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pyroxenites are recognized: clinopyroxenites with enclosed dunitic lenses (type-1), massive websterites
(type-2), foliated and commonly highly amphibolitized clinopyroxenites (type-3) and orthopyroxenites

Editor: J. Brodholt (type-4). Field and petrological observations together with EBSD analysis provide new insights on the
physical behavior of the pyroxenes and their conditions of deformation and reveal the unexpected

Keywords: journey of the Cabo Ortegal pyroxenites.

mantle pyroxenites microstructure We show that, during deformation, type-1 pyroxenites, due to their enclosed dunitic lenses, are more

enstatite likely to localize the deformation than types-2 and -4 pyroxenites and may latter act as preferred pathway

diopside for fluid/melt percolation, eventually resulting in type-3 pyroxenites. All pyroxenite types display a similar

supra subduction processes response to deformation. Orthopyroxene deformed mostly by dislocation creep; it shows kink bands and

subduction conduit

MTex undulose extinction and its fabric is dominated by [001](100). Clinopyroxene displays subgrain rotation,

dynamic recrystallization and fabric with [010] axes clustering next to the foliation pole and [001] axes
clustering next to the lineation suggesting activation of [001]{110} and [001](100) in some samples.
These observations are in good agreement with deformation at temperatures greater than 1000°C.
Olivine in type-1 and type-4 pyroxenites shows [100](010) or [001](010) fabrics that are consistent
with deformation at temperatures >1000°C and may indicate deformation in a hydrous environment.
The amphibole [001](100) fabric gives insights on a lower-temperature deformation episode (~800 to
500°C). Our results, interpreted in the light of published experimental data, together with the regional
geological and geochemical studies are consistent with the following tectonic evolution of the Cabo
Ortegal pyroxenites: (1) delamination from an arc root in a mantle-wedge setting at temperatures
above 1000°C and (2) introduction into a relatively softer subduction channel where deformation was
accommodated by localized shear zones, thus preserving the high-temperature fabrics of pyroxenites. The
Cabo Ortegal pyroxenites may therefore be seen as a rare exposure of deformed mantle-wedge material.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction can be satisfactorily inferred from those of olivine. This working

hypothesis is being challenged by studies highlighting the poten-

Rheological models of the upper mantle traditionally adopt a tially important volume of pyroxenes, in the shallow upper mantle

major assumption: the physical properties of mantle peridotites and from the transition zone to the crust. Evenly-distributed py-

roxenes may modify the bulk rheological properties of peridotites,

- . . . compared to an unrealistic assemblage of pure olivine, and partly
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the nucleation of shear zones. Significant volume of pyroxene-
rich lithologies have been reported in many exposures of mantle
peridotites (e.g. Dantas et al., 2007; Nicolas and Boudier, 2003;
O'Reilly and Griffin, 2013). A growing number of experimental
studies (e.g. Amiguet et al, 2010; Bystricky and Mackwell, 2001;
Mauler et al., 2000) and studies of natural pyroxene-rich samples
(e.g. AvéLallemant, 1978; Frets et al., 2012; Helmstaedt et al., 1972;
Muramoto et al., 2011) have addressed the deformation of pyrox-
enes but more are required to fully understand the processes at
work.

The pioneering study of AvéLallemant (1978) was amongst the
first to explore the deformation processes in natural websterites
and to highlight their complexity. It showed that under high-
temperature conditions (i.e. above 1050 °C), the deformation of the
volumetrically dominant clinopyroxene (cpx) is mostly accommo-
dated by dislocation creep through non-selective translation glid-
ing, polygonization and syntectonic recrystallization while at lower
temperatures, mechanical twining is more common. Similar con-
clusions were reached by Kirby and Kronenberg (1984) who ob-
served dominance of kink bands and twinning at low temperatures
and a switch to subgrain rotation and recrystallization at temper-
ature higher than 1000°C. Because of the similar lattice shared
by omphacite and diopside, studies on eclogites may be extrap-
olated to understand diopside deformation (Bascou et al., 2002).
Omphacite fabrics, characterized by Helmstaedt et al. (1972) and
Zhang et al. (2006), which have been shown to give insights on the
deformation regime, can therefore be used to understand mantle
cpx. The L fabric displays [001] axes clustered next to the lin-
eation and the [010] axes forming a girdle in the plane normal to
the lineation; the S fabric is characterized by [010] clustering next
to the foliation pole and [001] forming a girdle in the foliation
plane and L-S fabric is similar to a [001](010) fabric. These three
types of fabrics respectively testify to either shear, axial compres-
sion or both. A strong [010] cluster next to the foliation pole was
identified as the consequence of slip along {110} planes at high-
temperature (>1000°C) where [001]{110}, and 1/2 <110 > {110}
are particularly active (Amiguet et al., 2010; Bascou et al., 2002).
Clusters of [100] next to the foliation pole has been reported dur-
ing axial compression while the 1/2 < 110 > {110} duplex is active
at high temperatures or at lower temperatures (900 to 1000 °C),
when [001](100) slip is activated (Raterron et al., 1994).

Deformation of orthopyroxene (opx) in the upper mantle is less
complex because of its simpler crystal structure. In peridotites,
high-temperature deformation of opx is typically accommodated
by slip along [001](100) forming an AC fabric sensu stricto Jung
et al. (2010). The appearance of [001](010), was observed in nat-
ural specimens as well as in experimental studies, and was sug-
gested to reflect a strain rate greater than 40% (Frets et al., 2012;
Mercier and Nicolas, 1975; Nicolas and Christensen, 1987; Ross
and Nielsen, 1978).

So far, only few microstructural studies of natural pyrox-
enites have been carried out. Frets et al. (2012) observed in
the Beni Boussera massif that dynamic recrystallization by sub-
grain rotation, grain-boundary migration and recovery play a ma-
jor role in the deformation of websterites at high-temperatures
(1100-1150°C and 1.8 GPa). Their observations also suggest that
[001]{110} slip in cpx and both [001](100) and [001](010) in opx
were activated. Muramoto et al. (2011) studied garnet pyroxenites
from the Higashi-akaishi peridotite and showed that [001](100)
was dominant at 700-800°C and 3 GPa with minor activation of
[100](010) and < 110 > {110}.

Here we investigate the deformation of pyroxenites from
the Herbeira massif of the Cabo Ortegal Complex, Spain, which
evolved in a supra-subduction environment (Puelles et al., 2012;
Tilhac et al., 2016). We focused on deformed pyroxenite layers
exposed in a 300 m-thick pyroxenite-dominated domain (Fig. 1),

associated with dunites and harzburgites. Field and microstructural
observations are combined with electron backscattered diffrac-
tion (EBSD) analyses to characterize the microstructure and the
deformation mechanisms involved. Crystallographic data obtained
using EBSD are then used to constrain the deformation conditions
and relate them to the polyphase tectono-metamorphic evolution
recorded regionally.

2. Geological background

The Cabo Ortegal Complex is one of the allochthonous com-
plexes of North-Western Iberia which preserves remnants of the
Variscan suture, including ophiolites (e.g. Arenas et al., 1986;
Martinez Catalan et al., 2009; Weil et al., 2013). The high-pressure
allochthonous units of this complex are mainly composed -of high-
pressure gneisses, granulites, eclogites and of granulites and ultra-
mafic rocks (e.g. Albert et al., 2014; Arenas et al., 1986), whose
protoliths were probably generated in different parts of the sub-
duction factory (Peucat et al., 1990; Tilhac et al. 2016, 2017).
The assembly of these high-pressure units resulted from the com-
bination of subduction and exhumation, notably via subduction-
channel processes (Gerya et al., 2002) and orogenic deformations,
probably following the closure of the Rheic ocean. This has been
accompanied by prograde metamorphism reaching, in the ultra-
mafic units, peak conditions of 1.6-1.8 GPa and 780-900°C, as
recorded by two-pyroxene major-element (Girardeau and Gil Ibar-
guchi, 1991; Tilhac et al., 2016) and REE thermo(baro)metry (Tilhac
et al., 2017). This was followed by retrograde metamorphism un-
der amphibolite- and greenschist-facies conditions (Abalos et al.,
2003 and references therein).

Amongst the three main exposures of ultramafic rocks in
the Cabo Ortegal Complex, the Herbeira massif is the largest
(~15.5 km?) and mainly consists of highly serpentinized harzbur-
gites with minor dunites and pyroxenites (Fig. 1). It also preserves
relatively fresh and abundant amphibole-bearing pyroxenites inter-
layered with dunites in a 3 km-long, 300 m-thick zone exposed in
the Herbeira cliffs. Spectacular field evidence of high-temperature
deformation includes a tectonic foliation parallel to the compo-
sitional layering, and boudinage of the pyroxenite layers. Sheath
folds (and locally mylonites) were reported by Jamaa (1988) and
Tilhac (2017) in the Herbeira massif, and by Puelles et al. (2012)
in the Limo massif (Fig. 1) and mostly affect both harzburgites and
the pyroxenite-dunite assemblages. They are commonly associated
with a higher degree of amphibolitisation.

Measurements of foliations and lineations, despite their strong
local variation, lie within the range of previously published ori-
entations of ~N025°/30SE (Abalos et al., 2003; Girardeau and
Gil Ibarguchi, 1991). For simplicity, pyroxenites collected in the
Herbeira massif only for this study will be refer to as Cabo Or-
tegal pyroxenites.

3. Material and methods
3.1. Sample selection

A set of 16 oriented samples was selected, 10 from the
pyroxenite-rich area and 6 scattered around the massif (Fig. 1).
Due to their very high degree of serpentinization leaving only
a meager proportion of olivine grains, dunites and harzburgites
were not included in this study. Pyroxenites were less affected by
low-temperature alteration and thus offer excellent material for
textural and EBSD studies. The chosen samples are representative
of Cabo Ortegal pyroxenites following the petrological systematics
defined by Tilhac (2017) and Tilhac et al. (2016) who identified
four lithological types. Type-1 groups olivine-clinopyroxenites and
websterites including dunitic lenses observable at both outcrop-
and thin-section scales (Fig. 2A and D). Massive olivine-free web-
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Fig. 1. (A): location of the Cabo Ortegal Complex on the Iberian Peninsula (after Puelles

et al., 2012); (B): simplified map of the high-pressure units of the Upper Allochthon

(after Llana-Fanez et al., 2004); C: geological map of the Herbeira massif (modified after Tilhac et al., 2016). SF indicates the areas where sheath folds have been observed.

Sample locations are indicated by the black dots. The black triangle indicates the Herbei

sterites (i.e. with higher opx/cpx ratios) and commonly devoid of
dunite lenses are classified as type-2 pyroxenites (Fig. 2B and E),
while type-3 pyroxenites consists of foliated clinopyroxenite and
few websterites, commonly strongly amphibolitized (Fig. 2C and F).
Type-4 pyroxenites represent uncommon orthopyroxene-rich web-
sterites and orthopyroxenites.

3.2. Analytical procedures

Thin sections were cut in the structural XZ plane (cf. Fig. 4)
to allow the determination of fabrics. A colloidal silica-water so-
lution (mixed in 70/30 proportion) was used at the final stage of
polishing for 5 min to reduce surface damage produced by me-
chanical polishing. Crystallographic orientations of minerals were
acquired using a HKL NordlysNano electron backscatter diffrac-
tion(EBSD) detector attached to a Zeiss EVO MA15 scanning elec-
tron microscope (SEM) in the Geochemical Analytical Unit (GAU) at
GEMOC/CCFS, Macquarie University, Australia. Kukichi bands were
obtained by the interaction between the sample tilted at 70° and
the incoming electron beam. For all analyses, a 15 pum step size
was used. The working distance varied between 15 and 20 mm
depending on the sample and the analysis location within the
sample. Automatic indexing was performed using the AZtec soft-
ware (Oxford Instruments). The HKL software was used to perform
a standard noise reduction and to extrapolate the missing data
with at least 8, 7, 6 and then 5 identical neighbors with similar
orientation. Resulting EBSD data were then processed using MTex
(Bachmann et al., 2010, 2011). The processing protocol included:
(1) removing measurements with a mean angular deviation greater
than 1.3; (2) defining grains by enforcing that any two neighboring
measurements belong to the same grain if their orientation differ-
ence is less than a specific threshold. We used a 10° threshold; this

ra massif highest point. Outline of the eastern dunite body after Puelles et al. (2012).

is the value classically used in Earth Sciences, and allow accurate
comparison of the results with previous studies; (3) smoothing and
interpolating the missing data within the grains, and (4) removing
grains with a surface smaller than 10 pixels to avoid bias caused
by potential indexing error.

To avoid oversampling of large grains, and allow fabrics com-
parison between samples, pole figures with one point per grain
were plotted on a lower-hemisphere, equal-area stereographic pro-
jection. When the number of grains is higher than 100, orientation
density functions (ODF) have been calculated with a 10° Gaussian
half-width. The ODF strength of each crystallographic axis was es-
timated using the J-index (Bunge, 1982). The strength of the crys-
tallographic preferred orientation (CPO) was estimated using both
the J-index and the M-index (Bunge, 1982; Skemer et al., 2005).
For all pole figures, contours have been plotted at each multiple of
the uniform distribution to allow for a clearer and an easier com-
parison between the samples. The Matlab scripts used to produce
the figures as well as all the fabrics are provided in the Elec-
tronic Appendices (Electronic appendices 3-8). The misorientation
of each pixel was calculated relative to the mean orientation of its
corresponding grain, and then combined as maps of “misorienta-
tion relative to mean grain orientation”. Any misorientation value
greater than 10° was brought down to 10° to allow for a clearer
observation.

4. Results
4.1. Texture and microstructure
A detailed description of the texture, microstructure and chem-

ical composition of the different types of pyroxenite has been
provided by Tilhac et al. (2016) and Tilhac (2017) where further
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Fig. 2. Photomicrograph illustrating (A) the dominant porphyroclastic texture in a type-1 pyroxenite (sample CO-096-A/B), (B): an equigranular texture in sample 701BA;
(C): two textural relationships between amphibole and pyroxenes in a type-3 pyroxenite with xenomorphic (Amph 1) and idiomorphic to sub-idiomorphic (Amph 2) grains.
Field photographs illustrating the occurrence of (D) type-1 pyroxenites, with interstitial dunite (note the boudinage of the pyroxenite layers), (E) type-2 massive pyroxenites
with massive appearance and (F) type-3 pyroxenites, exhibiting a characteristic thinly foliated aspect.

details can be found. For simplicity, we present here a concise de-
scription of the microstructure of the four types of pyroxenites as
well as a description of the dominant phases forming the Cabo Or-
tegal pyroxenites: opx, cpx, olivine and amphibole. Because (1) this
study is focused on the pyroxenites and (2) the impossibility to
analyse minerals with very different strength on a single thin sec-
tion with EBSD, phases such as spinel and sulfide, or minerals
related to low-temperature alteration, such as serpentine, were not
studied at all here. Garnet also was not considered here as it is
present in only a few samples.

Type-1 pyroxenites (clinopyroxene-rich websterites and clinopy-
roxenites, Figs. 2A and 2D) have a dominantly porphyroclastic tex-
ture, except for sample 701BA which displays an equigranular tex-
ture (Fig. 2B). The grain-size distribution is thus bimodal and large
grains make up ~50% of the rock volume. In type-1 pyroxenites,
cpx makes up most of the surface area. It is associated with amphi-
bole, which represents on average 10% of the surface area; olivine
(and less commonly opx) may also be present in similar propor-
tions.

In type-2 pyroxenites (olivine-free websterites, Fig. 2E) the
modal abundance of opx is higher than in type-1 pyroxenites (20
to 30% of surface area); olivine is absent and amphibole makes up
~20% of the surface area (Figs. 5B and 5C). The grain size distri-
bution in type-2 is similar to that in type-1 pyroxenites. Coarse cpx
and opx grains make up 55% of the rock volume. The texture is
mostly porphyroclastic and the grain boundaries of porphyroclasts
indicate the absence of textural equilibrium between pyroxenes,
either due to dynamic recrystallization or to the presence of am-
phibole neoblasts.

Type-3 pyroxenites (foliated clinopyroxenites and websterites,
Fig. 2F) are strongly amphibolitized (up to 55% of the surface vol-
ume) and locally becomes a quasi-bimineralic assemblage of cpx
and amphibole (Fig. 2C). Levels of large and unstrained grains of
amphibole can be observed parallel to the tectonic foliation (Elec-
tronic Appendix 2B). In contrast to type-1 and -2 pyroxenites, the
grains-size is dominantly equigranular with a grains equivalent di-
ameter of ~800 pm. Such a grain size distribution probably results
of the growth and/or the static recrystallization of amphibole along
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Fig. 3. Trends observed in the CPO data from Cabo Ortegal pyroxenites. (A) Probability-density function of the Grain Orientation Scattering (GOS) in degree for all cpx grains
in type-1, -2 and -3 pyroxenites (i.e. the average deviation in orientation between each point in a grain and the mean grain orientation). While the distinction between type-1
and type-2 is subtle, indicating a similar level of internal deformation, type-3 pyroxenites clearly have more equilibrated cpx than the other two types; (B) and (D): M-index
of opx and cpx CPO for each type of pyroxenite; (C) J-index of cpx for each type of pyroxenite. Sample 701BA has been excluded from the plots because of its anomalously

high ] and M indexes compared to the other type-1 pyroxenites.

pyroxenes grain boundaries and among matrix minerals, as de-
scribed by Tilhac et al. (2016) and Tilhac (2017).

Type-4 pyroxenites (opx-rich websterites and orthopyroxenites)
contains more than 70% of opx. The modal proportion of olivine
ranges from 5% to 20% in some samples, amphibole occurs in a
proportion similar to that in type-1 pyroxenites and rare cpx may
be observed. The grain-size distribution is also bimodal but is here
dominated by porphyroclasts; opx accounts for the coarse fraction
while opx, cpx and/or amphibole constitute the fine-grained one.

In all the types of pyroxenites, opx (enstatite) may be observed
as porphyroclasts (500 ym up to 3 mm) displaying undulose ex-
tinction and kink bands highlighted by exsolved spinel and/or cpx
(Fig. 5C). Grain boundaries are complex, irregular and shaped by
various equilibrated neoblasts (~ 175 pm) grown at the expense
of the unrecovered porphyroclasts and accounting for a smaller
proportion of the surface area (Fig. 7B). Similarly, cpx (diopside)
occurs as porphyroclasts hosting exsolved spinel along cleavage
and exhibit a range of grain size similar to that of opx. It also
displays complex and irregular grain boundaries. Subgrain bound-
aries near the contacts with surrounding grains, and sometimes
undulose extinction, can be observed in most grains. Cpx also oc-
curs as misorientation-free neoblasts comparable in size to the opx
neoblasts (Figs. 4B and 6A). Olivine (forsterite 0.86-0.89) may oc-
cur as relics of larger grains that have been serpentinized (i.e.
mesh texture) forming bands in type-1 pyroxenites, as inclusions in
pyroxenes but most commonly as elongated and recovered intersti-
tial grains in type-1 and -4 pyroxenites (Electronic Appendix 2B).
Their grain size is relatively homogeneous with a mean equivalent
diameters of the grain of ~160 pm.

Amphibole (magnesiohornblende) is observed in all samples
as lamellae, replacing exsolved cpx and/or locally associated with
spinel opx and cpx or as interstitial grains between the pyrox-
enes, resulting in sutured grain boundaries of cpx porphyroclasts.
When occurring within pyroxenes, idiomorphic to sub-idiomorphic
grains occur preferentially along the pyroxenes cleavage can be
observed. These observations suggest that some of the amphibole

have grown at the expense of clinopyroxene (Figs. 2C, 6 and Elec-
tronic Appendix 2C and D). The growth of amphibole depending
on its modal abundance and on the type of pyroxenite, has re-
sulted in various textural overprints, notably responsible for the
co-existence of porphyroclasts in otherwise equigranular samples.
Based on grain shape and the internal deformation, two popula-
tions of amphibole grains can be distinguished: (1) idiomorphic
to sub-idiomorphic grains (Amph 1 in Fig. 2C and Electronic Ap-
pendix 2), with no sign of internal deformation; (2) xenomorphic
grains (Amph 2 in Fig. 2C) with a higher degree of lattice misorien-
tation, in the form of undulose extinction or subgrain boundaries,
especially in grains squeezed between two pyroxene grains. These
grains are xenomorphic and have more irregular boundaries. Both
populations have comparable major and trace-element composi-
tion within a given sample (Tilhac et al., 2016) and may cover the
whole range of the amphibole grain size, which has a mean value
of ~180 pm (see Electronic Appendix 1).

Our field data and petrographic observations do not allow us to
define any relationship between the pyroxenes deformation mark-
ers, the different types of pyroxenite, their location and the thick-
ness of the layer. On the contrary, and with the exception of sheath
folded area, any macro- or micro-scale deformation marker and
textures can be found anywhere in the massif.

4.2. Fabrics and internal deformation from EBSD

EBSD analysis of intracrystalline deformation in type-1 pyrox-
enites reveals a relatively low degree of lattice misorientation
(Fig. 4B). Rare concentrations of misorientations occur in the tips
of large cpx grains at contacts with other cpx porphyroclasts and
along subgrain. With the exception of sample 701BA, both M and
J indices are low (0.01 for M and 1.6 for J-index; Electronic Ap-
pendix 1), indicating a rather weak CPO for cpx. CPO also suggests
weak cpx fabrics but a [001](010) pattern (SL fabric) is neverthe-
less observable in half of the samples (Electronic Appendices 1
and 3). Either a random distribution or the presence of [001](100)
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as in the case of sample CO-096-A/A makes up for the other
half of the samples. Rare opx grains may define either a weak
[001](100) fabric or a random distribution (Fig. 4A). Olivine CPO
is weak and mostly random but still allows the determination of
[001](010) fabric in 3 samples and of [100](010) fabric in another
one (Fig. 4A). A [001](100) fabric of amphibole seems to dominate
in type-1 pyroxenites (Fig. 4A). This fabric is consistently stronger
than the fabrics of pyroxenes and olivine (0.05 for M and 2.7 for J-
index) and may display a point maximum, girdles or a random dis-
tribution depending on the sample and the axis considered. Beside
[001](100), amphibole from sample 401A (Fig. 8) and 100B display
a [010](100) fabric and [001](010) is found in sample CO-96-A/B
and 702A.

Optically, the intracrystalline deformation recorded in type-2
pyroxenites (olivine-free massive websterites) appears stronger
than in type-1 pyroxenites (Fig. 5). However, a probability-density
function of the grain orientation spread (GOS) of the volumetrically
dominant cpx reveals that the two types are very similar from an
internal-deformation point of view (Fig. 3A). In type-2 pyroxenites,
cpx fabrics are dominated by [001](010) (i.e. SL-type fabric) ex-
cept for sample CO-099-A which displays a S-type fabric. Opx has
a very homogeneous [001](100) fabric. Although the M and ] in-
dexes of pyroxenes are slightly greater than in type-1 pyroxenites
(Fig. 3C and D), our data do not allow us to propose a viable sta-
tistical interpretation because of the limited number of samples.
Amphibole fabrics display the same variability as observed in type-
1 pyroxenite with [001](100), [001](010) or even (010) with two

girdles formed by [100] and [001] axes (Fig. 5A, Electronic Appen-
dices 1 and 4).

In type-3 pyroxenites, the internal energy seems optically sim-
ilar to that of type-1 (i.e. misorientations restricted to grain and
subgrain boundaries; cf. Fig. 6), but this is mainly due to the lack
or the low abundance of opx. Subgrain rotation can be observed
in large cpx grains and strong lattice misorientations may appear
in some amphibole grains (Fig. 6B). Cpx fabrics are [001](010) and
can be both of S or L-type. Thanks to the high modal abundance of
amphibole, the two different populations described above are here
easily visible. Amphibole shows a striking [001](100) fabric with, in
sample CO-067-B, a girdle formed by [100] along the plane normal
to the lineation. Large idiomorphic amphiboles with shapes match-
ing the foliation and lineation reference frame can be observed in
sample CO-067-A (Electronic Appendix 2A).

In type-4 pyroxenites, internal deformation is particularly strik-
ing. Kink bands are abundant and their axes are sub-normal to
normal relative to the main foliation (Fig. 7B). Finer grains (of
all phases) are well-equilibrated internally compared to the large
porphyroclasts, and only rarely display evidence of misorientation.
Opx displays a strong [001](100) fabric which also occurs in am-
phibole with a notably strong linear component (Fig. 7A). The
combination of [100](010) and [001](010) fabrics for olivine is sug-
gested in sample 704A. Due to the limited number of grains (i.e.
<100 grains), the contours of the cpx ODF have not been drawn
and the ] and M index excluded. However, both selected type-4
pyroxenites show a strong concentration of the three cpx crystal-
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lographic axes modulo a 90-degrees’ rotation around the [100] axis
(Fig. 7).

5. Discussion
5.1. Conditions of deformation of the Cabo Ortegal pyroxenites
In this section, the significance of the fabrics of the four main

rock-forming minerals is discussed and the possible deformation
regimes and temperatures are inferred.

The average grain size of cpx neoblasts computed from ESBD
data (Electronic Appendix 1) was used to estimate the differential
stress following the relation of AvéLallemant (1978). Results are
relatively homogeneous, exhibiting a mean value of 30.8 7.6 MPa
(Electronic Appendix 1). Sample 401A, which represents the con-
tact between a pyroxenite layer and its host dunite, displays a
much higher differential stress of 101 MPa. The [001](010) fabric in
cpx is visible in most samples and does not seem to be correlated
with a specific type of pyroxenite. Such fabric, possibly related to
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slip along [001]{110} and 1/2 < 110 > {110}, was described as the
main deformation mechanism at temperatures >1000 °C (Amiguet
et al.,, 2010; Bascou et al., 2002). Additional clustering of [100] axes
next to the foliation pole on top of the [001](010) fabric observed
in samples CO-096-A/A, 706AA and CO-097-A/A (Electronic Appen-
dices 3 and 4) may indicate the activation of [001](100) and/or the
relative domination of 1/2 < 110 > {110} (Amiguet et al., 2010;
Raterron et al., 1994). Considering that the formation of the [100]
cluster by 1/2 < 110 > {110} would require an axial compres-
sion at high-temperature, one would expect an S-type fabric in
these cases, which is not observed. The activation of [001](100)
at lower temperature (900 to 1000°C) is therefore more consis-

tent with our observations and could explain the [100] clustering
next to the foliation pole. This clustering of cpx [100] axis next
to the foliation pole in type-4 pyroxenites may be regarded as
an evidence for the latter deformation, although it could alterna-
tively be interpreted as reflecting an effect of modal composition
on the cpx fabric. Besides, considering that no mechanical twins
or kinks were observed, clinopyroxene did not record deforma-
tion at lower temperatures (i.e. <900°C). S-, L- and SL-type fabrics
being unrelated to the different types of pyroxenite, we propose
that deformation regimes may essentially reflect the initial orien-
tation of the pyroxenite layers/dykes relative to the paleo-stress
field.
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Based on these results, we suggest that cpx in Cabo Orte-
gal pyroxenites recorded deformation at temperatures greater than
900 °C, and mostly higher than 1000 °C. This high-temperature de-
formation event included either a shear component, an axial com-
pression component or both depending on the sample.

The grain size of opx neoblasts has been used to estimate
the differential stress following the relation of Ross and Nielsen
(1978). It shows consistent results with that observed in cpx yield-
ing a mean value of 20.3 & 5.1 MPa. Again, sample 401A records
a greater differential than the others samples with an estimated
stress of 103 MPa. In most pyroxenites and in all types of pyroxen-
ites, opx fabrics seem to indicate the activation of [001](100) glide
(i.e. AC-type fabric of Jung et al., 2010) which has been widely re-
ported in upper mantle samples (Nicolas and Christensen, 1987). In
contrast to the results of Jung et al. (2010), we observe an increas-
ing CPO strength with increasing opx content and a [001](100)
fabric regardless of the modal proportions (Electronic Appendix 1).
Assuming a water-rich environment and a strain rate of 1013 s~!
(Abalos et al., 1996, 2003; Puelles et al., 2009; Tilhac et al., 2016),
deformation by transformation to clino-enstatite can be estimated
to occur below ~800°C (Ross and Nielsen, 1978). The absence of
observed clino-enstatite may thus suggest that opx recorded de-
formation at temperatures greater than 800 °C. However, although
the occurrence of clino-enstatite has never been reported in the
Cabo Ortegal pyroxenites, its presence cannot be ruled out alto-
gether and a more conservative interpretation has to be retained.

Even if the opx fabric, kink band and undulose extinction are
consistent with deformation at mantle conditions, we will consider
the opx to be inconclusive when it comes to defining a tempera-
ture field for that deformation event.

The A- and B-type olivine fabrics observed in type-1 and
type-4 pyroxenites suggest the activation and of [100](010) and
[001](010) slips respectively. The A-type fabric is commonly
found in upper-mantle peridotites and has been observed in
high-temperature, low-stress environments in a wide variety of
xenoliths (Ismail and Mainprice, 1998; Nicolas and Christensen,
1987). B-type fabric is produced (1) during the A- to B-type
transition upon a decrease in temperature and/or an increase in
stress (Carter and Ave Lallemant, 1970); (2) at high-temperature
upon an increase in the olivine water content and a possi-
ble increase of stress (Jung and Karato, 2001); (3) at pressure
greater than 3 GPa in a dry environment (e.g. Jung et al., 2009;
Ohuchi et al, 2011); (4) between 5 and 8 GPa with a relatively
low proportion of opx (Soustelle and Manthilake, 2017). In the
Cabo Ortegal Complex, the peak metamorphism reached a pres-
sure of ~1.7 GPa, excluding the possibility of a pressure triggered
B-type fabric. The heterogeneous distribution of the phases (i.e.
the layering), the lack of cpx and the different pressure ranges at
which the experiments were carried out makes it difficult to use
the results of Soustelle and Manthilake (2017) to understand the
fabrics of the Cabo Ortegal pyroxenites. Consequently, the origin
of B-type fabrics in the Cabo Ortegal pyroxenites is likely to be
the result of variations in stress, temperature and/or water con-
tent. B-type fabrics have been documented in the harzburgites of
the neighboring Limo massif (Puelles et al, 2012) and were in-
terpreted as a result of decreasing temperature and an increasing
stress. In the Cabo Ortegal pyroxenites, formation of a B-type fabric
by a stress-induced transition from A to B is not consistent with
our differential stress calculations: while the B-type fabric is found
in the most stressed sample (i.e. sample 401A), it is also found in
other samples exhibiting the same range of stress as A-type fabric
(Electronic Appendix 1). The lack of lattice misorientation in the
olivine grains of the Cabo Ortegal pyroxenites also suggests a re-
equilibration of the lattice (Electronic Appendix 2-B) at sufficient
temperatures for efficient diffusion to operate. This thus excludes
a simple temperature decrease as a cause of the B-type fabric.

We conclude that the olivine found in Cabo Ortegal pyroxen-
ites recorded deformation at temperatures greater than 1000 °C
and most likely testifies to a hydrous environment.

Among the main rock-forming phases in the Cabo Ortegal py-
roxenites, amphibole has the strongest fabric, with [001](100) ap-
pearing in most samples (cf. Figs. 4A, 5A, 6A and Electronic Ap-
pendix 1). This fabric has been observed in deformation experi-
ments and natural sample at temperatures between ~500°C and
800°C (Dollinger and Blacic, 1975; Getsinger and Hirth, 2014;
Ko and Jung, 2015). Along the contacts between pyroxenite and
dunite (i.e. sample 401A), a fabric switch to [010](100) is observed
(Fig. 8). This switch in fabric has also been observed experimen-
tally and was linked to a potential increase in stress (Ko and Jung,
2015). Amphibole CPOs display values of mean uniform distribu-
tion that could be interpreted as the result of a cataclastic process
(Diaz Aspiroz et al., 2007). However, such interpretations are not
consistent with the textural and petrographic observations on the
Cabo Ortegal pyroxenites, suggesting that only little deformation
was recorded by the most amphiboles. As noted before, amphi-
bole is the phase with the strongest fabrics in the Cabo Ortegal
pyroxenites. We interpret the greater strength of amphibole fab-
rics relative to the one of pyroxenes and olivine as the result of
an oriented growth taking place in a stronger stress field than the
one that is related to the pyroxenes and olivine fabrics. The mim-
icking of cpx CPO by amphibole, which is observed in some of
our samples, indicates that some proportion of the amphiboles has
grown after cpx and inherited its crystal orientation. This is con-
sistent with the close textural relationships shared by amphibole
and cpx (Tilhac, 2017; Tilhac et al., 2016), their relative isotopic
equilibrium (Tilhac et al., 2017) and similar observations made
in the Limo massif (Puelles et al., 2012), supporting the idea of
a metamorphic origin for at least part of the amphibole grains.
The alignment of amphibole fabrics with the structural framework
and its abundance in Cabo Ortegal pyroxenites suggest that the
lineation observed at macroscopic scale is mostly defined by am-
phibole grains. Only in type-4 pyroxenite, which is relatively poorer
in amphibole, the lineation is dominated by elongated and well-
aligned opx grains.

On the basis of the textural observations and fabrics, we con-
clude that amphibole recorded mainly a low stress plastic defor-
mation at a temperature ranging from ~800 to a minimum of
500°C, after the higher temperatures episode recorded by the py-
roxenes and olivine.

Mineral fabrics in the Cabo Ortegal pyroxenites reveal two dis-
tinct deformation events: opx, cpx and olivine testify to defor-
mation at high temperatures and low stress compatible with an
upper mantle setting (>1000°C), possibly in a hydrated environ-
ment, while amphibole recorded a lower-temperature deformation
(~800 down to a minimum of 500 °C) probably mainly accommo-
dated by strongly serpentinized harzburgitic or dunitic host. Our
results also indicate that Cabo Ortegal pyroxenites were deformed
under relatively low-stress conditions during both episodes. The
consistency of opx [001](100) and cpx [001](010) fabrics and their
close spatial coincidence suggest that all Cabo Ortegal pyroxenites
recorded the same high-temperature deformation overprinting any
previous microstructural differences acquired previously.

5.2. Lithological constraints on the development of microstructures

Aside from the fabrics, the degree of internal deformation for
each type of pyroxenite is here quantified in order to assess the
lithological constraints imposed on the development of microstruc-
tures. For that purpose, we have calculated GOS probability-density
functions for the volumetrically dominant cpx (Fig. 3a). Results
suggest that cpx in both type-1 and -2 pyroxenites show quite
relatively similar internal deformation. Therefore, any subjective
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estimate of a deformation difference in thin section is likely to be
the result of the modal composition and notably the higher abun-
dance of opx, best illustrated in type-4 pyroxenites. However, the
cpx GOS of type-3 pyroxenites is different from the other types and
indicating a generally lower internal energy consistent with petro-
graphic observations.

As described above, EBSD maps and petrographic observations
consistently indicate two populations of amphibole grains: one of
idiomorphic and unstrained grains (Amph 1, Fig. 2F) and another
of xenomorphic and un-equilibrated grains (Amph 2 in Fig. 2C,
¢f. Fig. 6B and Electronic Appendix 2). EBSD data allow the es-
timation of the mean surface area for each population. Using a
petrographically realistic GOS threshold of 2 degrees to separate
the two populations, one can estimate that ~20% of the amphi-
bole volume in the Cabo Ortegal pyroxenites is represented by
xenomorphic amphibole. This value being roughly constant regard-
less of the pyroxenite type and therefore it excludes the possibility
of using amphibole deformation as a criterion to differentiate be-
tween the pyroxenite types. Nonetheless, it can be interpreted as
an evidence for a mostly post-kinematic amphibolitisation.

In previous works, Tilhac et al. (2016) suggested, based on the
low modal proportion of opx and their foliated aspect outlined
by dunitic levels, that type-3 pyroxenites may represent the de-
formation product of a protolith similar to the one that formed
type-1 pyroxenites (Fig. 9). Such a process would have several con-
sequences for the microstructures and can be tested. One would
require the pyroxenites to be mechanically stronger than the host
dunite so that the deformation would be localized in the dunitic
lenses. As observed in sample 401A, grain size reduction and the
relatively high-stress amphibole fabric suggest that the deforma-
tion is mainly accommodated by the host rock. In addition, flow
laws for deformation of websterites and dunites in a hydrated
environment under upper mantle conditions (0.5 to 1.5 GPa of
confining pressure) predict a high viscosity contrast, between web-
sterites and dunites, which would tend to localize the deformation
in the dunites (AvéLallemant, 1978). Accordingly, the deformation
mechanism needed to produce the lamination of the dunitic lenses
in type-1 pyroxenites is evidenced by the S- and SL-cpx fabrics in
the pyroxenites. A corollary of this process, and especially of the
grain size reduction is preferential paths for subsequent fluid/melt
percolation. The lower GOS in type-3 pyroxenites cpx which may

be interpreted as the result of a lattice re-equilibration in the pres-
ence of a fluid, and the high abundance of amphibole are both
compatible with this process.

Our results show that the internal deformation of minerals al-
lows to distinguish between type-1 and -2 pyroxenites together
from type-3 pyroxenites, type-4 pyroxenites being essentially dis-
tinctive due to their modal composition. Microstructural features
are especially consistent with a process that may produce Cabo
Ortegal type-3 pyroxenites from the deformation and hydration of
a similar protolith as the one of type-1 pyroxenites. The implica-
tions of this are two-fold and potentially have a global significance
for the evolution of mantle domains: (1) during deformation, re-
placive pyroxenites such as the Cabo Ortegal type-1 pyroxenites
may represents preferential location for fluid and shear zones de-
velopment; (2) as a corollary, their presence in recycled mantle
domains is likely to be commonly obscured (and thus underesti-
mated) because of the overprint of metasomatic reactions and thus
the formation of deformed pyroxenites and hornblendites. A simi-
lar process, where deformation controls pyroxenite formation, was
suggested by Chen et al. (2001) based on xenolith studies. By
bringing statistical quantification of the mineral deformation via
the GOS and mineral fabrics, the present study is thus the first to
provide robust microstructural evidence to support this hypothesis.

5.3. Tectonic and geodynamic implications

In the field, both isoclinal folds, which indicate of a low vis-
cosity differential between the two lithologies involved, and boud-
inage, rather related to a high viscosity differential, are observed.
Such a combination could result from a succession of two defor-
mation events which occurred under different conditions, and thus
leading to different viscosity contrasts. However, field observations
instead suggest that both deformation markers developed at the
same time (Abalos et al., 2003; Girardeau and Gil Ibarguchi, 1991;
Jamaa, 1988). Considering that in a dry shallow (0.5 to 1.5 GPa and
up to 1100 °C) mantle, flow laws predict that dunite would have a
similar viscosity than websterites and predict the websterite to be
more viscous in an hydrated shallow mantle (AvéLallemant, 1978),
the addition of a hydrous fluid during deformation in a dry envi-
ronment or the presence of an interstitial fluid in the websterites
during deformation in a hydrated environment may both bring the
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viscosity contrast to a tipping point where boudinage and isoclinal
folding could be developed simultaneously (AvéLallemant, 1978).
Considering that the Cabo Ortegal pyroxenite originated most likely
from a sub-arc mantle (Tilhac et al., 2016), both scenarios are pos-
sible and not mutually exclusive.

The CPO maximum points of pyroxenes and olivine may differ
significantly from that of amphibole in certain samples, thus sug-
gesting that amphibole recorded a different deformation episode
as illustrated by sample CO-101-C (Fig. 6). Cpx clearly exhibits a
S-type fabric while amphibole shows point maxima fitting both the
foliation and lineation reference frames. Sample CO-101-C is from
an area affected by sheath folds, which suggests that amphibole
was still recording plastic deformation during their development
which is subsequent to the high-temperature event recorded by
the pyroxenes and olivine. However, it is difficult to know whether
the deformation regime recorded by the amphiboles is the contin-
uation of the high-temperature one or a different one.

It has been suggested by several authors that some of the high-
pressure allochthonous units of the Cabo Ortegal Complex origi-
nated in an arc region (Albert et al., 2014; Arenas et al., 2014;
Ordoéfiez Casado et al., 1996) and that their exhumation and em-
placement were achieved following their introduction into a sub-
duction return flow and an orogenic episode. Tilhac et al. (2016)
confirmed the arc-related origin for the Cabo Ortegal pyroxenites
and suggested that their introduction into the subduction channel
was the result of delamination of the relatively dense pyroxenite-
rich domain from a harzburgite sub-arc mantle. The relatively low-
stress, high-temperature and potentially hydrous environment, as
suggested by our data on cpx and olivine fabrics is consistent with
such a scenario where deformation of the Cabo Ortegal pyroxenites
occurred in a supra-subduction/arc-root environment.

Considering the origin of the amphibole, in agreement with
petrological constraints, our EBSD data support the coexistence of
syn- and post-kinematic amphibole. Lack of initial chemical equi-
librium between cpx and amphibole from a Sr-Nd isotopes point
of view suggests percolation of a hydrous fluid during amphibole
growth but cannot rule out the possibility of a magmatic origin for
the amphibole (Tilhac, 2017; Tilhac et al., 2016). However, the tex-
tural relationship of amphibole and cpx as well as the volumetric
dominance of undeformed amphibole suggest that a metamorphic
origin for the amphibole is more likely. The homogeneity of the
amphibole fabrics and the likely low-stress environment in which
the deformation occurred (the stress being still probably greater
than the stress from the environment where the high-temperature
deformation took place) are further indicators that the deformation
was rather limited after the amphibole stability field was reached.
The frequent similarity of the fabrics maximum points associated
with the high temperature and low temperature events may be
explained by two scenarios that are not mutually exclusive: (1)
the deformation was continuous and in an almost spatially con-
stant stress field; (2) a re-orientation of the structure occurred
thank to late mylonites that would be difficult to observe on the
field. Nonetheless, we conclude that petrological, geochemical and
microstructural evidence is consistent with the introduction of a
relatively competent, pyroxenite-rich mantle domain within a rel-
atively softer subduction channel.

6. Conclusions

We performed EBSD analysis in order to better constrain the
deformation style, metamorphic conditions and history of the Cabo
Ortegal pyroxenites.

Pyroxenes and olivine reveal deformation at temperatures
greater than 1000 °C under conditions that are consistent with a
mantle wedge environment, potentially during the delamination
from a sub-arc setting. Cpx preferentially deformed by subgrain

rotation and dynamic recrystallization while opx was more likely
to develop kink bands and recrystallize. The mineral fabrics in-
dicate that dislocation creep was activated in response to this
high-temperature deformation event. Cabo Ortegal pyroxenites did
record a deformation episode at lower temperatures (from 800 to
500°C) that is visible only in the amphibole fabrics, the pyroxenes
having preserved a previous signal.

During deformation, replacive pyroxenites (type-1 pyroxenites),
due to their enclosed dunitic lenses, are likely to have localized the
deformation and the deformed product may latter provide prefer-
ential pathways for fluid/melt percolation to produce type-3 pyrox-
enites.

Our data and observations are consistent with a scenario in
which the Cabo Ortegal pyroxenites: (1) originated in a supra-
subduction context; (2) experienced a gravity- and probably
mechanically-assisted delamination during which high-temperature
deformation was recorded; (3) were later exhumed and shielded
from further deformation thanks to their introduction within a
relatively softer subduction channel and to the strong serpentiniza-
tion of the harzburgitic and dunitic host.

The Cabo Ortegal Complex may therefore preserve an excep-
tional example of deformed and exhumed mantle wedge material,
providing precious insights into a very common lithological feature
in the Earth’s upper mantle.
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