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A B S T R A C T

A Middle Devonian suprasubduction zone ophiolite, the Careón Unit (northwest Spain), displays amphibolite-facies
ductile deformation fabrics related to the onset of the Rheic Ocean closure. Two different fabrics, an early high-T
foliation and a subsequent lower-T foliation, each of which characterized by distinct deformation mechanisms, have
been identified in two distinct crustal-scale shear zones of the same ophiolitic thrust sheet. Combined quantitative
texture analysis by electron backscattered diffraction and time-of-flight neutron diffraction, were carried out on the
shear zones and correlated with micro- and macrostructural data. The results indicate that the regional lineation and
shear zone kinematics (east-west, top-to-the-east) represent fabrics developed essentially during the intraoceanic
subduction of the Rheic Ocean, and their orientation may be considered a reference vector for convergence models
in this part of the Variscan belt.

Introduction

Ophiolites provide unique information on the evo-
lution of ancient arcs and oceans as well as the
nature of collisional orogenesis (Nicolas 1989;
Searle and Cox 1999; Dilek and Newcomb 2003;
Beccaluva et al. 2004). In addition, ophiolites yield
information on the structure and petrophysical
properties of modern oceanic lithosphere and sub-
duction systems (Ceuleneer et al. 1988; Vissers and
Nicolas 1995; Parkinson and Pearce 1998; Godard
et al. 2000; Boutelier et al. 2003), which determine
the large-scale dynamics of the mantle-lithosphere
system (Davies and Richard 1992; King 2001). In-
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creasing evidence suggests that the distribution of
ophiolites in time and space could be related to
Earth-scale events such as superplumes (e.g.,
Vaughan and Scarrow 2003), supercontinent cycles
(e.g., Worsley et al. 1984; Abbatte et al. 1985), and
periods of major plate reorganization (e.g., Agard et
al. 2007). Kinetic constraints are unfortunately re-
stricted to oceanic lithosphere created during the
last 180 m.yr. and to ophiolite complexes that have
not undergone strong tectonization. Thus, infor-
mation about plate convergence (e.g., relative mo-
tion, velocity, dynamic balance) retrieved from
most of pre-Jurassic ophiolites is very limited and
qualitative. On the other hand, the geodynamic sig-
nificance of most ophiolites is well established, as
the widespread occurrence of metamorphic soles
(Nicolas 1989) and the distinct geochemical sig-
nature of immature arc (e.g., Pearce et al. 1984)
point to an origin in an intraoceanic subduction
zone (e.g., Jamieson 1986; Hacker 1994) for most
ophiolites. The potential information preserved in
ophiolites formed at the initial stages of conver-
gence deserves our attention at different scales (e.g.,
Boudier et al. 1985, 1988; Aitchison et al. 2000;
Beccaluva et al. 2004; Berly et al. 2006), as they
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represent the ancient counterparts of modern in-
traoceanic subduction systems, whereas long-term
evolution and deformation mechanisms within
subducting and overriding plates are matters of de-
bate (e.g., King 2001; Boutelier et al. 2003; Heuret
and Lallemand 2005; Doglione et al. 2007; Heuret
et al. 2007; Schellart et al. 2007; Schellart 2008).

Tracking the evolution of deformation fabrics in
old ophiolites is not a trivial matter since we com-
monly deal with partially preserved sections, tec-
tonically reorganized, with several stages of retro-
grade metamorphism (Hacker and Mosenfelder
1996; Dı́az Garcı́a et al. 1999). It has been shown
that crystallographic-preferred orientation or tex-
ture analysis can provide independent and valuable
evidence about the conditions of deformation and
its kinematics. On that ground, quantitative char-
acterization of textures in ophiolites may facilitate
recognition of deformational stages, enable corre-
lation of ophiolitic units, and complement petro-
logical and geochemical studies. The study of oli-
vine fabrics from mantle sections in ophiolites has
provided important clues to the formation of oce-
anic mantle and deformation of the oceanic litho-
sphere (e.g., Ceuleneer et al. 1988; Nicolas et al.
1994; Michibayashi and Mainprice 2004). However,
crustal sections of ophiolites, dominated by mafic
rocks, typically have been ignored in quantitative
fabric analyses, mainly because of their polymineral
character, including low-symmetry phases (triclinic-
monoclinic) as major components of the fabric,
which result in complex diffraction patterns when
conventional diffraction techniques are applied to
analyze the preferred orientation of minerals (Sie-
gesmund et al. 1994; Leiss et al. 2002; Pehl and
Wenk 2005). The application of both time-of-flight
(TOF) neutron diffraction and electron backscat-
tered diffraction (EBSD) techniques (Prior et al.
1999; Xie et al. 2003; Wenk et al. 2003; Wenk 2006)
and the Rietveld method for data refinement
(Young 1993; McCusker et al. 1999) has success-
fully solved the fabric of complex crystalline ma-
terials (Xu et al. 2006; Gómez Barreiro et al. 2007b;
Wenk et al. 2008).

In this article we investigate crystallographic-
preferred orientation (or texture) in amphibolites
from the crustal section of a suprasubduction zone
ophiolite, the Careón Unit, one of the allochtho-
nous terranes marking the suture of the Rheic
Ocean in northwest Iberia. Structural and petro-
logical features suggest that early intraoceanic sub-
duction fabrics generated during the closure of the
Rheic Ocean have been preserved in the ophiolite
(Dı́az Garcı́a et al. 1999; Arenas et al. 2007a; Sán-

chez Martı́nez et al. 2007). Textural analyses on
selected amphibolites from a high-temperature
shear zone, corresponding to a metamorphic sole,
and a mylonitic/ultramylonitic shear zone within
one of the imbricate fault slices of the Careón ophi-
olite were carried out with TOF neutron diffraction
and EBSD techniques to determine crystallo-
graphic-preferred orientation of the principal
phases. The aim of our work is to improve our
knowledge on the deformation history of the unit
and to link it with the geodynamic frame of the
closure of the Rheic Ocean.

Geological Context

Rheic (for Rhea, one of the Titans and sister of Ia-
petus in Greek mythology) is the name given to
one of the oceanic realms closed during the Paleo-
zoic convergence of Gondwana and Laurussia, pre-
ceding the assemblage of Pangea (Stampfli and
Borel 2002; Murphy et al. 2006; Sánchez Martı́nez
et al. 2007). It is accepted that the Rheic Ocean
started opening between the Late Cambrian and
Early Ordovician (Cocks and Torsvik 2002; Murphy
et al. 2006; Arenas et al. 2007a, 2007b). Remnants
of this ocean (in the form of ophiolites) and its con-
tinental margins have been identified in many parts
of the Variscan-Appalachian belt, which was pro-
duced by the Laurussia-Gondwana collision (fig. 1).
Most ophiolites commonly associated to the Rheic
Ocean are Late Silurian to Early Devonian and
show a distinct suprasubduction affinity (Sánchez
Martı́nez et al. 2007). Evidence strongly suggest
that old and dense lithosphere was consumed in an
intraoceanic subduction zone.

Suprasubduction zone ophiolites crop out along
the Variscan belt from the Iberian to the Bohemian
massifs, including the Careón (northwest Iberia;
Sánchez Martı́nez et al. 2007), Lizard (Cornwall;
Nutman et al. 2001), Ślęża (Bohemian Massif; Du-
bińska et al. 2004) and, probably, Beja-Acebuches
(southwest Iberia; Castro et al. 1996). These ophi-
olites are key elements to understanding the final
stages of evolution of the Rheic Ocean as well as
the early stages of convergence between Laurussia
and Gondwana (Sánchez Martı́nez et al. 2007; Are-
nas et al. 2007a, 2007b; Martı́nez Catalán et al.
2009).

Two groups of ophiolites mark the Variscan su-
ture in northwest Iberia (fig. 2) and represent two
different stages in the evolution of the Rheic
Ocean: the structurally lower ophiolitic units, of
Cambro-Ordovician age, record the early evolution
of the Rheic Ocean, whereas the upper ophiolitic
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Figure 1. Location of Iberia in relation to the Paleozoic orogenic belts at the end of Variscan convergence. Location
of figure 2 is indicated. Modified after Martı́nez Catalán et al. (2009) and Gómez Barreiro et al. (2007a).

units, Middle Devonian, preserve a record of the
final stages in the evolution of the Rheic Ocean
(Arenas et al. 2007a, 2007b). The lower ophiolitic
units are represented by the Vila de Cruces Unit,
which consists of an imbricate structure with var-
iably deformed metapelitic schists, greenschists,
felsic orthogneiss, metagabbro, and serpentinite.
Regional foliation of pelitic schists, with high-P/

low-T assemblages, have been dated at ca. 365 Ma
(40Ar/39Ar, muscovite; Dallmeyer et al. 1997), while
orthogneiss yielded an age of ca. 500 Ma (U-Pb,
zircon; Arenas et al. 2007b).

The Careón Unit, which is the focus of this study,
is one of the upper ophiolitic units. It consists of
an imbricated stack (fig. 2) where crustal and man-
tle lithological associations of a suprasubduction

This content downloaded by the authorized user from 192.168.72.227 on Mon, 10 Dec 2012 05:11:40 AM
All use subject to JSTOR Terms and Conditions

http://www.jstor.org/page/info/about/policies/terms.jsp
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Figure 2. Geological map and representative cross sections of the Careón ophiolite and its location in the Iberian
Massif (northwest Spain). The legend shows a summary of the allochthonous units in northwest Iberia. From top to
bottom, upper allochthon, an arc-related terrane with a polyorogenic evolution; upper ophiolites, created in a supra-
subduction environment during the closure of the Rheic Ocean; lower ophiolites, relics of the initial stages of the
Rheic spreading; basal units, representing the outermost margin of northern Gondwana, subducted at the onset of
the Variscan collision. Mineral lineations are indicated for the upper allochthon and the Careón Unit. Based on Dı́az
Garcı́a et al. (1999), Gómez Barreiro et al. (2006), and Arenas et al. (2007a).

zone ophiolite are variably preserved between duc-
tile shear zones. A complete transition from ultra-
mafic rocks to isotropic metagabbros is found in
tectonic sheets (Dı́az Garcı́a et al. 1999). Figure 3
summarizes structural and lithological relation-
ships in one of these sheets. Shear zones, which
bound structural sheets, recorded the main episode
of deformation within the Careón Unit (fig. 3). This
episode took place under conditions typical of the
high-pressure and medium-to-high-temperatures
part of the amphibolite facies (ca. ,650� � 55�C

; Dı́az Garcı́a et al. 1999; Pin et al.9.5 � 1.5 kbar
2002). Garnet- and corundum-bearing assemblages
represent the maximum P-T conditions that were
reached, and they are spatially linked to high-strain
zones where a mylonitic fabric developed (figs. 3,
4). These structures are considered intraoceanic
thrusts that led to the initial imbrication of the

suprasubduction oceanic lithosphere and the for-
mation of metamorphic soles during the closure of
the Rheic Ocean (Dı́az Garcı́a et al. 1999; Sánchez
Martı́nez et al. 2007). A retrograde stage followed,
resulting in low-amphibolite to greenschist fa-
cies synkinematic mineral assemblages. These
medium-temperature mylonitic amphibolites are
volumetrically more common and occur in shear
zones distributed throughout crustal sections of the
Careón Unit (fig. 3). Semiquantitative estimations
on these rocks support conditions below 650�C and
5 kbar (fig. 4) during this second stage (Pin et al.
2002).

Mantle sections of the Careón Unit consist of
strongly serpentinized peridotites. Dı́az Garcı́a et
al. (1999) interpreted scarce patches of recrystalli-
zed olivine in serpentinized peridotites as relics of
a high-temperature fabric and correlated their
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Figure 3. Idealized section (not to scale) of the middle
tectonic sheet of the Careón ophiolite. Crustal and man-
tle portions are represented with different strain gradi-
ents. Main tectonic boundaries are thrust faults and/or
high-grade shear zones. FACAR-3 type mylonites devel-
oped at high-temperature shear zones interpreted as
metamorphic soles at top of the thrust sheets. High-
strain zones developed throughout the whole crustal sec-
tion and especially at the crust/mantle boundary (paleo-
Moho), where FACAR-2 type mylonites were sampled.
Finite strain ellipses are qualitative, derived from fabric
inspection at the outcrop. Gabbroic rocks of different
types intruded and resulted heterogeneously deformed
elsewhere within the thrust sheet. The XYZ reference
system is for texture analyses, with X parallel to the
mineral lineation (Lm) and XY to the foliation. Solid ar-
rows represent average orientation of Lm. The position
of samples is indicated.

Figure 4. Pressure-temperature space for metabasites of
the Careón ophiolite. Thermobarometric conditions as
calculated for FACAR-3 type garnet-bearing amphibo-
lites (Dı́az Garcı́a et al. 1999; 1), hornblende-plagioclase
assemblages in FACAR-2 type amphibolites (this work;
Pin et al. 2002; 2), retrograde conditions in FACAR-2 type
amphibolites (this work; 3); suggested P-T path for sam-
ple FACAR-2 (4). Aluminum silicate phase diagram after
Holdaway (1971).

shape fabric (Lm; fig. 5) with fabrics preserved in
the crustal section. The coincidence of shape and
macro fabrics supports coherent deformation across
the Careón Unit. However, since no textural data
exist for the mantle section, partially due to the
difficulty in finding well-preserved olivine-rich
samples, it is necessary to be cautious when inter-
preting crust/mantle relationships.

Previous investigations established the origin
and the metamorphic and structural evolution of
the Careón unit as a whole (Dı́az Garcı́a et al. 1999;
Sánchez Martı́nez et al. 2007). The mineral linea-
tion in both crustal and mantle sections has a per-
sistent east-west attitude (figs. 3, 5), and major, low-
dipping shear zones related to thrust faults show

kinematic criteria (j-type porphyroclasts and S-C-
C′ bands) with a dominant top-to-the-east move-
ment, particularly in low-grade phyllonitic bands
(Dı́az Garcı́a et al. 1999).

The gabbros in the Careón Unit yield protolith
ages of ca. 395 Ma (U-Pb, zircon; Dı́az Garcı́a et al.
1999; Pin et al. 2002), whereas the regional tectonic
foliation that was developed under amphibolite fa-
cies conditions yields 40Ar/39Ar ages between 390
and 376 Ma in this and other upper ophiolitic units
(hornblende concentrates; Dallmeyer and Gil Ibar-
guchi 1990; Peucat et al. 1990; Dallmeyer et al.
1991, 1997). The amphibolite-facies fabric is related
to ophiolite imbrication (Dı́az Garcı́a et al. 1999;
Arenas et al. 2007a), and the narrow age interval
between oceanic lithosphere generation and thrust-
ing is consistent with a rapid deformation in a su-
prasubduction zone context.

Sample Description

Two metabasites located in the Careón ophiolite
were sampled for texture analyses (figs. 2, 3). Both
samples were collected from the same thrust sheet
(Careón slice; Dı́az Garcı́a et al. 1999). (1) A garnet
amphibolite (FACAR-3; figs. 2–4) that developed in
a high-temperature shear zone (fig. 3) represents the
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Figure 5. Structural analysis of the shape fabric of the
Careón ophiolite. a, Stereographic projection of the min-
eral lineation in amphibolites across the unit, where a
persistent east-west direction dominates over the effect
of late folding (equal area, lower hemisphere projection,
average mineral lineation (Lm) p 265�/3�). b, Compila-
tion of structural data from Dı́az Garcı́a et al. (1999) and
this study (equal angle stereographic projection, lower
hemisphere). Note that the foliations defined by two dif-
ferent metamorphic assemblages ( andT 1 750�C T !

), the Careón thrust fault, and the paleo-Moho550�C
boundary are statistically indistinguishable, suggesting a
continuous evolution. The lineations in the crustal and
mantle sections also are coherent. c, Metagabbroic sam-
ple from the lower part of the Careón slice, where an S-
C fabric shows a top-to-the-east shearing sense of move-
ment (2-cm coin for scale). S p foliation, C p shear
bands. d, Analysis of S-C-C′ structures. Intersections of
S and C-C′ planes (triangles) are perpendicular to the flow
direction (top-to-the-east or east-southeast). Hbl p horn-
blende, Pl p plagioclase, Px p pyroxene.

early stage of the mylonitic fabric as developed in
an intraoceanic thrust (Dı́az Garcı́a et al. 1999). (2)
A mylonitic amphibolite (FACAR-2; figs. 2–4) was
collected in the inner part of the thrust sheet at the
bottom of the crustal section, within a shear zone
developed close to the contact between mafic and
essentially ultramafic rocks, that is, the paleo-
Moho (fig. 3). Sample FACAR-2 clearly represents
the most deformed level within the crustal section
as well as the most common type of mylonite in
the Careón ophiolite.

Early High-Temperature Shear Zones: Sample
FACAR-3. High-temperature garnet amphibolites
are grano-nematoblastic, with a layered distribu-

tion of the main phases (fig. 6b). A pervasive tec-
tonic fabric (S-L) dominates, with the lineation
showing an east-west trend. A complete description
of the mineral chemistry and microstructure can
be found in Dı́az Garcı́a et al. (1999). According to
these authors, the mineral assemblage is represen-
tative of peak metamorphic conditions and consists
of (mineral abbreviations af-Hbl � Pl � Grt � Ilm
ter Kretz 1983). The amphibole can be described as
hornblende with a medium to high content of Al2O3

(maximum 16.05%), Na2O (maximum 2.32%), and
TiO2 (maximum 1.18%). No significant chemical
zoning was detected in the amphiboles. Plagioclase
is uniformly oligoclase in composition (An23.57–18.78;
maximum Or0.54).

The sample is a banded amphibolite, with horn-
blende dominating the dark layers and showing ir-
regular boundaries where small plagioclase grains
commonly appear. Plagioclase grains are irregular,
with lobate to partially straight contacts. Plagio-
clase aggregates may depict a mosaic texture that
has been partially removed by grain-boundary mi-
gration. Ellipsoidal garnet poikioblasts can be rec-
ognized with quartz, and plagioclase inclusions. Lo-
cal, low-grade microshears result in grain-size
reduction by cataclastic flow and retrogression of
primary minerals into quartz, epidote, and chlorite,
and open voids and grain-boundary sliding features
are commonly present.

P-T conditions of 10.5–12 kbar and 640�–680�C
have been calculated from the mineral assemblage
of the garnet-bearing amphibolites (Dı́az Garcı́a et
al. 1999), providing an indication of the tectonic
setting during which imbrication of the ophiolitic
slices took place.

Inner Shear Zones: Sample FACAR-2. Nematoblas-
tic amphibolites, with Hbl � Pl � Ep � Ttn �

and a strong L-S tectonic shapeIlm � Qtz � Grt
fabric, represent the regional foliation and show an
east-west to southeast-northwest mineral lineation
defined mainly by amphiboles (figs. 2, 5). Kinematic
criteria include asymmetric porphyroblasts and S-
C bands with a coherent top-to-the-east sense of
shear (fig. 6a). The microstructure ranges from my-
lonitic mixtures of Hbl and Pl with a load-bearing
framework, to an interconnected distribution of
weak layers (Handy 1994), depending on the am-
phibole to feldspar ratio. A banded microstructure
is locally developed.

The sample (fig. 6a) has a mylonitic foliation
with rounded plagioclase porphyroclasts with
asymmetric recrystallization tails that indicate a
top-to-the-east movement. Amphibole-rich bands
with brown-green hornblende occur, whereas horn-
blende-plagioclase mixtures and lens-shaped, in-
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Table 1. Selected Microprobe Analyses of FACAR-2
Type Amphibolites

Ca-amphibolea,b Plagioclase

1 c 2 m 3 r 1 c 2 m 3 r

SiO2 45.20 46.86 55.04 57.97 58.17 61.62
TiO2 .48 .64 .14 .01 .01 .01
Al2O3 14.34 12.07 3.64 26.80 26.50 24.01
MnO .22 .21 .17 .00 .01 .00
FeOc 11.33 11.25 9.28 .03 .08 .08
MgO 12.65 13.05 17.22 .00 .00 .00
CaO 11.37 11.51 12.18 7.81 7.56 4.69
K2O .23 .20 .05 .02 .02 .06
Na2O 2.52 2.39 .83 7.20 7.38 8.94
F .04 .03 .01
Cl .00 .00 .00 .00 .00 .01

Total 98.38 98.20 98.54 99.85 99.73 99.42
Si 6.46 6.72 7.69 2.60 2.61 2.75
AlIV 1.54 1.28 .31
AlVI .87 .76 .29
Al 2.41 2.04 .60 1.41 1.40 1.26
Ti .05 .07 .02 .00 .00 .00
Fe3� .35 .14 .10 .00 .00 .00
Fe2� 1.01 1.21 .98
Mn .03 .03 .02 .00 .00 .00
Mg 2.70 2.79 3.59 .00 .00 .00
Ca 1.74 1.77 1.82 .37 .36 .22
Na .70 .66 .23 .63 .64 .77
K .04 .04 .01 .00 .00 .00
Mg/(Fe�Mg) .73 .70 .79
NaM4 .26 .23 .18
Na(A) .44 .43 .05
K(A) .04 .04 .01
S cations 15.48 15.47 15.06 5.01 5.01 5.01
An 37.44 36.11 22.41
Ab 62.45 63.76 77.27
Or .11 .13 .32

Note. r p rim; m p inner zones; c p core.
a Cations per 23 oxygens, normalized to 13 cations excluded Ca,
Na, and K.
b Cations per 8 oxygens.
c Total iron as FeO.

Figure 7. Reference system for texture analysis on
electron backscattered diffraction (EBSD; thin section)
and neutron diffraction (cylinder; TOF p time of flight).
Lm p mineral lineation.

terconnected plagioclase domains are common. A
shape-preferred orientation (SPO) is parallel to the
foliation. Ilmenite, titanite, and epidote are typi-
cally present.

Methodology

Microprobe Analysis. Chemical analyses were
done for sample FACAR-2 (table 1) with a CAMECA
SX51 electron probe at the Department of Earth and
Planetary Science at the University of Califonia,
Berkeley. Operating conditions were 15 kV, 30 nA.
Data were reduced with ZAF corrections with soft-
ware written by J. Donovan (Advanced Micro-
beam). Mineral analysis, analytical methods, and
thermobarometry for sample FACAR-3 are given in
Dı́az Garcı́a et al. (1999).

Microstructural Analysis. Observations were car-
ried out in both samples with petrographic and
electron microscopes on thin sections prepared par-
allel to the lineation and orthogonal to the foliation
(XZ plane; fig. 7). Sections were chemically pol-
ished (Prior et al. 1996) and left uncoated. Manually
digitized micrographs were analyzed with ImageJ,
version 1.38 software (W. S. Rasband, U.S. National
Institutes of Health, http://rsb.info.nih.gov/ij/,
1997–2006) and SPO 2003, version 6 (January 2008)
software (Launeau and Robin 1996; http://www
.sciences.univ-nantes.fr/geol/UMR6112/SPO). The
grain size (d) is defined as the diameter of the equiv-
alent circle with the same area (A) as the measured
grain ( ; Heilbronner and Bruhn 1998).2d p 4A/p
The shape ratio (SR) and the long-axis orientation
of each grain (a) are calculated from the inertia ten-
sor of its shape (Jähne 1991). The SR/a graphs were
constructed from those data (fig. 8). Bulk SPOs (SRt,
F) 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
and the relative contribution of each mineral phase
to the rock fabric. Microcrack orientation distri-
bution was calculated in hornblende in order to
evaluate the effect of cataclasis and rigid rotation
of grains into the fabric (Nyman et al. 1992; Shelley
1994; Imon et al. 2004).

Texture Analysis. EBSD. Both samples were
analyzed to obtain the full crystallographic orien-
tation data of mineral phases. Amphibole and gar-
net were obtained from automatically indexed
EBSD patterns collected in a CamScan X500 crystal
probe fitted with a thermionic field emission gun
and a FASTRACK stage (Prior et al. 1999). We used
an accelerating voltage of 20 kV, a beam current of
5nA, and a working distance of 26 mm (Prior et al.
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Figure 8. Microstructural data of the two samples analyzed. a, Grain-size distribution (d) for hornblende (Hbl) and
plagioclase (Pl) in samples FACAR-2 and FACAR-3. Curves approximate to a lognormal distribution. Mean (continuous
line), median (dashed line), and data dispersion (gray area p standard deviation, 2j) are included. Average grain size
is larger in sample FACAR-3 and hornblende. Shape-preferred orientation (SPO) and mean inertia tensor (Launeau
and Robin 1996) are calculated for Hbl-Pl aggregates and minerals. Plagioclase displays a weak SPO and shape ratio
(SR), while hornblende shows a strong SPO and SR. However, bimineral aggregates result in equivalent values. b,
SR/a graphs, where the size of circles is proportional to d. A direct dependence of SR, long-axis orientation of each
grain (a), and grain-size d arises in both samples for hornblende, while plagioclase has no significant preferred ori-
entation nor evident grain-size dependency with SPO.
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Figure 9. Example of diffraction spectra for amphibolite
FACAR-2, recorded in HIPPO neutron diffractometer
(150� bank). Relative intensity variations illustrate the
presence of texture. Some important peaks are indexed.
Dots represent measured data, and solid lines are the
results of Rietveld refinement. Peak position for each
mineral phase appears at the bottom illustrating the
strong overlapping.

1996; Prior and Wheeler 1999). The EBSD patterns
were indexed using the program Channel 5 (HKL
Technology) and plotting crystallographic direc-
tions in pole figures in terms of Euler angles. Raw
data were processed to provide a more complete
reconstruction of the microstructure and to remove
erroneous data on the basis of orientation maps
(Prior et al. 1999). In all cases the selected area cor-
responds to mainly monomineralic bands of am-
phibole in order to optimize the acquisition
processes.

The EBSD patterns of plagioclase were manually
analyzed with a 20-kV accelerating voltage and a
beam current of 3 nA, working at a distance of 25
mm (Prior and Wheeler 1999). Diffraction patterns
from each plagioclase grain were indexed using the
program Channel� (Schmidt and Olesen 1989) and
a reflector database for albite (Prior and Wheeler
1999). Since positive and negative forms can be dis-
tinguished in triclinic minerals, upper and lower
hemisphere pole figures were used.

TOF Neutron Diffraction. An experiment was
done in the neutron TOF diffractometer HIPPO
(high-pressure-preferred orientation) at the Los Al-
amos Neutron Science Center (e.g., Xie et al. 2003;
Gómez Barreiro et al. 2007a). Sample FACAR-3 was
not considered for neutron diffraction because of
the difficulties associated with local heterogenei-
ties within the fabric (fig. 6b). An oriented cylinder
of sample FACAR-2, 10 mm in length and 8 mm
in diameter, was fully immersed in the neutron
beam, resulting in better statistics than those from
the EBSD method. For each measurement, the sam-
ple was rotated around the cylinder axis (perpen-
dicular to the incident neutron beam) into four po-
sitions (0�, 45�, 67.5�, 90�) to improve pole figures
angular coverage. At each position, data were col-
lected for 30 min, resulting in a total exposure time
of 120 min. TOF diffraction spectra (fig. 9) were
analyzed with the Rietveld method as imple-
mented in the software MAUD (material analysis
using diffraction; Lutterotti et al. 1999). The ori-
entation distribution (OD) resolution was 15�. The
OD was exported from MAUD and then used in
BEARTEX to calculate and plot pole figures (Wenk
et al. 1998). In the Rietveld refinement, crystallo-
graphic structures (CIF files) were required. For
monocline phases, the first setting has to be used,
in both MAUD and BEARTEX (Matthies and Wenk
2009), which requires some transformations. For
representations in this article we use labels for sec-
ond 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 (mon-

oclinic) and plagioclase (triclinic), [100] [010] and
[001] directions do not correspond to the pole of the
respective crystallographic 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, re-
spectively (Xie et al. 2003; Gómez Barreiro et al.
2007a). In the case of epidote and titanite, poles to
(201), (010), and (102) were used. When considering
mineral composition and diffraction data, we used
magnesio-hornblende (C/2m; Oberti et al. 1995),
epidote (P21/m; Gabe et al. 1973), titanite (P21/a;
Speer and Gibbs 1976), and andesine (P-1; Fitz Ger-
ald et al. 1986) structures as the starting point for
Rietveld analysis. Mineral overgrowths such as ol-
igoclase in plagioclase are expected to have the
same preferred orientation as andesine cores (e.g.,
Němec 1967), such that a common structure was
considered. The texture refinement of minor phases
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Figure 10. Example of chemical zoning in minerals from sample FACAR-2 (see table 1). a, Amphibole-rich band
with pargasitic/magnesio-hornblende (Hbl; 1c-2m) and actinolitic hornblende (3r) zones; Pl p plagioclase. b, Plagio-
clase-rich band, with andesine (1c-2m) and oligoclase (3r) zones. Chemical zoning appears frequently truncated and
asymmetrically distributed (SEM micrographs, backscattered electron mode). Reference system as in figure 4 (section
is XZ plane). Ep p epidote.

(!2% vol), like quartz and ilmenite, is below the
resolution of the technique.

Results

Mineral Chemistry and Metamorphic Conditions.
Selected microprobe analyses of amphibole and pla-
gioclase from sample FACAR-2 are shown in table
1. Very small and rare garnet relics are not suitable
for microprobe analysis. Saussuritic aggregates het-
erogeneously replace plagioclase and represent the
latest retrograde stage.

The structural formulas for amphiboles were cal-
culated by assuming total cations equalled 13 (ex-
cept Ca, Na, and K; Leake 1978; Spear and Kimball
1984; Leake et al. 2004; Yavuz 2007). The charac-
teristic amphibole is calcic amphibole, which can
be classified in a broad sense as hornblende (table
1). Chemical variation across the crystals was de-
tected, with tschermakitic/pargasitic cores, an in-
ner zone that correspond to magnesio-hornblende,
and an actinolitic rim that truncates the inner
zones and appears asymmetrically distributed in
the crystal (fig. 9a). These amphiboles exhibit a me-
dium to high content in Al2O3 (maximum 14.50%),
Na2O (maximum 2.73%), and TiO2 (maximum
0.89%).

The analyzed plagioclases show chemical zoning
(fig. 10b; table 1). Two zones can be identified: (1)
core and inner sectors correspond to andesine with
an anorthite content ranging from 37.6 to 34.0
mol% and very low content of orthoclase (! 0.13
mol%). (2) Rim sectors are oligoclase (An23.6-
An20.1; ), with a preferred development inOr ! 0.9

orientations parallel to the foliation (fig. 11). We
applied semiquantitative pressure indicators like
the Al content in hornblende (e.g., Schmidt 1992;
Anderson and Smith 1995) and the hornblende-
plagioclase thermometer of Holland and Blundy
(1994) to constrain P-T conditions. Results suggest
P-T ranges of and .7 � 2 kbar 650�–450�C

Mineral relationships correlate with previous P-
T estimations and interpretations (Dı́az Garcı́a et
al. 1999; Pin et al. 2002), where the synkinematic
growth of epidote, actinolitic hornblende rims, and
oligoclase rims is linked to lower amphibolite fa-
cies assemblages (fig. 4).

Microstructures. The two analyzed samples have
significant differences in microstructure. Grain-
size distributions in both samples can be approxi-
mated by lognormal curves, skewed to the smallest
sizes (fig. 8). Early high-T shear zones developed at
metamorphic soles (FACAR-3) show a conspicuous
banded distribution of phases, with a larger mean
grain size (d) and a wider size distribution (2j) than
in mineral phases in shear zones developed later
inside the tectonic sheets (FACAR-2; figs. 6, 8).
Grains are different in shape. Amphibole in FACAR-
3 has irregular boundaries with small and new
grains of amphibole and plagioclase, while FACAR-
2 (late inner shear zones) grains present much
clearer and straighter boundaries. Plagioclase ap-
pears xenomorphic, with interlobate aggregates in
both samples; however, in sample FACAR-3, po-
lygonal shapes are locally identified (fig. 6b). Twins,
undulose extinction, and subgrains in plagioclase
are common in both samples, but they are only
rarely developed in amphiboles. In sample FACAR-
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Figure 11. Analysis of crescent zones in hornblende (Hbl; left) and plagioclase (Pl; right) from FACAR-2. The d is
defined as the angle between the foliation plane and the pole to the long dimension of the crescent zone. Values are
plotted together in a rose diagram where a slightly asymmetric distribution arises ( ) coherent with the sensed p 4�
of shearing. However a stretching component seems to dominate the distribution, where boundaries with a pole close
to the lineation experience statistically preferential growth. These features are compatible with stress-controlled
solution transfer processes. Ep p epidote.

3, subgrain boundaries developed locally in am-
phibole, but such boundaries are rare in FACAR-2.

Plagioclase and amphibole mean SR is slightly
higher in FACAR-2, but grain orientation (F) is sim-
ilar. However, note that the average mean SR and
grain orientation for the whole rock (Hbl-Pl aggre-
gate) are indistinguishable for both samples. The
SR/a graph reveals a different behavior of the prin-
cipal phases (fig. 8). In both samples, the contri-
bution of the plagioclase to the bulk SPO is low,
and plagioclase grain orientation (a) shows a weak
or null dependence on SR (fig. 8). Hornblende, how-
ever, displays a strong SR to a correlation: the
higher the SR, the lower the variance of a, so the
more intense the SPO. A direct correlation between
grain size and SPO intensity is evident in horn-
blende, where larger grains display higher SR values
and tend to align with a maximum (fig. 8). Bulk
SPO is controlled by the hornblende fabric.

Preferred development of chemical zoning in pla-
gioclase and amphibole from FACAR-2 was ex-
plored in backscattered images (fig. 11). Chemical
zoning of hornblende and plagioclase occurs only
in minerals from FACAR-2 and preferentially along
plagioclase-rich layers adjacent to the boundary of
hornblende-plagioclase layers (fig. 11). Truncated
rims and crescent-shaped zones with a distinct
chemical composition (table 1, 3 r) show a preferred
distribution in the crystals (fig. 10). The orientation

of those overgrowths with respect to the kinemat-
ic frame (XYZ) was analyzed along two quasi-
monomineralic bands. A rose diagram of d for am-
phibole and plagioclase is shown in figure 11, where
d is the subtended angle between the foliation and
the pole to the crescent-shaped zones as defined in
figure 11. Data from both minerals were plotted
together since no significant differences exist. Al-
though d distribution is slightly asymmetric and
synthetic with respect to shearing, the mean d ori-
entation ( ) suggests that those faces perpen-d p 4�
dicular to the lineation preferentially developed
overgrowths (fig. 11). Chemical evolution (table 1),
suggests that the overgrowths developed during ret-
rograde conditions.

Crystal microcracks mostly affect hornblende in
both samples (fig. 6). Crack traces parallel to or at
a small angle (!20�) to the [001] direction were
grouped as prismatic (p, fig. 12), while those at a
higher angles to the [001] direction were termed
basal microcracks (b, fig. 12). Crack density was
estimated, after pixel-size calibration, by compar-
ing crack-to-grain total surface per sample. Crack
density in FACAR-2 is double that of FACAR-3 am-
phiboles (fig. 12), with basal and prismatic micro-
cracks respectively prevailing in FACAR-2 and -3.
There is no evidence that microcracks induced rel-
evant changes in the crystallographic orientation.
Most of them do not cross the Hbl-Pl grain bound-
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Journal of Geology C A R E Ó N O P H I O L I T E F A B R I C D E V E L O P M E N T 175

Figure 12. Hornblende microcrack analysis in samples
FACAR-2 and 3. Microcrack traces were measured on
thin section (XZ). The angle to the sample reference axis
X was used to plot rose diagrams, where cracks were
grouped in two orientation sets: basal microcracks (b),
oriented at a high angle to the [001] axis, and prismatic
microcracks (p), oriented at a low angle to the [001] axis.
Basal microcracks dominate in sample FACAR-2, while
prismatic cracks are more common in FACAR-3. Crack
density (crack/grain surface) is higher in sample FACAR-
2 (2%).

aries, and only in a few cases do they cross Hbl-
Hbl contacts (fig. 6).

Microshear planes quasi-parallel to the main fo-
liation within some plagioclase bands occur in
FACAR-3 (F in fig. 6b4). Grain size reduction and
retrogression occur around these planes. A detailed
inspection of the grain boundaries reveals grain-
boundary sliding microstructures, open voids, and
microcracks, all of them indicate grain-boundary
sliding. These structures are not penetrative, and
sectors affected by them were rejected for EBSD
measurements.

Texture. Amphibole. Both types of amphib-
olites developed similar textures (figs. 13, 14).
Hornblende has a strong crystallographic-preferred
orientation or texture, with an orthorhombic sym-
metry. The [001] direction is parallel to the linea-
tion (X), and (100) planes are parallel to the folia-
tion, while [010] direction defines a maximum
centered around the Y-axis and elongated in Z,
which correlates well with previous studies of am-
phibole textures (e.g., Gapais and Brun 1981; Sie-
gesmund et al. 1989, 1994; Kruhl and Huntemann
1991; Ji and Salisbury 1993; Ji et al. 1993; Barroul
and Kern 1996; Ivankina et al. 2005; Dı́az Azpiroz
et al. 2007; Tatham et al. 2008). Textural analyses
from EBSD result in sharper distributions but pat-
terns are equivalent to those obtained using neu-
tron diffraction (figs. 13, 14).

Plagioclase. A comparison of plagioclase tex-
tures obtained with EBSD and TOF neutron dif-
fraction from sample FACAR-2 shows important
differences (figs. 13b, 14). Pole figures derived from
EBSD show a spotty and almost random distribu-
tion. Neutron diffraction results, however exhibit
moderate and consistent textural patterns (maxi-
mum/minimum: 2.48/0.18 multiples of a random
distribution [m.r.d.]; fig. 14), coherent with the ge-
ometry of the flow. Pole figures are complex but
some important features arise: all patterns appear
rotated against shearing with a monoclinic sym-
metry, the [010] direction is close to the foliation
pole, and the [001] and [100] directions tend to align
with the lineation. The plagioclase EBSD texture
patterns from FACAR-3 show a dominant [100] di-
rection around the structural lineation, [001] con-
centrated close to the foliation pole (Z), and [010]
defining a girdle at 25� to the foliation (fig. 13a).

Garnet, Epidote, and Titanite. The garnet from
sample FACAR 3 shows no preferred orientation
(fig. 13a), but EBSD pole figures show elliptical
maxima defining crystallographic axes [100], [110],
and [111], which suggest plastic distortion of the
crystal lattice.

Epidote pole figures (fig. 14) from neutron dif-
fraction (FACAR-2) show a slightly monoclinic fab-
ric (max/min: 3.71/0.23 m.r.d.), consistent with the
sense of shearing. The [010] axes define a complex
girdle in the YZ plane and maxima close to Z. The
[001] axes concentrate at 45� to the lineation (X).
Both patterns are coherent with shearing.

The fabric in titanite is strong (maximum/min-
imum: 6.93/0.02 m.r.d.; fig. 14). Due to its low-
volume fraction (∼3%), the fabrics in this phase
should be interpreted with caution. The [010] di-
rection is distributed in a small circle around lin-
eation (X), with a submaximum between Z and X
and [100] and [001] defining complex girdles at a
high angle to the foliation. Monoclinic symmetry
is consistent with the sense of shear.

Discussion

Origin and Meaning of Textures and Microstruc-
tures. The interpretation of textures and micro-
structures in polyphase deformed rocks is compli-
cated, especially if low-symmetry phases and
complex chemical compositions are involved. In
amphibolites, both these factors must be consid-
ered, so that quantitative textural analysis as well
as phase distribution and chemically enhanced fea-
tures should be evaluated (Brodie and Rutter 1985;
Kenkmann and Dresen 2002).
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Figure 14. Pole figures from time-of flight (TOF) neutron
diffraction analyses of sample FACAR-2. Equal area pro-
jection. Log contours: units in multiples of a random dis-
tribution (m.r.d.). Reference system as in figures 4 and 7.

Hornblende. There is still no agreement about
the prevalence of mechanisms during the natural
deformation of clinoamphiboles. Available natural
and experimental data suggest that different mech-
anisms cooperate to accomplish this deformation.
Crystal-plastic mechanisms (e.g. dislocation glide,
dynamic recrystallization, dislocation creep, and
subgrain formation) may be dominant under me-
dium- to high-temperature conditions, with (hk0)
[001] as a major slip system (Rooney et al. 1975;
Biermann and Van Roermund 1983; Cumbest et al.
1989; Reynard et al. 1989; Hacker and Christie
1990; Skrotzki 1990, 1992; Kenkmann and Dresen
2002; Baratoux et al. 2005). As the temperature de-

creases, other mechanisms such as twining, solu-
tion mass transfer, and dissolution–precipitation
creep become more important (e.g., Dollinger and
Blacic 1975; Biermann 1981; Imon et al. 2002). A
dominant brittle behavior, with minor solution
mass transfer, is documented under lower-temper-
ature conditions (Allison and La Tour 1977; Brodie
and Rutter 1985; Nyman et al. 1992; Lafrance and
Vernon 1993; Stünitz 1993; Babaie and La Tour
1994; Berger and Stünitz 1996; Imon et al. 2004;
Dı́az Azpiroz et al. 2007). Rigid-body rotation (Il-
defonse et al. 1990; Shelley 1994; Berger and Stünitz
1996; Dı́az Azpiroz et al. 2007; Tatham et al. 2008)
and solution transfer-oriented growth (Shelley
1989) have been recognized as an effective mech-
anisms for textural and SPO development at low
metamorphic grade.

In sample FACAR-3, textural patterns and the
indications of intracrystalline plasticity suggest
that the preferred orientation was mainly due to
dislocation glide in the [001] (hk0) system, probably
[001](100) (fig. 13). The presence of small grains of
plagioclase and hornblende along large hornblende
crystals with concave boundaries points to the ac-
tivation of grain-boundary migration and hetero-
geneous nucleation (Kenkmann 2000; Kenkmann
and Dresen 2002). However, other mechanisms
may have been also important. The SR/a correla-
tion suggests that rigid body rotation occurred (Il-
defonse et al. 1990; Shelley 1994). Documented
crystal microcracks might be linked to rigid rota-
tion, facilitating grain interactions (Ildefonse et al.
1992; Dı́az Azpiroz et al. 2007). These mechanisms
could help fabric development, thereby enhancing
the strong correlation of SPO and texture (Shelley
1994; Baratoux et al. 2005; Dı́az Azpiroz et al. 2007).

Amphiboles in sample FACAR-2 rarely show evi-
dence of crystal plasticity. The strong crystallo-
graphic-preferred orientation (in terms of m.r.d.;
figs. 13, 14) could be dominantly the result of rigid-
body rotation, with minor contribution of dislo-
cation glide parallel to the [001](100) system (figs.
13, 14). The grain boundaries are straight and clear,
favoring this interpretation (fig. 6). The presence of
abundant microcracks, more than in FACAR-3,
also support the idea, where cyclic rigid rotation
and microcracking may lead to grain-size reduction
and fabric reinforcement (fig. 12). Oriented growth
(Shelley 1989) was active during retrogression, as
can be seen from the syntaxial development of cres-
cent zones (fig. 9); their presence seems related to
amphibole/plagioclase layer boundaries, probably
enhanced by chemical gradients around those sec-
tors (Berger and Stünitz 1996) during the retrogres-
sion stage. Oriented growth probably helped to am-
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plify the rock fabric (i.e., SR, SPO, texture) and the
fabric orthorhombic symmetry (Bons and den Brok
2000).

Plagioclase. High-temperature experiments,
studies of preferred orientations in naturally de-
formed high-grade rocks, and simulations all sug-
gest that plagioclase dominantly deforms by dis-
location glide on (010)[001] accompanied by
(010)[100] slip (Lafrance et al. 1998; Ji et al. 2000,
2004; Stünitz et al. 2003; Gómez Barreiro et al.
2007a; Harigane et al. 2008). Slip on (001)[100] has
been also identified in naturally deformed rocks at
medium- to high-grade conditions (Kruhl 1987; Sie-
gesmund et al. 1994; Terry and Heidelbach 2006;
Harigane et al. 2008). Both slip systems have been
observed under TEM (Marshall and McLaren 1977;
Olsen and Kohlstedt 1984; Montardi and Mainprice
1987).

Plagioclase shows evidence of plastic deforma-
tion and dynamic recrystallization in both samples.
In FACAR-3 (fig. 6b), although the EBSD textural
patterns are somewhat complex (fig. 13a), some
general trends are evident. The [100] axes align with
the flow direction (X), and the (001) poles are close
to the foliation pole (Z), being slightly asymmetric.
Meanwhile, (010) poles define a girdle at an acute
angle to the foliation, opposite to the sense of shear-
ing (fig. 13a). These features and geological condi-
tions are compatible with the slip of dislocations
on the [100](001) system. On the other hand, the
competition of grain growth and the grain-size re-
duction mechanism during dynamic recrystalliza-
tion might be considered responsible for the weak
SPO (SR∼1), and the lognormal grain-size distri-
bution (Michibayashi 1993; Michibayashi and Ma-
suda 1993; Shigematsu 1999; Shimizo 2003; Kel-
lermann Slotemaker 2006). Active grain-boundary
migration explains the interlobate shapes (fig. 6b)
and indicates heterogeneous strain within the ag-
gregate (Ji et al. 2005). It is probable that other
mechanisms such as diffusive mass transport as-
sisted deformation and recrystallization (Gómez
Barreiro et al. 2007a). No evidence of dissolution-
precipitation creep, such as chemical zoning, has
been found.

The plagioclase in FACAR-2 shows the smallest
grain size of both samples. There is evidence of
plastic deformation, indicated by the presence of
subgrains, twins, and undulose extinction (fig. 6a).
Recrystallization mechanisms include grain-
boundary mobility and may be related to diffu-
sional processes and solution transfer, which led to
the sinkynematic development of overgrowths,
particularly in those faces perpendicular to the flow

direction (X). The development of overgrowths
might be the reason why plagioclase SPO appears
slightly more defined than in sample FACAR-3 (SR/
a; fig. 8). Other reactions, triggered by this mech-
anism, include the growth of epidote, and the ac-
tinolitic overgrowths on hornblende. The very low
SR of crystals and the pole figure patterns indicate
that texture can be attributed to dislocation slip on
(010)[001]/[100] system. The (010)[001] system has
been documented as the principal slip system under
amphibolite and granulite facies conditions (Olsen
and Kohlstedt 1984, 1985; Ji and Mainprice 1988;
Ji et al. 1988; Ague et al. 1990; Kruse and Stünitz
1999; Kruse et al. 2001). Slip on (010)[100] has been
proposed in high-temperature deformation experi-
ments and natural mylonites (Ji et al. 2000, 2004;
Gómez Barreiro et al. 2007a; Harigane et al. 2008).
Experiments by Ji et al. (2005) suggest a transition
from [001] to [100] with increasing temperature,
strain rate, and water content.

Age Constraints and Geodynamic Implications.
Our results can be interpreted in terms of two
stages (fig. 5). (1) An early deformation stage, under
high-temperature amphibolites facies conditions
(1600�C), resulted in plastic deformation of horn-
blende and plagioclase. Most of the microstructural
evolution of the high-temperature shear zones
(FACAR-3) occurred at this stage. (2) A late, lower-
temperature, late kinematic cooling stage resulted
in complex competition of mechanisms, where dis-
location glide in amphibole became a secondary
mechanism, whereas rigid-body rotation, micro-
cracking, and solution transfer, driven by chemical
gradients, became primarily responsible for the
shape and crystallographic fabrics. Textural anal-
ysis in plagioclase supports the activity of dislo-
cations by slip on the (010)[001] system, which sug-
gests deformation conditions over 550�C (Ji et al.
2005). At lower temperatures, other mechanisms,
like dissolution-precipitation creep, contributed to
the development of the SPO, without a clear effect
on texture. Fabric symmetry points to a top-to-the-
east sense of shear during this stage. Most of the
microstructural evolution of the inner shear zones
(FACAR-2) may have developed during this stage.

Available age determinations in the Careón ophi-
olite and equivalent units in northwest Iberia, in-
clude dating of the amphibolite-facies regional fo-
liation. Widely accepted results include 40Ar/39Ar
ages that range between 390 and 376 Ma (horn-
blende concentrates; Dallmeyer and Gil Ibarguchi
1990; Peucat et al. 1990; Dallmeyer et al. 1991,
1997). These ages are interpreted to date the last
cooling through those temperatures required for in-
tracrystalline retention of argon within hornblende
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Figure 15. Geodynamic evolution of the Careón ophiolite and related units. Protolith ages from the suprasubduction
zone Careón ophiolite (395 Ma) represent an upper age limit for fabric development in the metabasites. The imbrication
within an oceanic environment (390–380 Ma) led to the formation of metamorphic soles that currently separate
tectonic slices in the unit. The subsequent collisional assemblage (365 Ma) included upper and basal allochthonous
units and ophiolitic units along the Variscan suture in northwest Iberia. Based on Arenas et al. (2007b), Sánchez
Martı́nez et al. (2007), Gómez Barreiro et al. (2007a), and this study.

grains ( ; Harrison 1981). Quoted geo-525� � 25�C
chronological experiments apparently reveal no sig-
nificant disturbance of the argon within the horn-
blende reservoir. Therefore, it is inferred that the
conditions for textural development for plagioclase
(550�C) and hornblende (1600�C) occurred before
376 Ma. According to the known history of terrane
accretion and continental collision in northwest
Iberia (Gómez Barreiro et al. 2006, 2007b; Sánchez
Martı́nez et al. 2007; Martı́nez Catalán et al. 2007,

2009), these fabrics would have developed in a pre-
collisional setting within the Rheic Ocean (figs. 2,
15). This idea is also consistent with the origin of
metamorphic soles, which are thought to represent
relics of high-temperature intraoceanic thrusts, re-
lated to the initial stages of the intraoceanic sub-
duction system (Jamieson 1986; Hacker 1994; Mar-
quer et al. 1995, 1998; Polat et al. 1996).

A correlation can be tentatively established with
current subduction systems on the basis of statis-
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tical analysis and experimental works (e.g., Uyeda
and Kanamori 1979; Jarrard 1986; Boutelier et al.
2003; Heuret et al. 2007). The intraoceanic sub-
duction system developed within the Rheic Ocean
included (fig. 15) at least (1) a period of extension
in the upper plate, which led to the formation of
new oceanic lithosphere (ca. 395 Ma; fig. 15).
Shortly afterward (2) the strain state of the upper
plate changed to compression, and ductile thrusts
developed within the suprasubduction zone litho-
sphere (ca. 390–380 Ma; fig. 15). Finally (3), the col-
lisional stage started with the subduction of the
outermost border of Gondwana at ca. 365 Ma. Sub-
duction systems where upper plate compression oc-
curs are not common in current subduction zones
and may involve continental (Chile) and oceanic
(Japan) overriding plates (e.g., Heuret and Lalle-
mand 2005; Heuret et al. 2007). It has been rec-
ognized that upper plate deformation depends on
several internal parameters such as relative motion
and velocities of the upper plate, trench, and sub-
ducting slab (Conrad et al. 2004; Lallemand et al.
2005; Heuret et al. 2007). Spatial and temporal var-
iations of those parameters may lead to drastic
changes not only on the upper plate stress state but
also on the subduction geometry (e.g., northwest
Pacific subduction zone; Heuret and Lallemand
2005; Heuret et al. 2007). These observations are
coherent with precollisional evolution of the Car-
eón ophiolite.

On the basis of fabric evolution within the Care-
ón ophiolite, we suggest (fig. 16) that the imbrication
of oceanic lithosphere in the intraoceanic subduc-
tion zone imposed a deformation on each tectonic
slice, which progressed from outer high-strain
boundaries, (early high-T shear zones of FACAR-3
type) to inner shear zones (FACAR-2 type) with de-
creasing temperature. It is important to note that
deformation process recorded by the two samples
seem to be continuous, with a common west-east
vector (present coordinates) and similar kinemat-
ics. This contrasts with the northwest-southeast
kinematics of the thrusts that emplaced the ophi-
olitic units above the northwest Iberian allochthon
during the Variscan collision (Martı́nez Catalán et
al. 2002). Structural overprinting due to exhuma-
tion by thrusting and postemplacement events is
limited to discrete and low-grade structures that
did not disturb the plastic fabric.

Conclusions

Quantitative textural analysis through EBSD, TOF
neutron diffraction, and microstructural character-

ization were conducted in two distinct mylonitic
metabasites from the crustal section of the Careón
ophiolite (northwest Spain) in order to constrain
the origin, evolution, and geodynamic significance
of deformation fabrics. Early high-temperature
(1600�C) shear zones developed in metamorphic
soles at thrust boundaries display textures and mi-
crostructures that were probably generated through
dislocation glide, by slip on [001] (100) and [100]
(001) in hornblende and plagioclase, respectively.
Dynamic recrystallization was also active during
deformation. Inferences based on thermobarometry
and thermal constraints on suggested slip systems
are in good agreement. Lower temperature over-
prints (rigid-rotation hornblende) resulted in a re-
inforcement of the fabric.

Shear zones developed at lesser temperature in
the inner parts of the thrust sheets, and display
fabrics that predominantly developed by rigid-body
rotation of hornblende with a minor contribution
of dislocation glide on [001](100). Crystallographic-
preferred orientation of plagioclase was accom-
plished by dislocation glide on [001](010). These
findings are coherent with temperature estimates
between over 550�C and 600�C. Solution transfer
mechanisms and synkinematic reactions led to an
enhancement of shape fabric at even lower
temperatures.

Thermal constraints based on texture and mi-
crostructural features point to a development of the
mylonitic fabric under higher temperatures than the
argon retentive thermal limit for hornblende. This
interpretation supports an early Variscan, precolli-
sional age for the higher-temperature fabrics, prob-
ably in the intraoceanic subduction setting sug-
gested for the Rheic Ocean during the Devonian.

Our results indicate that a precollisional, contin-
uous evolution of fabric development has been re-
corded in the Careón ophiolite. These fabrics rep-
resent the early stages of the closure of the Rheic
Ocean with a constant west-east flow direction (in
present coordinates). The orientation of the re-
gional lineation and related kinematic criteria may
be tentatively used to infer relative motions of the
plates involved in the Variscan suture of northwest
Iberia, and it may be considered a reference vector
for convergence models in this part of the Variscan
orogen. The combination of quantitative texture
and microstructural analysis is confirmed as an im-
portant tool in order to extract information from
polymineralic rocks and connect the different ob-
servation scales and data sources in tectonic
studies.
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Figure 16. Conceptual model (not to scale) for the evolution of tectonic fabrics within the Careón Unit. In an early
stage of intraoceanic subduction and imbrication (390 Ma), deformation mostly concentrated on slice boundaries,
where metamorphic soles developed (white dashed lines, in the geological section), and in high-temperature shear
zones in the crustal section (sample FACAR-3), while most of the oceanic crust remained unaffected. In a later stage
(380 Ma), deformation penetrated inside the unit and lithological boundaries such as the crust/mantle transition
(Moho) concentrated an important part of the deformation (sample FACAR-2).
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P. 2007. Plate acceleration: the obduction trigger?
Earth Planet. Sci. Lett. 258:428–441.

Ague, M. D.; Wenk, H. R.; and Wenk, E. 1990. Defor-
mation microstructures and lattice orientations of pla-
gioclase in gabbros from central Australia. Geophys.
Monogr. 56:173–186.

Aitchison, J. C.; Badengzhu; Davis, A. M.; Liu, J.; Luo,
H.; Malpas, J. G.; McDermid, I. R. C.; Wu, H.; Ziabrev,
S. V.; and Zhou, M. 2000. Remnants of a Cretaceous
intra-oceanic subduction system within the Yarlung-
Zangbo suture (southern Tibet). Earth Planet. Sci.
Lett. 183:231–244.

Allison, I., and La Tour, T. E. 1977. Brittle deformation
of hornblende in a mylonite: a direct geometrical an-
alogue of ductile deformation by translation gliding.
Can. J. Earth Sci. 14:1953–1958.

Anderson, J. L., and D. R. Smith. 1995. The effects of

temperature and fO2 on the Al-in-hornblende barom-
eter. Am. Mineral. 80:549–559.

Arenas, R.; Martı́nez Catalán, J. R.; Sánchez Martı́nez,
S.; Dı́az Garcı́a, F.; Abati, J.; Fernández-Suárez, J.; An-
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tı́nez Catalán, J. R.; Arenas, R.; Dı́az Garcı́a, F.; and
Abati, J. 2006. 40Ar/39Ar laserprobe dating of mylonitic
fabrics in a polyorogenic terrane of the NW Iberia. J.
Geol. Soc. (Lond.) 163:61–73

Hacker, B. R. 1994. Rapid emplacement of young oceanic
lithosphere: argon geochronology of the Oman ophi-
olite. Science 265:1563–1565.

Hacker, B. R., and Christie, J. M. 1990. Brittle/ductile
and plastic/cataclastic transition in experimentally
deformed and metamorphosed amphibolite. In Duba,
A. G.; Durham, W. B.; Handin, J. W.; and Wang, H. F.,
eds. The brittle-ductile transition in rocks. Am. Geo-
phys. Union Geophys. Monogr., p. 127–148.

Hacker, B. R., and Mosenfelder, J. L. 1996. Metamor-
phism and deformation along the emplacement thrust
of the Samail ophiolite, Oman. Earth Planet. Sci. Lett.
144:435–451.

Handy, M. R. 1994. Flow laws for rocks containing 2
nonlinear viscous phases: a phenomenological ap-
proach. J. Struct. Geol. 16:287–301.

Harigane, Y.; Michibayashi, K.; and Ohara, Y. 2008.
Shearing within lower crust during progressive ret-
rogression: structural analysis of gabbroic rocks from
the Godzilla Mullion, an oceanic core complex in the
Parece Vela backarc basin. Tectonophysics 457:183–
196.

Harrison, T. M. 1981. Diffusion of 40Ar in hornblende.
Contrib. Mineral. Petrol. 78:324–331.

Heilbronner, R., and D. Bruhn 1998. The influence of
three-dimensional grain size distributions on the rhe-
ology of polyphase rocks. J. Struct. Geol. 20:695–705.

Heuret, A.; Funiciello, F.; Faccenna, C.; and Lallemand,
S. 2007. Plate kinematics, slab shape and back-arc
stress: a comparison between laboratory models and
current subduction zones. Earth Planet. Sci. Lett. 256:
473–483.

Heuret, A., and Lallemand, S. 2005. Plate motions, slab
dynamics and back-arc deformation. Phys. Earth
Planet. Inter. 149:31–51.

Holdaway, M. J. 1971. Stability of andalusite and the alu-
minum silicate phase diagram. Am. J. Sci. 271:97–131.

Holland, T. J. B., and Blundy, J. D. 1994. Non-ideal in-
teractions in calcic amphiboles and their bearing on
amphibole-plagioclase thermometry. Contrib. Min-
eral. Petrol. 116:433–447.

Ildefonse, B.; Lardeaux, J. M.; and Caron, J. M. 1990. The
behavior of shape preferred orientations in metamor-
phic rocks: amphiboles and jadeites from the Monte
Mucrone area (Sesia-Lanzo zone, Italian Western
Alps). J. Struct. Geol. 12:1005–1011.

Ildefonse, B.; Launeau, P.; Bouchez, J. L.; and Fernandez,
A. 1992. Effect of mechanical interactions on the de-
velopment of shape preferred orientations: a two-
dimensional experimental approach. J. Struct. Geol.
14:73–83.

Imon, R.; Okudaira, T.; and Fujimoto, A. 2002. Disso-
lution and precipitation processes in the deformed am-
phibolites: an example from the ductile shear zone of
the Ryoke metamorphic belt, SW Japan. J. Meta-
morph. Geol. 20:297–308.

Imon, R.; Okudaira, T.; and Kanagawa, K. 2004. Devel-
opment of shape- and lattice-preferred orientations of
amphibole grains during cataclastic deformation and
subsequent deformation by dissolution-precipitation
creep in amphibolites from the Ryoke metamorphic
belt, SW Japan. J. Struct. Geol. 26:793–805.

Ivankina, T. I.; Kern, H. M.; and A. N. Nikitin. 2005.
Directional dependence of P- and S-wave propagation
and polarization in foliated rocks from the Kola su-
perdeep well: evidence from laboratory measurements
and calculations based on TOF neutron diffraction.
Tectonophysics 407:25–42.

Jähne, B. 1991. Digital image processing, concepts, al-
gorithms and scientific applications. New York,
Springer.

Jamieson, R. A. 1986. P-T paths from high-temperature
shear zones beneath ophiolites. J. Metamorph. Geol.
4:3–22.

Jarrard, R. D. 1986. Relations among subduction param-
eters. Rev. Geophys. 24:217–284.

Ji, S.; Jiang, Z.; Rybacki, E.; Wirth, R.; Prior, D.; and Xia,
B. 2004. Strain softening and microstructural evolu-
tion of anorthite aggregates and quartz-anorthite lay-
ered composites deformed in torsion. Earth Planet.
Sci. Lett. 222:377–390.

Ji, S., and Mainprice, D. 1988. Natural deformation fab-
rics of plagioclase: implications for slip systems and
seismic anisotropy. Tectonophysics 147:145–163.

Ji, S.; Mainprice, D.; and Boudier, F. 1988. Sense of shear
in high-temperature movement zones from the fabric
asymmetry of plagioclase feldspars. J. Struct. Geol. 10:
73–81.

Ji, S.; Rybacki, E.; Wirth, R.; Jiang, Z.; and Xia, B. 2005.
Mechanical and microstructural characterization of
calcium aluminosilicate (CAS) and SiO2/CAS com-
posites deformed at high temperature and high pres-
sure. J. Eur. Ceram. Soc. 25:301–311.

Ji, S., and Salisbury, M. H. 1993. Shear-wave velocities,

This content downloaded by the authorized user from 192.168.72.227 on Mon, 10 Dec 2012 05:11:40 AM
All use subject to JSTOR Terms and Conditions

http://www.jstor.org/page/info/about/policies/terms.jsp
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nández-Suárez, J.; Keppie, J. D.; Quesada, C.; Strachan,
R. A.; and Dostal, J. 2006. Origin of the Rheic Ocean:
rifting along a Neoproterozoic suture? Geology 34:
325–328.

Němec, D. 1967. Determination of the character of ori-
ented potash feldspar overgrowth on plagioclase crys-
tals in igneous rocks. Contrib. Mineral. Petrol. 16:
149–155.

Nicolas, A. 1989. Structures in ophiolites and dynamics
of oceanic lithosphere, petrology and structural ge-
ology. Dordrecht, Kluwer, 367 p.

Nicolas, A.; Boudier, F.; and Ildefonse, B. 1994. Evidence
from the Oman ophiolite for active mantle upwelling
beneath a fast-spreading ridge. Nature 370:51–53

Nutman, A. P.; Green, D. H.; Cook, C. A.; Styles, M. T.;
and Holdsworth, R. E. 2001. SHRIMP U-Pb zircon dat-
ing of the exhumation of the Lizard Peridotite and its
emplacement over crustal rocks: constraints for tec-
tonic models. J. Geol. Soc. (Lond.) 158:809–820.

Nyman, M. W.; Law, R. D.; and Smelik, E. A. 1992. Cata-
clastic deformation for the development of core and
mantle structures in amphibole. Geology 20:455–458.

Oberti, R.; Ungaretti, L.; Hawthorne, F. C.; and I.
Memmi. 1995. Temperature-dependent Al order-dis-
order in the tetrahedral double chain of C2/m am-
phiboles. Eur. J. Mineral. 7:1049–1063.

Olsen, T. S., and Kohlstedt, D. L. 1984. Analysis of dis-
locations in some naturally deformed plagioclase feld-
spars. Phys. Chem. Mineral. 11:153–160.

———. 1985. Natural deformation and recrystallization
of some intermediate plagioclase feldspars. Tectono-
physics 111:107–131.

Parkinson, I. J., and Pearce, J. A. 1998. Peridotites from
the Izu-Bonin-Mariana Forearc (ODP leg 125): evi-
dence for mantle melting and melt-mantle interaction
in a supra-subduction zone setting. J. Petrol. 39:1577–
1618.

Pearce, J. A.; Lippard, S. J.; and Roberts, S. 1984. Char-
acteristics and tectonic significance of supra-subduc-
tion zone ophiolites. In Kokelaar, B. P., and Howells,
M. F., eds. Marginal basin geology: volcanic and as-
sociated sedimentary and tectonic processes in mod-

ern and ancient marginal basins. Geol. Soc. Spec. Publ.
16:77–94.

Pehl, J., and Wenk, H.-R. 2005. Evidence for regional Dau-
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