Massif

In the NW of the Iberian Massif, an allochthonous
nappe stack crops out in five complexes. The Ordenes
complex is the largest one, where a complete pile of units
can be identified (Gomez Barreiro et al., 2007; Martinez

Figure 1. Geology of the Ordenes complex
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Catalan et al., 2009). Units have a distinct tectonometa-
morphic imprint and are separated by tectonic accidents.
From bottom to top, in structural order they are: Basal,
Ophiolitic, and Upper units, the last one subdivided into
High Pressure — High Temperature (HP-HT) units below,
and Intermediate — Pressure (IP) units above (Fig. 1 A).
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(A) Geological map of the Ordenes complex and its location in the Iberian Massif (NW Spain). (B) Geological map and
representative sections of the NW of the Ordenes complex, where the Bazar ophiolite unit and its relationship with Upper
and Basal units are depicted. The inset shows the location of Figure 2. Based on Abati et al., (1999).

Basal units are considered the outermost margin of
Gondwana by the time of Variscan orogen (Martinez
Catalan et al., 2009). They include terrigenous and meta-
igneous rocks which recorded the subduction under the
acrectionary pile during Late Devonian (Abati et al.,
2010). The exhumation of the Basal units was driven by
ductile eastward thrusting, with the development of re-
gional recumbent folds .

Ophiolitic units represent different oceanic realms ex-
isting between the colliding continents Laurrussia and
Gondwana at that time (Rheic ocean; Arenas et al.,

2007). Differences in lithological association, chemical
signature and age, led to a subdivision into Upper and
Lower ophiolitic units (Fig.1 A; Arenas et al. 2007, San-
chez Martinez et al. 2009, 2011, and references therein).
This assemblage appears tectonically dismembered, and
defines the suture of the Varican orogen in this sector. In
some units it is recognized a pre-collisional structure,
represented by high-T shear zones with a top-to-the ENE
sense of shear, probably initiated in an intraoceanic sub-
ductive system, and followed by the building of the ac-
cretionary wedge (Diaz Garcia et al, 1999; Gomez
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Barreiro et al., 2010a). The emplacement of the suture
and overriding units occurs through a system of out-of-
sequence thrusts, which led to an imbricate architecture.
A top-to-the SE shear sense is commonly associated with
this event, but it has not been widely confirmed to a re-
gional scale (Martinez Catalan et al. 2002).

Upper units include terrigenous metasediments and
metaigneous rocks with arc affinity. HP-HT units consist
of paragneisses, basic and ultrabasic metaigneous rocks,
metamorphosed under HP granulite to eclogite facies
conditions (Martinez Catalan et al. 2002; Gomez Bar-
reiro et al., 2006). IP units include terrigenous metasedi-
ments and bodies of amphibolites, gabbros and orthog-
neisses. Metamorphic grade ranges from granulite facies
in the lower parts to greenschist facies on top. A polyoro-
genic evolution is proposed for the Upper units, where
several metamorphic cycles and related structures have
been identified and dated (Martinez Catalan et al., 2002;
Gomez Barreiro et al. 2006, 2007a).

The structural evolution of the Variscan suture

Sutures are exceptional witnesses of the orogenesis.
Their role as a boundary between colliding continents
gives suture units a puzzle nature, and, in many cases, re-
cord critical events of pre-collisional and collisional
stages (GOmez Barreiro et al., 2010a; Diez Fernandez et
al. in press).

In this paper we are focusing on the Variscan suture
that appears in the NW of the Ordenes complex (Fig. 1).
In particular we will examine the contentious contact be-
tween the IP Upper units and the Ophiolites, named re-
spectively, after local places, the Monte Castelo and Ba-
zar units (Abati, et al., 1999). Regional correlation sug-
gests that this contact could be part of the out-of-se-
guence thrusts system (Martinez Catalan, 2002). Howev-
er, reported structural data in the literature indicate a top-
to-the E sense of shear (Diaz Garcia, 1990), and may in-
dicate that an older, in-sequence, architecture could be
preserved there.

The Bazar ophiolite

The Bazar unit consists of serpentinized ultrabasic and
basic metaigneous rocks (gabbros and minor pegmatoid
gabbros). The unit represents an N-MORB oceanic litho-
sphere, probably formed in Late Cambrian times (San-
chez Martinez, 2009). Tectonometamorphic evolution in-
cludes: 1) a low/intermediate — pressure granulite-facies

episode, which are preserved in boudins within metaba-
sites, (~7 kbar/ ~700°C; Diaz Garcia, 1990; Sanchez
Martinez et al., 2009), and 2) a general retrogression un-
der amphibolite and greenschist facies conditions.

An imbricate structure is recognized, with several sli-
ces repeating the basic and ultrabasic association (Diaz
Garcia, 1990). Imbrications are limited by faults, in
which kinematic criteria are scarce. Those reported in the
literature and confirmed in this work suggest a top to the
E and NE sense of shear. The main imbrication is located
on top of the Bazar unit, and is called the Carballo-Bazar
slice. The slice consists of 3500-4000 m of metabasites
(amphibolites and flasergabbros) with a foliation devel-
oped under HT amphibolite facies conditions (Diaz Gar-
cia, 1990; Sanchez Martinez et al., 2009).

Besides the internal structure of the Bazar ophiolite,
the nature of the upper and lower boundaries is contro-
versial. Both limits were soon recognized as tectonic con-
tacts (e.g. Warnaars, 1967; Diaz Garcia, 1990). The low-
er boundary separates the Bazar ophiolite and the Basal
units (Diaz Garcia, 1990) and has been interpreted alter-
natively as an extensional or thrust fault (Gomez Bar-
reiro, 2007b). It has been demonstrated recently that this
contact represents a reactivated shear zone, where several
extensional detachments overlap previous thrust faults
during the gravitational collapse of the Variscan pile
(Gomez Barreiro et al. 2010b; Diez Ferndndez et al.
2012).

The nature of the upper boundary is unclear. It sepa-
rates the ophiolite from the base of the IP Upper units
above: the Monte Castelo unit (Abati et al., 1999). Dif-
ferent lines of evidence suggest a complex evolution of
the tectonic contact. For example, the absence of HP-HT
Upper units between the Monte Castelo and Bazar units
might be due to a subtractive accident, in the form of an
extensional or out-of-sequence low angle shear zone.
(Martinez Catalan et al., 2002). However documented
kinematic criteria to date are very rare and limited to one
observation at the N-S branch of the contact, with an
eastward sense of shearing (Diaz Garcia, 1990). New ob-
servations along NW-SE branch of the contact are pre-
sented below, in order to shed light on the structural evo-
lution of this contact.
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The Bazar shear zone

Structure and kinematics

Along the NW-SE branch of the unit, close to the Ba-
zar village, a new ductile high-strain zone has been iden-
tified: The Bazar shear zone (BSZ). The thickness of the
shear zone is about 600 m from the contact with the
Monte Castelo unit (Fig. 2A, B). Within the shear zone,
amphibolites are the most common lithology, but some
lenses of phyllonitic metasediments and retrogressed ul-
tramafics have been identified. A penetrative foliation
(Sm) and lineation (Lm) are developed across the zone,
defined by mineral segregation of amphibole, plagioclase
and epidote into fine layers. Preferred orientation of am-
phiboles define a penetrative linear fabric with a general
N-S trend (Lm= 7/27N; Fig 2C).

Kinematic criteria are abundant within the shear zone,
and show a consistent top - to - the S sense of shear.
Shear bands (SC’C’’), asymmetric folds and c- porphyro-
clasts, are common structures (Passchier and Trouw,
1996). We have analyzed shear band fabrics (SC’; Lister
& Snoke 1984; Blenkinsop & Treloar 1995) to obtain
flow vectors (LSC’). This is calculated plotting the S-
and C’-plane intersection vectors into a stereoplot, and
rotating 90° the intersection vectors within the S planes
(Fig. 2D; GOmez Barreiro et al., 2010b). Average LSC’
flow vector is 172/32N (Fig. 2C).
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Figure 2. Geological context of the study
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(A) Geological map and section (B) of a representative sector of the Bazar shear zone (BSZ). Average fabric (S, Lm, Lsc)
data are represented. See the text for a discussion of tectonic contacts. (C) The geometrical calculation of a LSC’ vector
is explained (see Gomez Barreiro et al. 2010 for a discussion).

Petrology

There are different types of metabasites in the Bazar
shear zone. Mylonitic metabasites are the distinct product
of the shear zone. Beside, relics of undeformed or barely
deformed metabasites (metagabbros and high tempera-
ture amphibolites) could be found at different scales

within the mylonites. Those relics correlate well with
metabasites types outside the shear zone: Metagabbros
and HT-amphibolites.

Undeformed metabasites are more granoblastic, and
could preserve gabbroic textures (Fig. 3A, B), mineral
abbreviations after Kretz (1983). Brown amphibole
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(aml), rutile/ilmenite, and plagioclase define the primary
mineral assemblage. The am1 shows cloudy inclusions of
opaque minerals, interpreted as Fe-Ti exolutions related
to the retrogression of pyroxene (Diaz Garcia, 1990).
Apart from igneous relics, plagioclase-amphibole mix-
tures and load-bearing frameworks are the most common

microstructural configurations in these rocks (LBF, Han-
dy, 1994). Retrogression under the shear zone conditions
is also found, with epidote and green/blue amphibole
(am2) as the main secondary phases defining a rough fo-
liation (Fig. 3B).

Figure 3. Principal metabasite types across the Bazar shear zone
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Representative photographs under parallel (upper row) and cross polar (lower row) of principal metabasite types across
the Bazar shear zone, including mylonite protholiths (A and B) and mylonites. (A) Metagabbro relics with igneous texture
partially preserved are found. Igneous phases are not preserved in these samples, and only amphibolite facies assem-
blage related to HT event, identified in the Bazar unit, and a partial retrogression under mylonitic conditions are found. (B)
HT-amphibolite partially retrogressed under mylonitic conditions, in which a shape fabric is recognized. (C) Mylonites of
the Bazar shear zone are characterized by an heterogeneous deformation, with the development of protomylonitic to ul-
tramylonitic fabric. Segregation of phases led to the development of mylonitic layers. Sigmoidal prophyroclasts and C’
shear bands show a consistend top-to-the S sense of shear. Porphyroclasts of protholith brown amphibole (am1) are
preserved in protomylonitic domains, with abundant microcracks, sharp and straight grain boundaries and evidences of
dissolution-precipitation creep. Synkinematic blue/green amphibole (am2) grows at the strain shadows of am1 clasts.
See the text for a detailed discussion. Abbreviations: am1 : prekinematic brown amphibole; am2: blue/green synkinemat-
ic amphibole, PI: plagioclase, llm: ilmenite, Ttn: titanite, Rt: rutile, Ep: epidote, Qtz: quartz.

Mylonitic metabasites depict a strong nematoblastic
fabric and segregation of phases into amphibole and pla-
gioclase/epidote — rich layers (Fig. 3C). Most of amphib-
oles here show a distinct green/blue color (am2), and pla-
gioclase appears mixed with epidote grains in the matrix.
Ti-phase are ilmenite and titanite which lies along the
mylonitic foliation. ilmenite is found as inclusions in ti-
tanite grains in the most deformed volumes.

Deformation is highly heterogeneous at all scales. It is
commonly observed in mylonitic metabasites the
existence of two microstructural domains:

1) Protomylonitic domains, where inherited features
from undeformed metabasites (Fig. 3 A, B) are pre-
served, including brownish green amphibole porphyro-
clasts, and relics of igneous plagioclase porphyroclasts
partially transformed into the plagioclase-epidote matrix.

2) Mylonitic/ultramylonitic domains show a strong
grain-size reduction, where green/blue amphibole (am2),

The Bazar shear zone (NW Spain): Microstructural and Time-of-Flight neutron diffraction analysis
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epidote, quartz and plagioclase are the main constituents,
typically segregated into compositional bands. Chlorite is
scarce and could be located along some shear bands and
late microfractures.

Main mineral phases have been identified and charac-
terized in previous works (e.g. Diaz Garcia, 1990). Mi-
croprobe analysis of amphibole and plagioclase were re-
calculated from Diaz Garcia (1990) (Table VII-7), as-
suming, in the case of amphiboles, total cations equal to
13, except Ca, Na and K (Leake 1978; Spear and Kimball
1984; Leake et al. 2004; Yavuz 2007). It is found that
amphiboles, am1 and am2, are calcic amphiboles with
terms varying among magnesiohastingsite and tscherma-
kite, but pargasite, magnesio-hornblende and edenite
terms are also identified. Common plagioclase corre-
sponds to albite (An=3.2%; An % range= 7-0.5%).

We have applied semi-quantitative pressure indicators
like the Al content in hornblende (e.g. Anderson and
Smith 1995) and Ti in Ca-amphibole (e.g. Ernst & Liu,
1998), that suggests a retrograde trend from aml (~7.5
kbar), to am2 (~6 kbar), and a thermal range between
600° - 500°C (~ 0.67 TiO,; ~11.85 Al,03). Variation in
colour from brown, in aml (core), to blue, in am2 (rim),
in prophyroclasts (Fig. 3) could be also related to a re-
duction in Ti content across the crystal, and hence with a
decrease in temperature (e.g. Leake, 1965, Stokes et al.,
2012).

After those observations a qualitative evolution of the
assemblages could be suggested:

(1) Ca-rich plagioclase + Ti-rich brown amphibole
(am1l) + rutile/ilmenite + quartz

(2) albite + Ti-poor blue/green amphibole (am2) + ep-
idote + ilmenite/titanite + chlorite + quartz

The evolution from (1) to (2) is coherent with a transi-
tion from amphibolite to greenschists facies, in a broad
sense (Spear, 1993).

Microstructural analysis

Samples and reference system

In this section the main objective is to characterize the
evolution of microstructure across an ideal strain gradi-
ent, through the Bazar shear zone. From lower to higher
strain we find: a) relics of metagabbros and HT-amphibo-
lites, at different scales and degree of retrogression. They
are considered the mylonite protholiths. b) Mylonites,
which range from protomylonites to ultramylonites.

Protomylonites correspond to amphibolites with a signifi-
cant volume of protholith features, particularly, brown
amphibole (am1). Ultramylonites depict no relics of the
protholith.

Observations were carried out with petrographic mi-
croscopes on polished rock and thin sections cut perpen-
dicular to the foliation (Sm) and parallel to the lineation
(Lm) (XZ plane; Fig. 4). Mylonitic foliation at the out-
crop scale correlates with microscopic layering (Sm), de-
fined by alternation of amphibole- and plagioclase- rich
mylonitic domains.

Figure 4. Reference system for microstructural and texture
analyses

Y4

oo

Sm —1» X//Lm

XYZ reference system for microstructural and texture
analyses, where X is parallel to the mineral lineation
(Lm), and XY to the foliation (Sm). A cylinder parallel to
Y and perpendicular to X with a red arrow on top was
drilled for TOF texture analysis. A detailed inset shows
the fabric elements of an ultramylonitic level. Sm is
defined by the compositional layers, being parallel to
the shear zone boundary. A shape preferred orienta-
tion (SPO) fabric is identified inside each layer, with a
monoclinic symmetry, showing a top-to-the S sense
of shear. In the lower part, the reference system for
SPO analysis is depicted: shape ratio (SR = Long/
Short) and orientation (o = (%)) is defined by fitting an
ellipse to each grain. See the main text for a disscu-
sion.

Manually digitized micrographs were analyzed with
ImageJ, version 1.4 (W. S. Rasband, U.S. National Insti-
tute of Health, http://rsb.info.nih.gov/ij/, 1997-2011), and
SPO 2003, version 6, software (Launeau and Robin
1996; http://www.sciences.univ-nantes.fr/geol/
UMRG6112/SPO).The grain size (Dgg) is defined as the di-
ameter of the equivalent circle with the same area (A) as
the measured grain (Deq? = 4A/m; Heilbronner and Bruhn
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1998). Selected grain size distributions are plotted using
a normalized frequency (F/ Fyax, Fig. 5), but in general,

Table 1: summary of SPO results (part 3)

BAZAR SHEAR ZONE FABRICI
PROTOMYLONITES |

results are presented in parametric form (Table 1). Amphibaie s (o prrrprp—
Deq SR o Deq SR o
Mean 3343 2.0 2.7 37.8 3.9 0.3
Table 1: summary of SPO results (part 1) Median | 280.9 8 28 26.4 32 0.0 |vea: equivatent diammeter (1)
[RELICS OF PRE-SHEAR ZONE FABRICS: METAGABBRQ b J4b4 0S8 349 | 436 26 59 | SR shape ratio (long/short)
Kurtosis 1.0 7.0 0.2 3.6 75 1.3
Amphibele 1 (am1) Amphibole 2 (amz2) Epidote Skewness | 1.1 2.2 0.0 4.5 2.0 0.2 o (®)
Deg SR Ol Deg SR O Deg SR L P "y 1.0 -88.9 4.7 1.0 89.5
Mean 4214 2.0 39 83.8 25 35 73.2 23 4.6 Maximum | 1210.7 6.8 85.7 536.0 30.0 90.0
Median 3219 18 .o 724 22 8.2 554 2.0 7 Count 289 289 289 2118 2118 2118
sD 285.5 1.0 44.8 52.8 1.2 431 61.3 1.1 5.4
Kurtosis 0.3 221 0.8 2.4 32 0.8 9.1 2.0 BB} ULTRA- MYLONITES |
Skewness 0.9 4.1 0.3 1.3 1.6 0.1 25 1.5 0.1 Amphibole 2 (am2) Plagioclase (recrystallized) Epidote
Minimum | 17.4 1.1 -89.8 6.6 1.0 -89.6 6.6 1.0 -89.4 Deq SR o Deq SR o Deq SR [+
Meximum | 12752 75 83.0 320.3 8.9 876 | 446.9 6.7 90.0 Mean 27.8 7.7 21 17.7 2.9 3.9 148 3.2 1.8
Count 73 73 73 477 477 477 312 312 n Median 23.0 6.9 -2.9 15.3 2.7 -1.9 1.8 2.7 -2.3
Plagioclase (igneous) Flagioclase (recrystallized) sD 19.3 4.2 94 1.8 1.3 23.1 1.2 1.6 24.5
eq SR Deq SR e Deg: equivalent diammeter ( jun) Kurtosis 5.7 0.2 0.4 1.7 2.1 3.6 73 2.9 2.6
Mean 402.5 19 -0.7 79.6 2.0 3.5 . skewness | 2.0 0.8 0.5 1.2 1.3 o.1 2.1 1.5 0.1
" SR: sha) o 1 h
Median 3505 9 2.0 737 1.8 26 shape ratio (lang/short) Minimum | 1.3 14 239 L0 " 847 0.4 10 -89.8
so ) 1708 .7 394 473 0.8 45.3 a () Maximum | 133.0 217 315 69.6 8.9 84.7 92.6 1.9 90.0
Kurtosis | 0.5 45 o8 193 30 o9 Count 312 312 31 245 245 245 743 743 743
Skewness 0.6 1.7 0.1 2.9 1.5 -0.1
Minimum 126.4 1.1 -B8a 6.6 1.0 -88.5
Maximum | 770.0 4.3 81.2 476.0 6.0 90.0
Count 3 3 3 261 261 261

Table 1: summary of SPO results (part 2)

|RELICS OF PRE-SHEAR ZONE FABRICS: HT- AMPHIBOLITE |

Amphibole 1 (am1) Amphibole 2 (am2)

Deq SR o Deq SR o
Mean 426.6 2.6 6.1 84.6 3.3 3.9
Median 357.9 2.2 6.0 73.0 2.9 3.2
sD 296.4 1.3 19.1 56.0 1.8 25.5
Kurtosis 1.3 4.9 4.4 6.6 6.1 1.9
Skewness 1.2 2.0 0.6 1.8 1.9 -0.2
Minimum 6.6 1.0 -44.1 6.6 1.0 -88.3
Maximum | 1312.5 8.1 87.0 | 468.2 14.5 85.9
Count 102 102 102 458 458 458

Plagioclase (recrystallized) Epidote

Deg SR o Degq SR o
Mean 51.6 2.2 -6.8 103.2 2.0 6.4
Median 44.3 2.0 5.9 83.7 2.0 8.5
sD 33.3 0.9 36.2 74.8 0.7 36.9
Kurtosis 6.4 2.3 0.1 2.7 -0.1 -0.7
Skewness 1.8 1.4 0.2 1.6 0.8 -0.1
Minimum 6.5 1.0 -88.3 28.8 1.1 -64.5
Maximum | 262.0 6.2 90.0 315.6 3.7 74.1
Count 272 272 272 50 50 50

The shape ratio (SR) and the long-axis orientation of
each grain (a) are calculated from the inertia tensor of its
shape, (Jahne 1991) (Fig. 4). The SR/a graphs were con-
structed from those data (Fig. 6). Bulk SPOs (SR;, @),
were calculated by averaging the inertia tensor of each
grain, resulting in an SPO weighted by the area of each
grain (Launeau and Cruden 1998). Bulk SPOs were used
to correlate different aggregates across the shear zone,
and the relative contribution of each rock type to the gen-
eral fabric (Fig. 7) (Gomez Barreiro et al., 2010a). Mi-
crocracks are observed in amphibole porphyroclasts
(am1) of mylonites, and included in the discussion about
deformation mechanisms (Nyman et al. 1992; Shelley
1994; Imon et al. 2004). Main results of the analysis are
presented in Table 1.

The Bazar shear zone (NW Spain): Microstructural and Time-of-Flight neutron diffraction analysis
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Figure 5. Grain size distribution of main phases Figure 6. SR/a graphs for main mineral phases and rock
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Grain size distribution of main phases in protomylon- id behavior of the am1 grains (porphyroclasts) and the
ites/ mylonites and ultramylonites. Normalized fre- abundance of C’'C” shear bands which deflect the
quency (F/Fmax) of the grain equivalent diameter (Dgg) mylonitic foliation. Solid line represents foliation (XY
is plotted. plane; Fig. 4), dashed line, the average grain orienta-
tion (o), and the grey bar, the standard deviation (+SD)
of a (Table 1). The orientation of shear bands C’ and
C” are plotted for protomylonites. See the text for a
disscusion.
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Figure 7. Bulk shape preferred orientation

Bulk SPO - Inertia Tensor

A) SPO o
phases
— /%D &
SPO o -
/ rocks / /
SPO o=z
bulk /DQD - N - —
X V4 -
o <«
I — ="
I:I=I:l \. = I:Io/’/ = =]
=_ I =
\ _—
B)

Metagabbros

Pre-shear zone SPO fabrics @

@ 1020 sre=114 D=0

HT-amphibolites

n=777 SRy=1.79 ® =-4.9°

Protomylonites

Z E/ 2
N 7

n=907 SRy=1.97 ®=0.0°

E/ N
~_ - //A\\
n=1944 SR;=2.37 M =-1.3° @
N e

Ultramylonites

n=1427 SRy=2.45 O =-2.1°

Bulk shape preferred orientation, SPO, (SR;, ®), were
calculated in different steps by averaging the inertia
tensor of each grain, weighted by each area (Launeau
and Cruden, 1998). (A) All mineral phases are inclu-
ded, resulting in a mean inertia tensor for each litholo-
gy. Digitized grain boundaries were scaled and same
area for each rock type combined to build a represen-
tation of mylonitic and pre-mylonitic fabric. (B) Meta-
gabbroic rocks show a very weak SPO, while HT-am-
phibolites define a weak to moderate fabric. Combin-
ing both microstructures a bulk SPO for pre-shear

zone fabric is obtained. As explained in the text, some
synkinematic phases exist both in metagabbros and
HT-amphibolites, so bulk SPO should be interpreted
as very low strain rocks within the shear zone (small
inset). Mylonites are made of proto to ultramylonites.
The combination of those domains results in a strong
bulk SPO.

Mylonite protholiths: Metagabbros and HT-
amphibolites

The preservation of an igneous texture in metagabbros
is distinct and results in a very rough (if any) foliation
(Figs 6 and 7B). New phases grew and mimic the old ig-
neous texture, which lead to a bulk random shape fabric
(SR; =1.14, ®= -9.19. In HT-amphibolites, a foliation is
defined (SR; =1.79, ®= -4.9°) by the preferred orientation
of amphiboles (aml), and some lensoid domains of re-
crystallized plagioclase. As a whole, mylonite protholiths
depict a low bulk SPO (SR; =1.39 ; ®= -5.8° Fig. 7B)
with a monoclinic symmetry that suggests a top-to-the S
sense of shear.. The contribution of the principal mineral
phases is explored below (Fig. 6).

Plagioclase: igneous plagioclases have been com-
pletely replaced by polycrystalline aggregates of meta-
morphic plagioclase and epidote (Fig. 3). Igneous grain
shapes are still recognizable, and show mean grain size
and shape ratio of Dey = 402.5 um and SR = 1.9, respec-
tively. Recrystallized plagioclase results in a drastic grain
size reduction, with a mean grain size D¢q = 51.6 - 79.6
um, for metagabbros and HT- amphibolites. Shape ratio
shows no significant variation SR = 2.0 - 2.2 (Table 1).
All plagioclase grains show a poor preferred orientarion
(o ~ 3° + 45; Fig. 6; Table 1). Grains with undulose ex-
tinction are common and subgrains are found in larger
grains.

Amphibole: Brownish amphibole with inclusions
(aml) shows a similar grain size than igneous plagio-
clase, in both rock types (Deq = 421.4 - 426.6 um). How-
ever, those grains in HT-amphibolites are more elongated
(SRuT-amp = 2.6 VS SRpetagabbro = 2.0), and oriented (o yr-
amp ~ 6° £ 19 VS 0 petagabbro ~ 4°  45; Fig. 6; Table 1).
Interestingly blue amphiboles (am2) in both rocks present
a similar relationship. Scarce undulose extinction and
twins are found in both types of amphiboles.

Epidote: epidote crystals have a similar behaviour in
metagabbros and HT-amphibolites. Grain size is moder-
ately higher in the second lithology (Deq metagabbro = 73
UM VS Deq Hr-amp = 103 pm; Table 1). Shape ratio shows
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no significant variation, SR = 2.0 - 2.3. Grain orientation
presents a similar trend than amphiboles.

Mylonites

In deformed metabasites the mineral assemblage of
microstructural domains are similar, but variation of mo-
dal proportion are important, correlating with the pro-
gressive deformation of metabasites into the shear zone.
Protomylonitic domains appear surrounded by mylonitic
and ultramylonitic ones at different scales (Fig. 3).

Shear bands and microdomains

Microdomains in mylonites were analyzed first in pol-
ished rock section (XZ) (Fig. 8A). Scanned images where
processed into ImageJ in order to perform image segmen-
tation based on gray-levels and colour histograms (e.g.
Zucali, 2011). Dark rounded porphyroclasts of amphibole
(aml), plagioclase porphyroclastic cores, recrystallized
mantles, and mixtures of plagioclase, epidote and quartz,
were identified within a mass of green amphibole (am2)
(Fig. 8A). Shear bands show a coherent top-to-the S
sense of shear, with the development of two different
sets: C” and C’’ (Fig. 8 and 9). The presence of SC’C”’
has been interpreted as developed in stretching shear
zones (Passchier, 1991), which means that the shortening
direction lies at a relatively high angle to the shear plane,
resulting in an effective extension along the flow direc-
tion (Passchier and Trouw, 1996).

Figure 8. Fabric analysis on polished mylonite sections
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Fabric analysis on polished rock sections. An example
of common mylonite is presented in (A). Image analy-
sis is used to discriminate different microstructural

domains and major shear bands. Ultramylonitic (A)
and protomylonitic (B) layers were analyzed by meas-
uring the shape ratio and orientation (SR, o) of the
weakest domains (blue ribbons). B) Spatial projection
of the weakest domains results into a distribution of
ultramylonitic and protomylonitic layers in the sample
(stick bar length is proportional to SR). A correlation
between orientation and shape ratio and the disper-
sion (standard deviation; 2c), and microstructural do-
mains arise. This analysis was the base for TOF analy-
sis sample preparation.

Figure 9. Shear bands analysis

Stretching
shear zone

Mean= 26 *3°
N=120
max=11.5

L: 0/25N

(A) Development model of SC’C” shear bands in a
stretching shear zone (after Passchier and Trouw,
1996). (B) and (C) Rose diagrams of C’ and C” planes
in mylonites and corresponding S planes. Results are
coherent with a top-to-the S sense of shear. (D) Refer-
ence system.

Our results (Fig. 8) demonstrate that the deformation
is heterogeneous and two distinct domains are formed at

The Bazar shear zone (NW Spain): Microstructural and Time-of-Flight neutron diffraction analysis
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this scale: A) mylonitic/ultramylonitic (SR ~ 4 ; a ~ 1.5°
+ 20) and B) protomylonitic (SR ~ 3 ; a ~ 4° + 30) (Fig.
8A, B). In ultramylonitic domain (thick grey bands, A;
Fig. 8B) highly elongated bands of plagioclase, epidote,
and blue amphibole (am2) define a strong fabric, while in
domain B, porphyroclasts of dark amphibole (aml) de-
pict lensoid aggregates, commonly bounded by shear
bands (SC’C’’). The development of synthetic (C’) and
antithetic (C’’) shear bands is coherent with the sense of
shearing (Fig. 9).

Mylonites

The bulk shape fabric (SR; ; ®) of these domains in-
crease from protomylonites to ultramylonites, (SR ~ 1.97
—245; ® ~0°--2.19, and is stronger than bulk SPO in
metagabbros and HT-amphibolites. On average SPO’s
show a monoclinic symmetry for all phases, coherent
with a top-to-the S sense of shear, but the angle to the
shear plane (®, o), is lower than in metagabbros and HT-
amphibolites. A typical mylonitic volume would depict a
bulk SPO of SR; = 2.37 and ® = -1.3 (Fig. 7). At the mi-
croscopic scale, a grain size reduction between 20 - 80%
is confirmed in different phases with respect to the pro-
tholiths (Table 1; Fig. 5). Synkinematic phases (amphib-
ole 2, plagioclase and epidote) show a stronger shape
fabric as deformation increase (Table 1 and Fig. 6).

In protomylonitic domains, undulose extinction and
rare subgrains are found in plagioclase grains. Besides,
the shrinkage of plagioclase porphyroclasts (sensu Kenk-
mann, 2000) into the epidote — plagioclase matrix in my-
lonitic and ultramylonitic domains is illustrated in Fig.
10A, B, and C. Sligthly missoriented domains in a pla-
gioclase prophyroclast in Fig 3A are limited by micro-
cracks. Coeval growth of epidote crystals along those
cracks and progressive rotations of fragments led to a
complete shrinkage of the clast into the matrix in Fig 3B.

Brown amphibole (am1) porphyroclasts show a wide-
spread development of intragrain microcracks (Fig. 3 and
10E). The tensional character of those cracks is recog-
nized elsewhere, with amphibole am2 growing perpen-
dicular to the crack-wall between the fragments. More-
over, textural zoning in aml porphyroclasts are frequent-
ly truncated at those faces parallel to the foliation (Fig.
10D). In additon, a preferred growth of blue amphibole
(am2) prisms occurs at faces perpendicular to the mylo-
nitic foliation (Fig 3 and 10D-E). If we consider the ge-
ometry of the system aml (core) — am2 (strain fringes),
most grains show a monoclinic symmetry, supporting a
top-to-the S shearing, or an orthorhombic symmetry co-
herent with a stretching component parallel to the miner-
al lineation (Fig. 3).

The Bazar shear zone (NW Spain): Microstructural and Time-of-Flight neutron diffraction analysis
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Microstructural evidence of solution transfer creep and brittle mechanisms. (A) Large plagioclase grains in ultramylonitic
domains are transformed into a plagioclase + epidote (+ quartz) matrix by a combination of microcracking (red arrows)
and precipitation of other phases (e.g. epidote). (B) Eventually the initial plagioclase porphyroclast is converted in a poly-
clast of different grains with a relative missorientation, surrounded by a network of new phases (e.g. epidote, quartz, al-
bite...). (C) Conceptual model of the processes illustrated in A, B, D, and E. (D) Evidence of dissolution-precipitation in
amphibole. Truncation of the am1 grain zoning in faces parallel to the foliation. The truncation surface shows a stylolite-
like geometry and could be interpreted as a dissolution front (red arrows). Plagioclase and blue amphibole (am2) crystal-
lize in the am1 pressure shadows. (E) Microcracking and solution-precipitation mechanisms in amphibole. Main intragrain
cracks are drawn in red. Dashed blue line mark the (hkO) trace.
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Texture analysis

Texture (crystallographic preferred orientation) meas-
urements were done at HIPPO (High-Pressure Preferred
Orientation neutron time-of-flight diffractometer) at Los
Alamos Neutron Science Center (LANSCE), New Mexi-
co. Neutrons penetrate deeply into rocks allowing the use
of larger samples than other diffraction techniques like
EBSD, improving statistics (Xie et al., 2003, Gomez Bar-
reiro et al., 2010A).

Microstructural analysis was crucial to decide the
sample selection and orientation. Strain partitioning and
severe variation in grain size have to be under considera-
tion, in order to maximize the total number of grains and
the homogeneity of the fabric. For those reasons we are
focusing on homogeneous levels of ultramylonites, where
shear strain is supposed to be most concentrated. Linea-
tion and foliation were also used as a reference system
for sample preparation in texture analysis. Oriented cy-
lindrical samples of 10 mm in length and 8 mm in diame-
ter, were drilled perpendicular to the lineation, and paral-
lel to the foliation in order to maximize the volume of ul-
tramylonitic fabric (Fig. 4 and 8)

The oriented cylinder was fully immersed in the neu-
tron beam. For each measurement the sample was rotated
around the cylinder axis (perpendicular to the incident
neutron beam) into four positions (0°, 45°, 67.5°, 90°) to
improve pole figures coverage. The total exposure time
was 120 minutes per sample. TOF diffraction spectra,
(Fig. 11) were analyzed with the Rietveld method as im-
plemented in the software MAUD (Material Analysis Us-
ing diffraction; Lutterotti et al. 1999). We use MAUD to
extract the orientation distribution function (ODF) from
mineral phases, and used it in BEARTEX to calculate
and plot pole figures (Wenk et al. 1998).

Figure 11. Diffraction spectra for ultramylonitic
amphibolite, recorded in HIPPO-neutron diffractometer.
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Example of diffraction spectra for ultramylonitic am-
phibolite, recorded in HIPPO-neutron diffractometer.
Relative intensity variations illustrate the presence of
texture. Some important peaks are indexed (1st set-
ting, Matthies and Wenk, 2009). Dots represent meas-
ured data, and solid lines the results of Rietveld re-
finement. Peak position for each mineral phase ap-
pears at the bottom illustrating the strong overlapping
of peaks.

In the Rietveld refinement, crystallographic structures
(CIF files) were required. For monoclinic phases, the first
setting has to be used, in both MAUD and BEARTEX
(Matthies and Wenk, 2009), which requires some trans-
formations. For representations in this article we use la-
bels for second setting (i.e., [010] is the 2-fold axis). It
should be noted that due to the low crystal symmetry of
major components, for example, hornblende (monoclinic)
and plagioclase (triclinic), [100] [010] and [001] direc-
tions do not correspond to the pole of the respective crys-
tallographic plane (100) (010) (001), except for [010] in
the monoclinic system. Poles of (20-1) (010) (-102) and
(-401) (010) (-104) were used as the best approximation
to [100] [010] and [001] directions for plagioclase and
amphibole, respectively (Xie et al. 2003; Gdmez Barreiro
et al. 2007c¢). In the case of epidote and titanite, poles to
(201), (010), (102) and (102), (110), (111) were used re-
spectively. When considering mineral composition and
diffraction data, we used hornblende (C/2m) as a general
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structure for the calcic amphibole, epidote (P2,/m), albite
(P-1), titanite (P2), ilmenite (R-3), quartz (P3,21) and ru-
tile (P4,/mmm) structures as the starting point for Riet-
veld analysis (Gdmez Barreiro et al., 2010a).

TOF diffraction spectra collected at different angles
are showed in Fig. 11. Extreme peak overlaping and var-
iation of relative intensities (Texture) are evident. Vol-
ume fraction of each mineral phase was calculated in sev-
eral thin sections, and refined in MAUD during texture
analysis.

Amphibole: In ultramylonitic domains blue/green am-
phibole (am2) is ~ 60% by volume. We use the horn-
blende structure for calcic amphibole am2. Hornblende
has a strong crystallographic preferred orientation or tex-
ture, with an orthorhombic or slightly monoclinic sym-
metry, moderate to strong (6.84 m.r.d., multiples of a

ramdom distribution) (Fig. 12). The [001] direction is
parallel to the lineation (X) and (100) planes are parallel
to the SPO which forms a small angle to the mylonitic fo-
liation (Sm). The [010] direction defines a maximum
centered on the Y-axis and elongated along SPO plane.
This geometry correlates well with previous studies of
amphibole textures (e.g., Gapais and Brun 1981; Sieges-
mund et al. 1989, 1994; Kruhl and Huntemann 1991; Ji
and Salisbury 1993; Ji et al. 1993; Barroul and Kern
1996; Zucali et al., 2002; Imon et al., 2003; Ivankina et
al. 2005; Diaz Azpiroz et al. 2007; Tatham et al. 2008;
GOmez Barreiro et al. 2010a).
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Figure 12. Pole figures from TOF-neutron diffraction analyses of ultramylonitic amphibolite.

Hornblende

Pole figures from TOF-neutron diffraction analyses of ultramylonitic amphibolite sample Equal area projection. Log con-
tours: units in multiples of a random distribution (m.r.d.). Reference system as in Fig. 4.

Plagioclase: Pole figures in albite are complex and
depict some degree of monoclinicity. Main features in-
clude the cluster of [010] around X-axis (lineation), while
[100] and [001] appear projected close to Z-axis
(~20-35°% Fig. 12). This phase represents about 14-20%
by volume in the ultramylonitic domain.

Epidote: with about 20% volume fraction of the sam-
ple, this mineral has a moderate texture (3.78 m.r.d.).
Pole figures symmetry are somewhat monoclinic with re-
spet to the mylonitic foliation (Sm). The [010] axis ap-
pears parallel to the lineation, while (100), and (001) plot
close to the pole of the foliation.
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Quartz: this phase is present in about 5-10% in ultra-
mylonitic domains, and shows a weak to moderate tex-
ture (2.11 m.r.d.), with basically orthorhombic pole fig-
ures, where (0001) poles define a strong maximum paral-
lel to the foliation plane (Z), and a submaximun parallel
to the lineation. The (11-20) plane and positive and nega-
tive rombs, plot accordingly (Fig. 12)

Titanite and llmenite: The volume fraction of these
phases is low, but diffraction experiment returned some
workable diffraction peaks, resulting in reasonable tex-
tures which correlate well with microscopic observations.
Preferred orientation of titanite and ilmenite reproduce
the orientation of individual grains, with their c-axis par-
allel to the lineation. A relatively strong minimum in ti-
tanite (0.87 m.r.d.) indicates that there is a large number
of crystals randomly oriented.

Discussion and conclusions

Regional implications

A high-strain zone has been identified on top of the
Bazar ophiolite. Structural and microstructural data dem-
onstrate a general top-to-the S sense of shear. As a conse-
quence, there is no kinetic relationship with those faults
that bound the internal imbricates of the Bazar unit,
which present a general top-to-the N and NE sense of
shear (e.g. Diaz Garcia, 1990). The limited number of
outcrops prevented us to find cross-cuttingg relationships
between those accidents, so the presented results alone
cannot decipher the structural sequence. However, re-
gional evidences in other units of the allochthonous com-
plexes suggest a sequence of W-E-directed thrust system
followed by a SE-directed out-of-sequence thrust system
(Martinez Catalén et al., 2002). These include another
ophiolitic unit (Care6n unit; Diaz Garcia et al. 1999; Gé6-
mez Barreiro et al., 2010a), the Upper units (Gomez Bar-
reiro et al., 2007a), and some sectors of the the Basal
units (Gomez Barreiro, et al., 2010b; Diez Fernandez et
al. 2012).

As a regional conclusion, we suggest that the Bazar
Shear zone represents a part of the out-of-sequence thrust
system which carried the Opbhiolitic units and the Upper
allochthon over the Basal allochthon and Parautochthon
(Martinez Catalan et al., 2009). The meaning of the NE
kinematics found within the Bazar unit will be examined
in a future work, but they could be related to the in-se-
guence thrust system, identified in other sectors of the

allochthonous complexes (Diez Fernandez and Martinez
Catalan, 2012)

Deformation conditions and mechanisms

Across the deformation gradient in the Bazar shear
zone, distinct metamorphic changes occur. The relation
between mineral phases and microstructures suggests that
reactions were synkinematic with the activity of the Ba-
zar shear zone. While more quantitative and extense
work is needed, we could speculate about the qualitative
meaning of those changes. Petrographic and previous
chemical data suggest a retrogressive evolution from am-
phibolite facies to greenschist facies conditions. We are
awared about the upscaling limitation, a common prob-
lem when extrapolation from small scale experiments to
nature is pursued. In consequence our results should be
considered preliminary.

Microstructural analysis reveals a brittle behaviour in
pre-kinematic amphibole (brown amphibole aml) (Fig.
10), but not in synkinematic phases (am2, epidote albite).
This is supported by the abundance of intragrain micro-
cracks and the fragmentary character (sharp boundaries,
“domino-like”) of most am1 porphyroclasts. On the other
hand grain size distribution with a low frecuency of large
grains and a high frequency of small ones is coherent
with the activity of cataclastic processes (Passchier and
Trouw, 1996).

These features are not present in metabasites outside
the shear zone, and are found in an incipient stage of de-
velopment in relics of HT-amphibolites located across
the shear zone. Apparently synkinematic phases accom-
modate this behaviour by ductile deformation, which in-
clude the envelope of aml clasts by mylonitic and ultra-
mylonitic layers, and the filling of gaps between the am1l
fragments with am2 fibres. Those fibers sometimes track
the separation of the fragments or simply depict a normal
angular relation to crack planes and envelope aml-rich
domains (protomylonitic) with continuous mylonitic/
utramylonitic layers.

Moreover, truncation of aml porphyroclasts mineral
zoning, in those faces parallel to the foliation, and devel-
opment of am2 strain fringers in the oposite faces is a
common feature in these mylonites. These findings could
be interpreted as the removal of amphibole am1 by disso-
lution, along crystal faces perpendicular to the shortening
direction (foliation plane), and precipitation of synkine-
matic amphibole am2, parallel to the tensile direction
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(mineral lineation). These observations have been inter-
preted to reflect stress-induced grain-boundary diffusive
mass-transfer or pressure solution (Durney, 1972; Robin,
1978; Raj, 1982; Lehner, 1990; Wheeler, 1992, Whinch
and Yi, 2002).

The dissolution-precipitation creep is an effective
mechanism to develop (or amplify) shape fabric (SPO),
and, potentially, crystallographic preferred orientation or
texture (e.g. Hippertt, 1994; Stallard and Shelley, 1995;
Bons and den Brok, 2000; Stokes et al., 2012). Growth
and dissolution rates are anysotropic in many minerals.
Growth is faster along c-axis in amphibole and quartz
(Anh et al., 1991; Stallard and Shelley, 1995). The role
of the brittle mechanisms documented in these mylonites
could be important at the initial stages of deformation, by
reducing the grain-size of the phases and increasing the
grain boundary surface in the aggregate (Table 1, Fig.
10). All these features are compatible with the presence
of a fluid phase, which promotes also synkinematic meta-
morphic reactions, at the grain boundary network. The
combination of those processes as a cooperative group, in
the deformation of metabasites, has already been pro-
posed in the literature (e.g. Brodie and Rutter, 1985; Ny-
man et al. 1992; Lafrance and Vernon, 1993; Berger and
Stlinitz, 1996 ; Imon et al., 2004).

Complementary information comes from texture in
the ultramilonitic domains (Fig. 12). The limited evi-
dence of intracrystalline plasticity suggests that other
mechanisms could be accounting for the strain accommo-
dation in the matrix. The symmetry of pole figures re-
flects, to some extent, the combination of rotational and
non-rotational components of the flow. In the case of am-
phibole (am2), pole figure patterns are compatible with
the activity of the main slip system (100) [001] (Bier-
mann and Van Roermund, 1983; Biermann, 1981;
Skrotzki, 1992). However, an equivalent texture could be
developed by rigid rotation of grains and/or slip on (110)
cleavage plane, in a general context of dissolution-pre-
cipitation creep (e.g. Allison and La Tour, 1977; Babaie
and La Tour, 1994). The strongly anisotropic crystal
growth of amphibole may result in grains with very high
shape ratios (SR) that tend to rotate toward a stable end
orientation, close to the attractors of the fabric (lineation
and foliation; Passchier, 1997, Mancktelow et al., 2002),
resulting in a strong texture.

Albite, epidote and quartz appear typically segregated
in a different layer than amphibole (Fig. 12). Diffusive

mass-transfer could explain some observations, such as
the shrinkage of larger plagioclase crystals into the epi-
dote-plagioclase matrix (Fig. 10). However, the presence
of some evidence of intracrystalline plasticity, points to
the activation of some other mechanisms in these do-
mains. Interestingly, texture of albite shows a very un-
common pattern, with (010) poles parallel to the lineation
and [100] and [001] plotting close to the foliation pole.
To our knowledge, [010] has never been identified as a
slip direction in plagioclase (GOomez Barreiro et al.,
2007c, 2010a, and references therein). Some similarities
could be drawing with textures obtained by Heidelbach et
al. (2000), after experimentally deformed fine-grained al-
bite aggregates by solution precipitation creep. They
found a strong texture, with the (010) poles tending to lie
orthogonally to the compression direction. Another sup-
porting argument comes from crystal-growth experiments
and observations in nature, where the [010]-axis is gener-
ally considered the faster growth direction for plagioclase
(e.g.: Muncill and Lasaga, 1987, Deer et al., 1967). In
summary we suggest that the albite texture could be in-
terpreted as the result of solution precipitation creep.

The measurement of epidote texture is not common in
fabric studies. Our results are slightly monoclinic, and
depict pole figure patterns similar to those reported in
mid-low grade mylonites (Crampton, 1957), blueschists
(Bezacier et al., 2010), and eclogites (Cao et al. 2011),
with (010) poles parallel to the lineation and (001) (100)
parallel to the foliation. There is an incomplete knowl-
edge of epidote slip systems (e.g. Din et al., 2001). Beza-
cier et al. (2010) suggest that [010] has the shortest Bur-
gers vectors, so it could be the easy slip direction in epi-
dote. As a consequence, our textures could be interpreted
as the result of dislocation glide on [010] (001) (100).
However we cannot exclude other mechanisms as rigid
rotation of grains as an alternative way to develop shuch
a texture.

As a summary, deformation in the Bazar shear zone is
likely to have occurred under amphibolite to greenschists
facies conditions. Microstructures suggest a combination
of simple and pure shear (stretching shear) dominating
the flow. In addition, shape and crystallographic fabrics
are compatible with the activity of several mechanisms
such as cataclasis, solution transfer, passive rotation, and,
to some extent, intracrystalline strain. While not necessa-
rily coeval processes, brittle and ductile mechanisms, ac-
counted for the strain accommodation in the rock,
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reflecting the mechanical contrast among phases like am-
phibole and plagioclase. The existence of a distinct tex-
ture in plagioclase developed under dissolution-precipita-
tion creep is supported by our results. There is strong evi-
dence about the importance of solution transfer creep
transfer in mid-crust (wet) shear zones (e.g. Wincht and
Yi, 2002; Stokes et al, 2012). Whether this mechanism
dominated or not along a major tectonic contact like the
Bazar shear zone, must be carefully evaluated if a proper
rheological evolution is to be drawn.
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