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1 | INTRODUCTION

Talc-, amphibole- and chlorite-rich ultramafic rocks have
been reported as integral parts of dismembered serpenti-
nite s.]. sheets in Phanerozoic metamorphic terranes

Pablo Puelles |

José Ignacio Gil Ibarguchi

Abstract

The petrostructural and geochronological study of a poorly known ultramafic
unit from SW Spain (Badajoz-Cérdoba belt) combined with previous struc-
tural data permits disclosure of a history of metasomatism, tectono-metamor-
phism, reworking and isotopic resetting related to a poly-orogenic evolution in
different geodynamic scenarios. The heterogeneous ultramafic unit studied
contains antigorite-serpentinites and metasomatized ultramafic rocks (chlo-
rite-talc schists, tremolite-talc-chlorite rocks and magnesio-hornblende-
chlorite rocks). Mantle-wedge serpentinization was followed by Si and Al pre-
to syn-metamorphic/tectonic metasomatism in a subduction realm. Petrofab-
rics of selected lithologies reveal variable syn-metamorphic crystal-plastic
deformation and recrystallization (assisted by other mechanisms) under rela-
tive high pressure, concomitant with the conditions recorded by neighbouring
tectonic units that were later intruded by Ordovician granites. The resultant
ensemble was reworked and isotopically reset much later in an intracontinen-
tal ductile shear zone. Syn- to late-tectonic apatite from chlorite-talc schists
provides an anchored Tera-Wassenburg isochron radiometric age of 342.8
+ 12.2 Ma that provides evidence for the decoupling between isotopic systems
and microstructures. The results are discussed from a twofold perspective: with
regard to the likely tectonic context of this ophiolite (the current analogue of

the Mariana forearc) and with regard to regional geological implications.
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worldwide (Boschi et al.,, 2006; Guillot et al.,, 2015;
Hess, 1933). Usually, those rocks formed by metasoma-
tism of serpentinite bodies during their regional meta-
morphic evolution in contact with silica-rich crustal
rocks (Epstein et al., 2021). Notwithstanding, the talc,
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calcic amphibole (tremolite) and chlorite assemblage can
develop in other tectonic environments at a range of tem-
peratures below 450°C after replacement of primary and
secondary ultramafic-mafic oceanic rock minerals, cata-
lyzed by hydrothermal fluids and/or seawater-rock inter-
actions. Altered ultramafic rocks bearing such a mineral
assemblage have been reported in diverse active tectonic
settings, including extensional (mid-ocean ridges, oceanic
core complexes, transform faults and Atlantic-type
ocean-continent transitions; e.g. Boschi et al., 2006 and
references therein) and convergent ones, such as forearcs
and active subduction zones (Epstein et al.,, 2021;
Reynard, 2013; Wang et al., 2009). Fossil examples of
these settings can be identified as tectonic slices in
orogenic continental domains (Aertgeerts et al., 2018;
Ouadahi et al., 2022; Picazo et al., 2013; Wakabayashi,
2017), where they may exhibit a close spatial relationship
with high-pressure (HP) metamorphic rocks.

European pre-Mesozoic massifs record a late
Proterozoic-early Palaeozoic geodynamic cycle (‘Cadomian’
in the regional literature, between 645 and 475 Ma). It
was related to the extinct micro-continent Avalonia and a
late Proterozoic magmatic arc or orogen (Linnemann
et al., 2014) that occupied peripheral positions in North
Gondwana (e.g. Cambeses et al., 2017). Current relict
segments of them show that they accommodated the
southward  subduction (in  Ediacaran-Cambrian
geographical coordinates) of an oceanic slab beneath
North Gondwana at high latitudes of the southern
hemisphere (Wu et al., 2020). The Ossa-Morena zone of
the Iberian Massif formed part of the convergent plate
margin and exposes large volumes of Cadomian meta-
igneous and meta-sedimentary rocks (Eguiluz et al., 2000;
Lépez-Guijarro et al., 2008; Pereira et al., 2011), including
subduction-related (forearc and arc) basic-ultrabasic igne-
ous rocks for which a renewed interest resulted in recent
publications by Arenas et al. (2018), Diez Fernandez et al.
(2019) and Sarrionandia et al. (2020). Variscan reworking
(mid-late Palaeozoic) and lithospheric-scale lateral
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displacements affected the entire northern margin of
Gondwana (e.g. von Raumer et al., 2015) and was local-
ized in lithospheric-scale shear zones of the southern
Iberian Massif (Abalos & Cusi, 1995; Burg et al., 1981;
Silva & Pereira, 2004), where the radiometric footprints
of the Cadomian orogeny were reset (e.g. Quesada &
Dallmeyer, 1994; Ribeiro et al., 1990).

In this article, we present an analytical strategy
(involving mineral geochemical analyses, microstructural
and lattice-preferred orientation determinations, and geo-
chronological studies) suited to examination of metaso-
matized ultramafic rocks common in orogenic zones
worldwide. Other analytical tools currently available
might provide complementary data that could help in the
future to deepen the knowledge of these rocks. The unit
scrutinized corresponds to a serpentinite tectonic slice
from the Badajoz-Cérdoba shear zone of the southern
Iberian Massif. So far, it remains poorly known and has
been mostly overlooked in the geological literature
(e.g. Azor et al., 2022; Diez Fernandez et al., 2022). The
serpentinite presents field relationships with dated meta-
morphic units and granite intrusions, heterogeneous
mineral assemblages, and mineral fabric features that
permit us to unravel a complex and fascinating history of
metasomatism, metamorphism, deformation and isotopic
resetting related to a poly-orogenic (Cadomian and Varis-
can) evolution.

2 | GEOLOGICAL CONTEXT

21 | The Badajoz-Cordoba shear zone
from the Ossa-Morena zone

Late Proterozoic-Early Palaeozoic rocks of the Ossa-
Morena zone (OMZ henceforth; Figure 1) consist of Cado-
mian basement overlain by Palaeozoic sedimentary and
volcanic sequences (Eguiluz et al., 2000; Quesada, 1990).
The former crops out along three belts. The southern

[_] Mesozoic-Cainozoic
- Variscan granitoids
|:| Central-Iberian Zone

FIGURE 1
of the southern Iberian massif showing a

Geological sketch map

subdivision of the Ossa-Morena zone
into northern and central/southern
realms, separated by the Badajoz—
Cordoba ductile shear belt (from which
the rectangle area is shown in more
detail in the Figure 2)
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and central belts record low-pressure/high-temperature
metamorphism, whereas the northern one, inclusive
of the Badajoz-Cdrdoba shear zone (also known as
Coimbra-Coérdoba), records HP metamorphism (Abalos
et al., 1991; Arenas et al., 2020; Lopez Sanchez-Vizcaino
et al., 2003) and contains igneous relics of a Cadomian arc
(e.g. Bandrés et al., 2002, 2004; Quesada, 1990).

In the northern OMZ, geochemical and isotope
signatures of >534 + 4 Ma andesites (arc-tholeiites) and
basaltic andesites (SiO,-poor adakites) disclose a coeval
continental active margin with an upper plate containing
extended/hyper-extended transitional crust (Pin et al.,
2002). During mature stages of the subduction, high-
temperature/low-pressure metamorphism and coeval
deformations took place in this active margin. These are
thought of as being related to the moderate/steep (warm)
subduction of relatively young ridge/transform oceanic
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lithosphere (Sarrionandia et al., 2020). Radiometric dat-
ing of basic-ultramafic metamorphosed protoliths and of
intact calc-alkaline diorite and gabbro massifs allows for
tracking the duration of plate convergence at least for
645-570 Ma (Bandrés et al., 2004; Sanchez-Lorda
et al., 2014, 2016), that is, along a > 120 Ma time frame.
The Badajoz—Coérdoba shear zone is a NW-SE trend-
ing intracontinental shear zone 30-40 km wide and
400 km long. It extends through Portugal and SW Spain
(Figure 1) and contains both serpentinized ultramafic
rocks and HP metamorphic rocks such as eclogite. Their
outcrops form a strongly deformed band (i.e. a ductile
shear belt) bounded by steeply dipping NW-SE strike-slip
faults (Hornachos and Azuaga faults; Figure 2). This belt
is organized into a thick allochthon (up to 6-8 km thick-
ness measured normal to the regional foliation) of
medium- to high-grade rocks emplaced onto a low-grade
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Geological sketch map of the Badajoz-Cérdoba ductile shear zone including radiometric dating sampling sites that provided

Ordovician and earlier (Ediacaran-Cambrian) protolith and metamorphism ages. Outcrops of a discontinuous and thin tertiary cover have

been removed in order to highlight the distribution of the concealed geological units. See main text for further details. Geochronological
references: [1] Bellon et al. (1979); [2] Schifer et al. (1988); [3] Schifer et al. (1989); [4] Schifer et al. (1991); [5] Quesada and Dallmeyer
(1994); [6] Ochsner (1993); [7] Orddnez-Casado (1998); [8] Sanchez-Lorda et al. (2016); [9]; [10] Ochsner et al. (1992); [11] Azor et al. (2016);
[12] Solis-Alulima et al. (2020). Localities: Ac, Aceuchal; Az, Azuaga; Al, Almendralejo; CM, Cerro Muriano; E, Espiel; FO, Fuente
Obejuna; H, Hornachos; LC, La Cardenchosa; O, Obejo; PP, Pefiarroya-Pueblonuevo; RF, Ribera del Fresno; VB, Villafranca de los Barros;

VC, Villaviciosa de Cérdoba; VT, Valencia de las Torres
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para-autochthon (Apalategui et al., 1990). Abalos (1990)
mapped and categorized the metamorphic rocks of the
allochthonous unit into five units (Figure 2) interpreted
as tectonic slices. HP and high-grade metamorphism
reached temperatures of 670-720 + 30°C (gneisses) and
685 + 25°C (eclogites), at pressures of 0.8-1.0 to
>1.5 GPa (conventional geothermobarometry; Abalos
et al., 1991), or 550°C and 1.9 GPa (Lépez Sanchez-
Vizcaino et al., 2003, pseudosection method applied to
metabasites). Arenas et al. (2020) disclosed (by means of
pseudosection modelling) P conditions close to the blues-
chist/eclogite facies transition of >2.0 GPa at ~525°C.
These conditions exceed both the relatively high P and
moderate T recorded by the metapelitic rocks of the
underlying autochthonous unit (0.7-0.9 GPa and 500-
575°C). The ensemble exhibits syn-metamorphic, contin-
uous penetrative foliations (D1 fabrics) parallel to the
lithological and thrust slice tectonic contacts, as well as

SSW-verging recumbent folds with axes trending N160°E,
subparallel to N160-200°E mineral and stretching
lineations (see stereoplot in Figure 3). Shear-sense
criteria provide a consistent pattern of south-directed
tectonic emplacement directions of hangingwall blocks
(Abalos, 1992).

Radiometric dating of the eclogite facies metamor-
phism remains inconclusive so far. Schéfer (1990) and
Schifer et al. (1991) ascribed it to the Silurian (lower
intercept age of zircon multi-grain analyses and Sm-Nd
garnet age, respectively), but the attribution was later
considered an artefact by Ordéfiez-Casado (1998), as it
might have resulted from analyzing mixed zircon
domains of different ages, one of them being related to a
340 + 13 Ma overprint. Metamorphic ages in the range
555-505 Ma were determined by Schifer et al. (1989),
Quesada and Dallmeyer (1994) and Ordoériez-Casado
(1998) for other high-grade rocks (Figure 2). Other
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FIGURE 3 Geological map of the serpentinized ultramafic rock unit studied (in the context of the Ribera del Fresno tectonic window;
Abalos, 1989) and cross sections showing the geometrical relationships between a metamorphic allochthonous unit (containing gneisses and

amphibolites with retrogressed eclogite relics), its para-autochthon (affected by a syn-tectonic greenschists facies metamorphism under

relatively high pressure), the serpentinite slice sandwiched between them, and Early Ordovician intrusive rocks later transformed into

orthogneisses. The stereoplot at the lower right (lower hemisphere, equal area projection) shows the attitude (contour shading in multiples

of uniform distribution) of mineral and stretching lineations related to a deformation event (Cadomian D1) postdated by Ordovician granite
intrusions and overprinted by ductile deformation fabrics that affected the whole ensemble (D2 Variscan overprint). Note the rotated
geographical referential in the map with respect to that of the stereoplot, and that the S-ward inferred tectonic transport direction of

hangingwall blocks (denoted by the top green and bottom grey arrow couples) is identical in both of them. Sampling sites for this study

(yellow stars) and sample labels are tied by imaginary straight lines parallel to the map short edges
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authors associate the HP metamorphism to the Variscan
orogeny (e.g. Abati et al, 2018; Arenas et al.,, 2020;
Azor, 1994, and references therein).

Granitoid rocks with 480-470 Ma protolith ages
(Figure 2, and references contained there) did not register
the HP metamorphism recorded by their country rocks
(Abalos, 1990). They form intrusive massifs with apophy-
ses and satellite dykes emplaced along the mechanical
anisotropies provided by D1 foliations and tectonic
contacts. Country rock metamorphic xenoliths with D1
fabrics are also included near their rims (Abalos, 1992;
Azor et al., 2016; Simancas et al., 2000). These rocks show
ductile deformation and were fully transformed into
orthogneisses (with penetrative S-C fabrics) during a
later D2 event dated in the interval 350-330 Ma
(Abranches et al., 1979; Blatrix & Burg, 1981; Garcia-
Casquero et al., 1988; Ordoériez-Casado, 1998; Quesada &
Dallmeyer, 1994).

D2 was synchronous with amphibolite to greenschist
facies shear zone metamorphism (~500-350°C;
Abalos, 1992; Quesada & Dallmeyer, 1994) and can be
attributed to the evolution of an intracontinental,
lithospheric-scale ductile shear zone (Burg et al., 1981).
D2 structures are dominated by regional steep foliations
containing gently plunging N130-160°E stretching and
mineral lineations with generalized sinistral wrench
shear-sense criteria. The tens to hundreds of kilometres
long wrench faults (with minor reverse fault components;
e.g. Abalos, 1992; Diez Fernandez et al., 2021) that bound
the Badajoz-Cérdoba shear zone represent late brittle
features resultant of reactivation of previous contacts and
deformation localization.

2.2 | Serpentinite in the Badajoz-
Cordoba shear zone

Involvement of the uppermost subcontinental litho-
spheric mantle in Cadomian tectonics of the Badajoz-
Cérdoba shear zone is evidenced by the occurrence of a
fully serpentinized, 12 km long and 100-300 m thick
ultramafic slice along the contact between the para-
autochthonous and the allochthonous units described
above (Figure 3). This slice has been repeatedly over-
looked by most authors proposing geodynamic models
for the Cadomian and Variscan tectonics of Iberia
(e.g. Abati et al., 2018; Arenas et al., 2020; Azor
et al., 2022; Diez Ferndndez et al., 2016, 2021; Diez
Fernandez & Arenas, 2015; Martinez-Catalan et al., 2021;
Simancas et al., 2001; Solis-Alulima et al., 2020).

The written record on the discovery of serpentinites
in the Badajoz-Coérdoba shear zone and close domains of
the northern OMZ is related to publication of the

1:50.000 maps of the area (Apalategui & Higueras, 1983;
Arriola et al., 1983, b and c; Apalategui et al., 1988).
These identified various heterogeneous serpentinite out-
crops shortly before 1980 in two principal areas: two
small “massifs” close to Calzadilla de los Barros (Cerro
Cabrera, ~10 km? in outcrop area, and Cabeza Gorda,
<2 km?) and a ~12 km long and 100-300 m wide band
cropping out between Ribera del Fresno and Llera
(Figure 3). The latter was described independently also
by Chacon and Velasco (1981) and Herranz (1984).
Chacon (1979) did not map this unit in his Ph.D. disserta-
tion, whereas Herranz (1984) illustrated his lithological
and petrographic descriptions with a map of it, included
as an appendix in his Ph.D. thesis, initiated in 1966 and
published in 1985. Subsequent mapping and petrographic
descriptions of the Ribera del Fresno-Llera serpentinites
include only those of Abalos (1989 and 1990), who
related their outcrop to a tectonic window. Nonetheless,
they are shown in the current digital version of the offi-
cial 1:50.000 geological map of Spain (http://info.igme.es/
visorweb/; latest consulted update, 26 February 2021).

The Calzadilla de los Barros serpentinites received
special attention since their discovery. The preservation
of (strongly serpentinized) peridotite lithotypes (includ-
ing 70-90% olivine-bearing rocks that contain orthopyr-
oxene with clinopyroxene exsolutions and chromite;
cf. Arriola, Cueto, et al. (1983)) and the occurrence of
podiform chromitites in them (Aguayo, 1985; Martos
et al., 2010; Tornos et al., 2004) favoured their interpreta-
tion as Alpine-type ophiolite remnants, either emplaced
as olistoliths (Apalategui et al., 1990) or as late Ediacaran
obduction thrust sheets (Abalos & Cusi, 1995; Arenas
et al.,, 2018; Diez Fernandez et al., 2019; Jiménez-
Diaz, 2008; Jiménez-Diaz et al., 2009).

By contrast, the Ribera del Fresno-Llera serpentinite
unit has not been studied in detail so far. Chacén and
Velasco (1981) provided the first petrographic and min-
eral descriptions of these ultramafic rocks, which permit-
ted them to infer a spinel facies orogenic lherzolite
precursor. The authors referred to the unit as having an
‘ophiolitoid’ character and envisaged their tectonic
emplacement in the context of a Cadomian suture with-
out further structural or mapping support. Herranz
(1985) interpreted these rocks as igneous ultramafic
intrusives emplaced along a subvertical tectonic contact.

The Ribera del Fresno-Llera ultramafic rocks were
visited (notably the so-called Cortijo de Pefiarresbala out-
crops) during two field trips in 1986 (Martinez-Garcia
et al., 1986) and 1987 (Apalategui & Quesada, 1987). The
former preceded publication of the geological synthesis of
pre-Mesozoic Iberia led by Dallmeyer and Martinez-
Garcia (1990), where Apalategui et al. (1990) interpreted
those serpentinites as a thrust sheet (as also did
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FIGURE 4 Optical microphotographs of representative microstructures of Type 1 serpentinites. (a) Plane polarized light

microphotograph of a fully serpentinized peridotite showing sigmoidal serpentine (Srp) and magnetite (Mag) aggregates that contribute to
define a penetrative foliation. (b) Magnification of the white rectangle area in (a) under crossed nicols showing a dark fine-grained
serpentine matrix (Srpl) and a clear, larger, blade-like serpentine crystal aggregate (Srp2). (c) Optical microphotograph under polarized light
of a sigmoidal serpentine porphyroclast system (also delineated by thin opaque mineral trails) with a dusty serpentine core (Srpl) and clear

blade-like serpentine crystal aggregates (Srp2) defining a quarter microstructure. (d, €) Magnifications of the white rectangle areas in
Figure 4c under crossed nicols and reflected light showing the location of the Raman spectroscopy laser incidence spots in the two
serpentine mineral types recognized. (f, g) Resultant lizardite and antigorite Raman spectra with indications of the Raman shifts
corresponding to the discriminating peaks (a.u.: arbitrary units of intensity). Mineral abbreviations after Whitney and Evans (2010)
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Abalos, 1989, 1990, 1992). By contrast, Azor et al. (1994)
presented a revised regional study of the area (accompa-
nied by a map) that overlooked the presence of these
ultramafic rocks and merged the metamorphic rock vari-
ety of the area into a single “Central Unit”. This ensem-
ble has been subsequently taken as starting reference in
several articles, books and maps of the area (e.g. Abati
et al., 2018; Arenas et al., 2020; Azor et al., 1994; Diez
Fernandez et al., 2016, 2021; Diez Fernandez &
Arenas, 2015; Martinez-Catalan et al., 2021; Simancas
et al., 2001; Solis-Alulima et al., 2020).

3 | METHODS

A detailed description of the methods used for rock-
forming mineral identification (petrographic thin sec-
tions, X-ray diffraction, Raman spectroscopy), mineral
geochemical analysis (electron-microprobe), determina-
tion of mineral petrofabric (electron back-scattered dif-
fraction, EBSD) and apatite dating (laser ablation
inductively coupled plasma mass spectrometry, LA-Q-
ICPMS) are presented in the supporting information
Appendix S1.

4 | PETROGRAPHY

The Ribera del Fresno-Llera ultramafic rocks consist of
low- to medium-grade, variably foliated dark green meta-
morphic rocks and exhibit a remarkable mineralogical
heterogeneity. Outcrops are scarce and the unit is usually
weathered and covered by soils or agricultural land. This
challenges recognition of a reliable areal distribution of
lithotypes, with the exception of preponderance of foli-
ated rocks along the basal and top contacts of the unit.
Table S1 contains a brief lithological description and the
geographic coordinates of the samples used in this study
(Figure 3).

In the samples studied, the primary ultramafic min-
eral assemblage was almost totally erased by subsequent
alterations. Chacén and Velasco (1981) described relict
olivine (a 50% modal proportion of Fo,g; this composition
is a rough estimation of the authors after measuring the
2V angle between the optic axes of olivine with a U-
stage, and probably is wrong), pargasitic amphibole (20%
in modal proportion), rare clinopyroxene, and relict deep
green spinel (hercynite; all optically determined). These
characteristics would point to a spinel facies orogenic
lherzolite precursor, though so far has not been con-
firmed. Arc peridotites might be considered a candidate,
among the various possibilities that exist. As regards the
serpentinite mineral phases, Chacén and Velasco (1981)

reported antigorite, chrysotile (asbesto), chlorite and
magnetite.

Petrographically, serpentine (lizardite, antigorite,
chrysotile, greenalite and amesite), chlorite (clinochlore;
structural formulae calculated after Jacobson, 1989),
amphibole (actinolite, tremolite and magnesio-horn-
blende; Holland & Blundy, 1994; Dale et al., 2000), talc
(Pognante, 1989), apatite, dolomite, magnetite, ilmenite
(Dymek et al., 1988), hematite and goethite are the min-
eral constituents identified in this study (Table S2). The
relationships they exhibit with respect to penetrative and
localized deformation microstructures (foliations and var-
iably deformed veins) suggest various growth stages. This
is the case of opaque mineral trails and disseminations,
which may delineate sigmoidal porphyroclast systems,
show shape fabrics parallel to the foliation (Figure 4),
infill mildly reworked fibrous veins (Figures 5 and 6), or
form precipitates along sheet-silicate exfoliation planes
and rims. Magnetite is a common opaque mineral phase
in most samples and confers them a variably intense
magnetism (hand-sized rock samples deflect the compass
needle).

The studied samples have been divided into four
types: (1) foliated ultramafic rocks dominated by sheet
silicates, mainly serpentinites (Type 1 serpentinites;
Figure 4); (2) foliated serpentinite with abundant veins
and secondary infillings (Type 2 serpentinites; Figure 5);
(3) poorly foliated serpentinites with centimetre-sized
pseudomorphs after idiomorphic crystals of amphibole
(Type 3 serpentinites; Figures 6-8); and (4) mineralogi-
cally more heterogeneous metamorphic ultramafic rocks
including chlorite-talc schists (Figures 9 and 10),
tremolite-talc-chlorite rocks (Figure 11) and magnesio-
hornblende-chlorite rocks (Figure 12). The mineralogi-
cally heterogeneous metamorphic ultramafic rocks are
less frequent than serpentinite, though potentially are of
great petrological interest.

4.1 | Serpentinite types

Type 1 serpentinites (Figure 4) contain serpentine with
the  characteristic mesh  textures (Wicks &
Whittaker, 1977) as well as fine-grained aggregates of
sub-idiomorphic blades and fibrous aggregates. Micro-
structures vary from pseudomorphic to foliated and are
typical of a fully serpentinized peridotite. Sigmoidal ser-
pentine porphyroclast systems (with internal quarter
microstructures) and minute magnetite grain trails con-
tribute to define a C-S fabric and a penetrative foliation
(Figure 4a-c). XRD was unable to discriminate between
antigorite and lizardite in this type of samples. However,
it confirmed the presence of two (and even three)
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FIGURE 5 Optical microphotographs of representative microstructures of Type 2 serpentinite. (a) Optical microphotograph under
crossed nicols of a serpentinite traversed by a polymineralic vein that contains antitaxial fibrous talc (Tlc), dolomite (Do) and magnetite
(Mag) infillings. The surrounding medium consists of serpentine (Srp) and magnetite (Mag). (b) Optical microphotograph under crossed
nicols of a complex vein mineral infilling (to the left of the image) including dolomite and fibrous serpentine (likely chrysotile, Ctl) that
contrasts with the habit of host rock serpentine (to the right). (c) and (d) Optical microphotographs under transmitted parallel and reflected
light with crossed nicols, respectively, showing the microstructure of the foliated serpentinite matrix, containing antigorite (Atg) and
lizardite (Lz). (e) Optical microphotographs under reflected parallel light of the serpentinite matrix showing serpentine minerals with three
habits, namely a fine-grained darker groundmass, reflective blade-like crystals with various orientations, and ellipsoidal clear domains (see
enlarged view of the rectangle inset) with an internal fibrous microstructure. (f-h) Complementary to the 150-1300 cm ™' Raman spectral
windows (not shown), the 3600-3750 cm ™~ window spectra obtained for the specific sites (arrow tails) pinpointed in Figure 5c-e permit to
identify as lizardite the serpentine from the fine-grained darker groundmass (Lz), as antigorite the reflective blade-like crystals (Atg), and as
a serpentine different from both lizardite and antigorite for the case of the domains with an internal fibrous microstructure. Such a
serpentine is tentatively interpreted as chrysotile (Ctl). In the Raman spectra, the Raman shifts corresponding to the discriminating peaks
are indicated by number labels (a.u.: arbitrary units of intensity). Mineral abbreviations after Whitney and Evans (2010)

coexisting serpentine phases. The preliminary petro-
graphic identification of lizardite and antigorite (occa-
sionally accompanied by the Fe-rich greenalite
serpentine) was corroborated with Raman spectroscopy.
The optically darker (under reflected polarized light) and
finer-grained serpentine matrix (Srpl in Figure 4c, d)

corresponds to lizardite, whereas the clear, larger, blade-
like serpentine crystal aggregates from the quarter struc-
tures (Srp2 in Figure 4c, e) correspond to antigorite (note
the absence or the presence of the discriminating
1044 cm™' Raman spectra peaks in Figure 4f and g,
respectively). The occurrence of antigorite among the

85U80|7 SUOWILIOD BAIIER.D 8|qedt|dde ayy Aq peusenob aJe sap e YO ‘8sn Jo se|nJ Joj Areiqi8UIIUO 43I UO (SUORIPUOD-PUR-SWBH W00 A8 |ImAleJq 1 BUI|UO//:SANY) SUORIPUOD Pue SWe 18U} 89S *[£202/50/LT] U0 Ariqi]aulluO AB[IM ‘00Se ASEd [P PepSRAIUN AQ 40.2T BWITTTT 0T/1I0p/w00 A8 | ARq1jujuo//Sdny Wouy pepeojumod ‘v ‘€202 ‘YTETSZST



ABALOS Er AL.

499
V1 LE Y

FIGURE 6 Optical microphotographs of representative microstructures of Type 3 serpentinites. (a, b) Optical microphotographs under
parallel (a) and crossed nicols (b) showing the microstructure of a fully serpentinized amphibole (Amp) crystal ghost and of a distinct
foliated serpentine matrix surrounding it. Serpentine (Srp) exhibits two contrasting appearances and is associated to magnetite (Mag).

(c) Optical microphotograph under crossed nicols of amphibole ghosts (delimited with red dashed lines) altered to serpentine with a mesh
texture and surrounded by a texturally distinct serpentine matrix. The ensemble is cut across by a set of parallel veins (delimited by red
traces) infilled with serpentine, magnetite (Mag) and talc (Tlc). The veins are geometrically related to the foliation strain field (see the
undeformed circle and the deformed strain ellipse, with shortening and elongation direction arrows, at the top of the image) and denote
extension along the foliation postdating the ghost crystal serpentinization. The veins were subsequently shortened under the same strain

field, which permits to interpret them as syn-tectonic with respect to the foliation. (d) Optical microphotograph under crossed nicols of an
amphibole ghost crystal cluster (euhedral crystals delimited with red dashed lines) altered to serpentine, talc and magnetite. Serpentinization
along amphibole host cleavage planes is distinct from that along fractures perpendicular to crystal elongations, which usually show vein
habits with median lines. (e) Plane polarized light microphotograph of a fully serpentinized peridotite with amphibole ghosts (delimited
with red dashed lines) and euhedral chlorite (Chl) crystals containing opaque mineral alterations along their cleavage planes. (f)
Magnification under crossed nicols of the white rectangled area from Figure 6e. Note the contrasting appearance of serpentine (Srp) in

amphibole crystal ghosts (with a mesh microstructure) and in the surrounding matrix (more homogeneous and fine-grained). See text for

further details. Mineral abbreviations after Whitney and Evans (2010)

serpentine minerals points to a higher-T (and P) meta-
morphic origin for the syn-metamorphic microstructures
that this mineral exhibits, as compared to previous ser-
pentinization stages recorded by lizardite (Aupart
et al., 2021; Guillot et al., 2015). Schwartz et al.’s (2013)
temperature-defined transition between lizardite and

antigorite suggests that antigorite crystallization would
have occurred in these rocks under temperatures
between 320-390 and 460°C.

Type 2 serpentinites (Figure 5) are characterized by
the presence of polymineralic veins traversing the serpen-
tinite bodies. Antitaxial fibrous talc, dolomite and
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FIGURE 7 Optical microphotographs of representative microstructures of Type 3 serpentinites. (a, b) Optical microphotographs under
transmitted parallel (a) and reflected light with crossed nicols (b) showing the microstructure of a serpentinized amphibole (Amp) crystal
ghost and of the matrix surrounding it. The ghost amphibole exhibits a mesh texture with darker serpentine cores included by a network of
colourless serpentine veins and rims. The fine-grained surrounding matrix is made as well of two serpentine types including more reflective
blade-like crystals embedded in a darker groundmass. The Raman spectra obtained for the specific sites (arrow tails) shown in Figure 7b
permit to identify as antigorite (c) the reflective blade-like crystals (Atg) and as lizardite (d) the serpentine from both the mesh cores (Lz1)
and rims (Lz2), the remaining matrix corresponding to a third lizardite type (Lz3). In the spectra (c, d), the Raman shifts corresponding to
the discriminating peaks are indicated with number labels (a.u.: arbitrary units of intensity). Mineral abbreviations after Whitney and Evans

(2010)

magnetite (Figure 5a) are the main secondary vein infill-
ings, although association of dolomite and fibrous ser-
pentine with a different habit from the serpentine in the
matrix may also occur (Figure 5b). The veins are geomet-
rically related to the foliation strain field, denoting exten-
sion along the foliation and a slight shortening across it
(Figure 5c), suggestive of a syn-tectonic character with
respect to the foliation. The serpentinite matrix consists
of serpentine and magnetite crystal aggregates showing a
continuous and penetrative foliation at the microscale.
Matrix serpentine minerals exhibit three habits
(Figure 5c—e): a fine-grained and optically darker ground-
mass, reflective blade-like crystals with various orienta-
tions that track the rock foliation, and ellipsoidal clear
domains with an internal fibrous microstructure. Fibrous
serpentine aggregates postdate serpentinite fabrics in
these rocks (Figure 5e). The coexistence of three

serpentine phases is supported by XRD and was corrobo-
rated with the help of Raman spectroscopy (Figure 5f-h).
The 3600-3750 cm™ ' Raman spectral windows (comple-
mentary to the 150-1300 cm ™ ') suggest lizardite as the
serpentine from the dark matrix groundmass, antigorite
as syn-tectonic blade-like matrix crystals, and chrysotile
as the domains with an internal fibrous microstructure.
Type 3 serpentinites contain centimetre-sized pseudo-
morphs after idiomorphic crystals of amphibole embed-
ded in a dark serpentine-chlorite-talc matrix
(Figures 6-8). Amphibole pseudomorphs show light col-
our in hand specimens and are completely serpentinized
(Figure 6). In hand specimen sawed sections the orienta-
tion of their largest dimension ranges between random
and slightly oriented. Derivation of some porphyrocrys-
tals of this type after pyroxene cannot be discarded, tak-
ing into account the external shape and exfoliation
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FIGURE 8 Optical microphotographs of representative microstructures of the matrix of Type 3 serpentinites. (a, b) Optical
microphotographs under transmitted parallel (a) and reflected light with crossed nicols (b) showing the microstructure a fine-grained,
banded/foliated, darker background including more reflective blade-like crystals. The latter exhibit two habits: large aspect ratio crystals that
contribute to define the rock background foliation and smaller aspect ratio crystals elongated at high angles to it. This arrangement is

interpreted as related to two generations of reflective blade-like crystals, an older one along the foliation and a slightly younger one grown in

extensional veins geometrically related to the foliation strain field (see the undeformed circle and the deformed strain ellipse, with

shortening and elongation direction arrows, at the top right of Figure 8b. A trail of magnetite fragments (Mag, encircled in Figure 8b) also

denotes extension along the foliation direction. (c and d) The Raman spectra obtained for the specific sites (arrow tails) shown in Figure 8a
and b permit to identify as lizardite (Lz) the serpentine from the background matrix and as antigorite the reflective blade-like crystals that
define the foliation (Atgl) and fill extension veins (Atg2). In the Raman spectra, the Raman shifts corresponding to the discriminating peaks
are indicated with number labels (a.u.: arbitrary units of intensity). Mineral abbreviations after Whitney and Evans (2010)

organizations of a few rare examples. Some amphibole
pseudomorphs may exhibit zoned microstructures with
darker/clouded thin rims and clear cores (Figure 6a, b).
Their serpentinization progressed along grain boundaries
(Figure 6a, b), microfractures and along cleavage planes
(Figure 6c-f). Serpentine formed along microfractures
exhibit central partings that are absent along cleavages
and combine to produce characteristic mesh textures
(Wicks & Whittaker, 1977). Darker serpentine mesh cores
are surrounded by a network of colourless serpentine
veins and rims (Figure 7a). The fine-grained surrounding
matrix is made as well of two serpentine types including
brighter blade-like crystals embedded in a darker ground-
mass (Figure 7b). XRD enabled us to identify four serpen-
tinite mineral phases including greenalite and the rare
Al-rich amesite. The Raman spectra obtained for the spe-
cific serpentine petrographic types described above
(Figure 7c, d) identify lizardite as the serpentine from
both the mesh cores and rims (Lzl and Lz2 in the

Figure 7b) and antigorite as the tiny blade-like crystals of
the surrounding matrix, coexisting with a third lizardite
type (Lz3 in Figure 7b). Certain serpentinite matrix
domains provide additional microstructural details on
the syn-tectonic growth of antigorite (Figure 8a, b) after
ultramafic rock protolith primary serpentinization
(by lizardite; cf. Figure 8c, d). Two antigorite generations
occur: (1) large aspect ratio grains that define the folia-
tion (Atgl) and (2) smaller aspect ratio crystal clusters
(Atg2) that cross-cut the foliation (Figure 8a, b). This
arrangement is interpreted as related to two antigorite
generations, namely a slightly older one (Atgl in
Figure 8b) along the foliation and a slightly younger one
(Atg2 in Figure 8b) grown in extensional veins perpendic-
ular to it. The strain field consistent with these geometri-
cal relationships is congruent with antigorite syn-tectonic
growth during progressive deformation and is also
tracked by magnetite fragments extended along the folia-
tion direction (Figure 8b).
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FIGURE 9 Optical microphotographs of chlorite-talc schists from mineralogically heterogeneous metamorphic ultramafic rocks.

(a) Hand specimen of chlorite-talc schists. (b) Optical microphotographs (crossed nicols) showing the microstructure of foliated chlorite
(Chl) schists that contain subhedral crystals of magnetite (Mag), ilmenite (Ilm) and apatite (Ap), seemingly in mineral equilibrium. The
foliated microstructure defined by chlorite grain preferred orientations is unaffected or mildly deflected around apatite equidimensional
grains. Some of the chlorite matrix grains exhibit undulose extinction. (c) Plane polarized light optical microphotograph of a large chlorite
porphyrocrystal showing an intense replacement by ilmenite along its boundary and cleavage planes. (d) Scanning electron microscopy

misorientation map showing the internal lattice organization of apatite grains (Ap, crystals shown with blue shades) embedded by a chlorite
(Chl) matrix. Apatite microstructure is depicted by slightly strained domains with crystallographic orientations close to that of the average
orientation of the host grain (rotated <3°, according to the colour scale bar at the right). Mineral abbreviations after Whitney and Evans

(2010)

Pseudosections described by Padrén-Navarta et al.
(2013) for the Cerro del Almirez (Spain) and Zermatt-
Saas (Italy) serpentinites permit us to infer for mineral
assemblages close to those studied here (containing chlo-
rite and antigorite) T < 490-450° under pressure 4-12 kb,
and at T < 450-410° under pressure <4 kb (most proba-
ble), that is, medium- to low-T greenschist facies condi-
tions at pressure <0.4 GPa).

4.2 | Chlorite-talc schists

Chlorite-talc schists (Figures 9 and 10) are metamorphic
rocks represented by sample 119 (Figure 3). They show a
sparkling green colour in hand specimens (Figure 9a)
and are dominated by chlorite in a modal proportion up
to 98% (calculated after 93.27% successful EBSD index-
ation of the sample surface studied). The mineral assem-
blage in equilibrium includes chlorite, magnetite,
ilmenite, apatite, talc and antigorite.

Chlorite occurs either in the fine-grained matrix with
a shape-preferred orientation that defines a lepidoblastic
microstructure (Figures 9b, d and 10a, b) or as porphyro-
clasts up to a few millimetre in grainsize (Figures 9c and
10c-¢). In the latter case, chlorite deformation micro-
structures include microfolds, fan-like laminae detach-
ments and recrystallized grains (Figures 10c-e). Matrix
chlorite microstructures consist of bands with crystals
showing a prominent shape-preferred orientation that
isolates sub-millimetre bands with seemingly misoriented
crystals (Figure 10b). Chlorite mineral chemistry corre-
sponds to clinochlore (Figure 13) without significant
compositional differences among the analyzed grains.
Mineral formulae bear 5.65-6.05 Si atoms per formula
unit (a.p.fu., for O =14) in the range for a constant
Fe’*+Fe** content of ~1.0.

Finer-grained talc aggregates surround chlorite por-
phyroclasts and infill the open spaces created by its het-
erogeneous deformation, suggesting a late-stage growth
(Figure 10c-e). In these aggregates, idiomorphic
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FIGURE 10 Optical microphotographs of chlorite-talc schists from mineralogically heterogeneous metamorphic ultramafic rocks.

(a) Optical microphotographs (crossed nicols) showing the microstructure of foliated chlorite (Chl) schists that contain subhedral crystals of

magnetite (Mag) and apatite (Ap). (b) Closer view of the white rectangle area in Figure 10a showing the arrangement of chlorite crystals in

the matrix. It consists of bands with crystals showing a prominent shape-preferred orientation parallel to the foliation and of interleaved sub-

millimetre bands with seemingly misoriented crystals. (c) Optical microphotograph under crossed nicols showing a refolded microstructure

of chlorite porphyroclasts (Chl) embedded by a much finer grained talc-rich matrix (Tlc) in chlorite-talc schists. (d) Partially detached, very

thin chlorite sheets (Chl) from a deformed porphyroclast in equilibrium with blade-like antigorite crystals (Atg) exhibit open spaces

occupied by talc monocrystals (Tlc), the whole ensemble being subsequently microfolded (crossed nicols). (e) The microphotograph shows a

microstructure in part similar to Figure 10d, but in this case, the core chlorite crystal (Chl) is composed of an aggregate of equidimensional

recrystallized subgrains and new grains. Mineral abbreviations after Whitney and Evans (2010)

antigorite crystals may occur in textural equilibrium
(Figure 10d). Talc may also appear in fibrous (antitaxial)
veins together with carbonates and opaque minerals,
crosscutting matrix microstructures. In some samples,
talc may represent up to 20-30% in modal proportion.
These lithologies may also contain minor amounts of
millimetre- to centimetre-sized idiomorphic magnetite,
hematite, ilmenite (identified by XRD and indexed with
EBSD) and apatite (also EBSD-indexed) in textural equi-
librium with chlorite (Figure 9b and d). Opaque minerals
may also occur along chlorite exfoliation planes/rims
(Figure 9c). Magnetite can be a significant mineral com-
ponent (<1%). Apatite (also <1% in modal proportion)
occurs as subhedral crystals (<1 mm in their largest
dimension). They can either curve slightly the neighbour
matrix chlorite flakes (Figure 9b) or clearly postdate the
microstructure of the matrix without deflection
(Figures 9b and 10a). In sections perpendicular to the
foliation and parallel to the lineation, they can be subpar-
allel to the orientation of chlorite and exhibit aspect
ratios up to 7. EBSD misorientation maps of these grains

(Figure 9d) show that they are essentially monocrystals,
with faint lattice distortions and domains rotated less
than 2° with respect to their host. These characteristics
are congruent with syn- to post-tectonic apatite growth.
Mineral composition data of these phases are included in
Table S2.

4.3 | Tremolite-talc ultramafic rocks
These rocks (represented by sample 134; Figure 3) show
a greenish-grey colour in fresh exposures and exhibit an
outstanding planolinear fabric (Figure 11a). Amphibole
(up to 96% in modal proportion, calculated with optical
methods because successful EBSD indexation of the sam-
ple surface studied was only 53.74%), chlorite (<2%) and
talc (<2%) occur as the constituent phases of the mineral
assemblage in equilibrium and define a nematoblastic
microstructure (Figure 11b). XRD analyses pointed also
to the presence of traces of a second, Fe-Mg monoclinic
amphibole.
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FIGURE 11 (a)Hand specimen of tremolite-talc-chlorite ultramafic rocks. (b) Optical microphotograph (crossed nicols) showing the
strong shape-preferred orientation parallel to the macroscopic foliation, defined by elongate tremolite (Tr) crystals showing solid-state

deformation microstructures such as undulose extinction, dislocation walls and subgrains. (c) Scanning electron microscopy misorientation

map showing the internal lattice organization of tremolite grains. Crystals shown with yellow tones correspond to distorted domains with
crystallographic orientations departed ~10° from that of the neighbouring (blue) domains (some of the boundaries are marked with white

arrows). The colour scale bar shown at the right permits to unravel that tremolite crystal lattices do not exhibit homogeneous orientations

but smooth continuous orientation variations. (d) Optical microphotograph (crossed nicols) of coarse grained talc (Tlc) domains developed
around tremolite (Tr) showing that the former accommodated in preference the superimposed deformation (resulting in microfolding and

gliding along talc cleavage planes). Mineral abbreviations after Whitney and Evans (2010)

Amphibole mineral chemistry denotes it is Ca and
Mg rich (Figure 14) and corresponds to Mg-rich actinolite
and tremolite (henceforth, tremolite s.l.; Leake
et al.,, 1997; Hawthorne et al., 2012). Despite its limita-
tions (originally proposed for epidote-bearing mafic
schists containing quartz and albite), the Al"Y-AI"" bivar-
iate diagram of Laird and Albee (1981) shows that these
metamorphic amphiboles plot in the field of the greens-
chist facies (Figure 15). Padron-Navarta et al.’s (2013)
pseudosections permit us to attain a similar conclusion
for mineral assemblages close to those studied here
(high-T greenschists to low-T amphibolite facies at pres-
sure <0.4 GPa).

Tremolite exhibits columnar to acicular idiomorphic
habits, crystal facets and the characteristic sets of cleav-
age planes in basal sections. In schistose lithologies,
tremolite exhibits a strong shape-preferred orientation
parallel to the foliation and lineation (Figure 11b). Crys-
tals with large aspect ratios up to 15 and millimetre-scale
longest dimensions exhibit a gentle exfoliation plane cur-
vature that grades into undulose extinction and even

leads to isolation of subgrains (Figure 11b-c). All these
features point to crystal-plastic deformation mechanisms.
EBSD misorientation maps (Figure 11c) reveal smooth to
discrete tremolite lattice distortions and low angle grain
boundaries. This microstructure points to rearrangement
of dislocations along grain boundaries, leading to the
eventual formation of new grains by crystal-plastic
mechanisms.

Talc occurs in close association with tremolite and
minor chlorite, and contributes to define the rock fabric
(Figure 11d). Talc underwent heterogeneous deformation
facilitated by the strong sheet anisotropy of the crystals
(microfolding and kinking). The textural relationships
with respect to tremolite suggest that talc replaced it syn-
kinematically along grain boundaries, though both
phases appear to form as well an equilibrium (or a meta-
stable) assemblage.

Chlorite subhedral crystals (grain size <400 pm)
occur in direct contact with tremolite and show a shape-
preferred orientation parallel to the foliation. Large chlo-
rite grains correspond to clinochlore (Si atoms per
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FIGURE 12 (a)Optical microphotograph (crossed nicols) of magnesio-hornblende-chlorite rocks showing that the rock fabric is
defined by the shape-preferred orientation parallel to the macroscopic foliation of euhedral to elongate amphibole (Amp) and chlorite (Chl)
crystals, sometimes with undulose extinction. (b) Closer view of the microstructure of chlorite-rich domains (plane polarized light). These

localized deformation and gave rise to anastomosing foliations and shear bands at the microscale, isolating stretched amphibole crystals with

congruent sigmoidal geometries. (c) Scanning electron microscopy misorientation map showing the internal lattice organization of

amphibole grains. Crystals shown with yellow tones correspond to distorted domains with crystallographic orientations departed ~10°
(recrystallized new grains, enclosed by the white circles) from that of the neighbouring (blue) domains. Amphibole crystal lattices do not
exhibit homogeneous orientations, but smooth and discrete variations across boundaries oriented consistently oblique at a high angle to the
foliation (e.g. the crystal enclosed by the white ellipse; see colour scale bar at the right for quantitative relationships). Mineral abbreviations

after Whitney and Evans (2010)
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FIGURE 13 Chlorite compositions plotted in the diagram of
Hey (1954)

formula unit in the range 5.30-5.70 for a Fe*" + Fe*"
content between ~1.2 and 2.0), whereas strained smaller
grains (likely secondary) show penninite and talc-chlorite
compositions (Figure 13 and Table S2).

44 | Magnesio-hornblende-chlorite
ultramafic rocks

These rocks (represented by sample 124; Figure 3) corre-
spond to chlorite-ultramafic rocks made of 70% horn-
blende and 29% chlorite (modal proportions calculated
after 99.68% successful EBSD indexation). They are char-
acterized by a bluish grey colour in fresh sections and by
the development of a clear planolinear (nemato-lepido-
blastic) fabric. The mineral assemblage in equilibrium,
apart from amphibole and chlorite, includes ilmenite,
apatite and zircon (jointly <1% in modal proportion).
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CaB<1.50; (Na+K)A<0.50; Ti<0.50

FIGURE 14 Amphibole

1.0 . compositions and classification
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: ﬁ m = :' ﬂ I; Ly Mineralogical Association (Leake
0.8 A et al., 1997) reference scheme
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Amphibole is the framework-supporting mineral.
Individual grains show longest dimensions up to 3 mm
and exhibit a distinct shape-preferred orientation with
aspect ratios up to 9 parallel to the foliation and the min-
eral lineation (Figure 12a and c). The most elongated
crystals may exhibit undulose extinction (Figure 12a),
consistently oblique dislocation tangles at a high angle to
the foliation (area highlighted by ellipse in the
Figure 12c), subgrain boundaries perpendicular to the
elongation direction of the crystals (encircled areas in the
Figure 12c) and microcracks normal to the lineation
(Figure 12b), denoting stretching components parallel to
it. Amphibole composition corresponds to magnesio-
hornblende (Figure 14), although compositions transi-
tional to tremolite and actinolite are also present. Projec-
tion of these mineral compositions in the Al'V-A1Y!
diagram of Laird and Albee (1981) places them in the
metamorphic amphibolite facies domain, with minor
data plotting in the epidote-amphibolite facies domain
(Figure 15). This suggests that the metamorphic grade of
these rocks and of their fabrics is distinctly higher than
that of the tremolite-talc rocks. However, this observation
may also relate to differences in the bulk rock Al content.

Chlorite crystal flakes contribute remarkably to the
definition of the foliation (Figure 12a b). Geochemical
analyses reveal a clinochlore mineral composition
(Figure 13) with Si atoms per formula unit (for O = 14)
in the range 5.80-6.08 and total Fe contents (Fe>"/Fe*")
between 1.32 and 1.60, calculated through charge balance
criteria following Droop (1987). Individual crystals may
reach up to 1.2 mm in their longest dimension and a few
hundreds of micrometres across. Rock domains where
chlorite modal proportion exceeds that of amphibole

AllY m Magnesio-hornblende-chlorite

A ultramafic rocks
2.0 7 A Tremolite-talc
ultramafic rocks
1.8
16 4 Granulite-facies
1.4 -
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= ]
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u . amphibolite-facies
0.6 L
[ ]
0.4 \ ,
Greenschist-facies
0.2 "
e
0.0 : > AV
0.0 0.5 1.0
FIGURE 15 Plot of amphibole compositions in the AI'V-AIY

bivariate diagram of Laird and Albee (1981)

exhibit anastomosing foliations and shear bands at the
microscale, isolating sigmoidal amphibole crystals
(Figure 12b).
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Apatite is occasionally present as small crystals with a
maximum size of 200 pm and aspect ratios up to 2. No
recognizable shape-preferred orientation can be observed.
However, lattice misorientation maps show angular dis-
tortions inside grains of up to 7°. Opaque minerals show
morphologies elongated parallel to the macroscopic folia-
tion/lineation. Ilmenite is the most frequent opaque
phase, with an Fe-rich composition of Ilmgy_93 and minor
contents of pyrophanite (Mn component) and geikielite
(Mg component). Mineral compositions of these phases
are included in Table S2.

5 | PETROFABRIC
5.1 | Chlorite

Chlorite lattice-preferred orientation (LPO) patterns
in the samples studied are similar (Figure 16),

P
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n= 15432
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N

Chl: 1.5%

507
W1 LE Y-

independent of the 98% modal proportion in chlorite-
talc schists (Figure 16a), 1.5% in tremolite-talc rocks
(Figure 16b) and 29% in magnesio-hornblende-chlorite
rocks (Figure 16¢). A significant texture intensity is
supported by the respective Bunge’s (1982) fabric tex-
ture indices (J) of 5.8, 9.3 and 5.4. LPO stereoplots
show strong concentrations of the poles to chlorite
(001) close to the Z structural direction with depar-
tures <15°. As regards the PGR texture indices
(Vollmer, 1990), the poles to (001) planes exhibit the
maximum values for the P (point maxima) index
(0.28-0.61) and the correspondingly lowest values for
the R (random) index. The [100], [010] and [110] axes
exhibit spatial distributions close to girdles either with
a faint ([100] orientations forming 5-10° with the
X direction) or a slight (consistent) obliquity with
respect to the foliation plane (<10-15° in the case of
the [010] and [110] directions). Higher-density crystal-
lographic axis concentrations within girdles track the

20

25
20
1.5
1.0
05

FIGURE 16 Chlorite LPO patterns from (a) chlorite-talc schists (sample 119), (b) tremolite-talc rocks (sample 134) and (c) magnesio-
hornblende-chlorite rocks (sample 124). Stereogram colour patterns represent multiples of mean uniform density (specifically scaled in each
lateral bar). Maximum and minimum concentrations are numerically expressed at the upper and lower left of each LPO, respectively. Lower

hemisphere, equal area stereographic projections of XZ structural sections. Reference foliation is the equatorial diameter E-W, and the
lineation is horizontal within that plane, as denoted by X, Y and Z in the small labelled circle between Figure 16a and b. The geometry of
inferred rotational deformation components is depicted by the small circle with black half-arrows also placed between Figure 16a and b. J:
Bunge’s (1982) texture index; Hw: halfwidth value used for ODF (orientation distribution function) estimation; n: number of grains used to
construct the diagrams. Mineral abbreviations after Whitney and Evans (2010), accompanied by their respective modal proportions in

per cent
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mineral/stretching lineation. These features reveal non-
coaxial deformation components.

5.2 | Amphibole
LPO patterns for amphibole (Figure 17) show remarkable
coincidences in spite of its different composition and
modal proportion in tremolite-talc rocks (Figure 17a) and
in magnesio-hornblende-chlorite rocks (Figure 17b).
Tremolite LPO (Figure 17a) shows a J texture index of
3.4. It depicts mixed girdle-point maxima distributions
for the [001] directions and the poles to (100) and (110)
planes. The point maxima within the girdles are concen-
trated close to Z in the case of the poles to (100) planes
and around X ([001] for the poles to (110) planes. The
highest P index values correspond to (100) planes (0.34)
and [001] directions (0.33), which are within <10° close
to the macroscopic foliation and <5° with respect to the
mineral-stretching lineation, respectively. The orienta-
tion of the poles to (010) planes is not straightforward
from the LPO, whereas that of (110) planes exhibits a
close geometrical relationship of perpendicularity with
respect to both the foliation and lineation.

Tr: 95%

(b)

Mg-Hbl: 70%

=N

TG Sample 124

Magnesio-hornblende LPOs (Figure 17b) are charac-
terized by a smaller texture index (J = 1.5) than tremo-
lite. They exhibit point maxima distributions within wide
girdles for all the crystallographic elements measured,
which are also aligned close to the principal macroscopic
structural directions. It is remarkable the case of the
poles to prismatic planes (100), (010) and (110), which
define girdles normal to the lineation containing point
maxima close to Z. The point maxima, however, associate
low P index values, the largest one (0.14) corresponding
to the distribution of the (010) planes. On its part, [001]
crystal directions are preferentially concentrated in a gir-
dle parallel to the macroscopic foliation with a point
maximum parallel to X. This crystallographic direction
exhibits the highest G (girdle) (0.41) and the lowest
R (0.49) indices.

A very small but consistent obliquity is shown by the
LPOs between girdles, point maxima and the XYZ refer-
ence framework. This supports the occurrence of non-
coaxial deformation components during the amphibolite
to epidote-amphibolite facies (magnesio-hornblende-
chlorite rocks) and the greenschist facies (tremolite-talc
rocks) P-T conditions prevalent during deformation of
these rocks.

FIGURE 17 Amphibole LPO patterns of (a) tremolite from tremolite-talc rocks (sample 134) and (b) magnesio-hornblende from

magnesio-hornblende-chlorite rocks (sample 124). Stereogram colour patterns represent multiples of mean uniform density (specifically

scaled in each lateral bar). Maximum and minimum concentrations are numerically expressed at the upper and lower left of each LPO,

respectively. Lower hemisphere, equal area stereographic projections of XZ structural sections. Reference foliation is the equatorial diameter

E-W, and the lineation is horizontal within that plane, as denoted by X, Y and Z in the small labelled circle between Figure 17a and b. The

geometry of inferred rotational deformation components is depicted by the small circle with black half-arrows also placed between

Figure 17a and b. J: Bunge’s (1982) texture index; Hw: halfwidth value used for ODF (orientation distribution function) estimation; n:

number of grains used to construct the diagrams. Mineral abbreviations after Whitney and Evans (2010), accompanied by their respective

modal proportions in per cent
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5.3 | Talc, apatite and ilmenite
Talc LPOs from tremolite-talc rocks (Figure 18a) exhibit
a very large texture index (J = 25.2). Among them, it is
remarkable the distinct point maxima concentration of
poles to the basal planes (001) at a very low angle (<5°)
to the foliation normal. The obliquity sense with respect
to the XYZ reference concurs with that shown by other
minerals from the same sample and can be interpreted
on the same grounds. Basal planes are the crystallo-
graphic element with the highest P (0.65) and the lowest
R (0.10) indices. The [100] and [010] directions outline
incomplete girdles along the foliation with point concen-
trations close to the X ([100] axes) and the Y ([010] axes)
structural directions.

Apatite and ilmenite LPOs from magnesio-horn-
blende-chlorite rocks (Figure 18b-c) characterize the fab-
ric of accessory minerals. Although the number of
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detected grains was relatively small (n = 132 apatite and
580 ilmenite grains), the LPOs are significant (J texture
index values of 2.4 and 2.2, respectively). The LPO pat-
tern of apatite (Figure 18b) includes [0001] axes concen-
trations within a wide girdle along the foliation plane,
bearing high-density point concentrations in the vicinity
of X. By contrast, the poles to {11-20} and {10-10} plane
sets outline poorly defined girdles with multiple point
maxima, arranged nearly perpendicular to the lineation
orientation, with a higher pole concentration around Z.
The highest P value (0.25) corresponds to the poles of
(10-10) planes. Ilmenite shows LPOs characterized by a
strong point maxima concentration of [0001] axes per-
pendicular to the foliation (Figure 18c). The <11-
20 > and <10-10 > directions exhibit wide girdle distri-
butions roughly parallel to the XY plane. In the respective
LPOs, isolated submaxima can be observed close to the
lineation.

FIGURE 18 LPO patterns of (a) talc, (b) apatite and (c) ilmenite from tremolite-talc rocks (a; sample 134) and magnesio-hornblende-
chlorite rocks (b and c; sample 124). Stereogram colour patterns represent multiples of mean uniform density (specifically scaled in each

lateral bar). Maximum and minimum concentrations are numerically expressed at the upper and lower left of each LPO, respectively. Lower

hemisphere, equal area stereographic projections of XZ structural sections. Reference foliation is the equatorial diameter E-W, and the
lineation is horizontal within that plane, as denoted by X, Y and Z in the small labelled circle between Figure 18a and b. The geometry of
inferred rotational deformation components is depicted by the small circle with black half-arrows also placed between Figure 18a and b. J:
Bunge’s (1982) texture index; Hw: halfwidth value used for ODF (orientation distribution function) estimation; n: number of grains used to
construct the diagrams. Mineral abbreviations after Whitney and Evans (2010), accompanied by their respective modal proportions in

per cent
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A very small but consistent obliquity is shown by the
talc, apatite and ilmenite LPOs and the XYZ reference
framework. It is congruent with the obliquity determined
after other mineral phases.

6 | APATITE U-PB AGES

One hundred and sixty valid analyses were selected from
one hundred and sixty-one spot measurements per-
formed in three thin sections from chlorite-talc schists
(supplementary file Table S3), after rejection of results
with error values higher >10%. Apatite U and Pb con-
tents are always below 19.9 pg/g (average 6.1) and
12.3 ug/g (average 5.1), respectively, with **’Pb/**°Pb
ratios ranging from 0.31 to 2.12.

U-Pb results were processed online using IsoplotR
(Vermeesch, 2018). Plotting of isotopic ratio data in
Wetherill’s concordia diagram (Figure 19a) shows that
they are discordant, with upper and lower intercepts of
3738.9 + 2.9 and 342.8 + 12.2 Ma (MSWD = 1.4). If these
discordant data are reported in the Tera-Wasserburg dia-
gram (Figure 19b), an upper *°’Pb/*°°Pb intercept of
0.3803 + 0.0015 results. This was used to anchor an iso-
chron that yields a lower intercept age of 342.8 + 12.2 Ma
(ages provided with 2c errors, MSWD = 1.4).

7 | DISCUSSION

Ultramafic fragments similar to those studied here occur
as dismembered sheets (tectonic slices) in metamorphic
terranes of Phanerozoic continental domains worldwide.
These were usually formed by metasomatism of ultramafic
rocks during their regional metamorphic evolution in
diverse tectonic settings. Then they were incorporated to
the internal zones of orogens (where exhibit close relation-
ships with HP metamorphic rocks). Petrographic observa-
tions and geochemical data from specific active tectonic
settings provide evidence of a close relationship between
chlorite-talc-tremolite rocks and serpentinized ultramafic
protoliths. Among them, mid-ocean ridges (Escartin
et al., 2003) and forearcs (Wang et al., 2009) are the most
common, and oceanic core complexes, ocean-to-continent
transitions, continental strike-slip faults and subduction
channels are also possible (Guillot et al., 2015; Reynard
et al., 1989; Wakabayashi, 2017). Serpentinite outcrops are
surrounded there by sheared metasomatic irregular
domains containing the aforementioned rocks, the origin
of which is associated to Si metasomatism of serpentinite
(Boschi et al., 2006; Nagaya et al., 2020). This proposal is
supported as well by several studies of serpentinized ophio-
lites currently inserted in continental settings (Frost &
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FIGURE 19 (a)Plotin the Wetherill’s concordia diagram of
206ph 238(J vs. 2°7Pb/**>U isotopic ratios from 160 apatite spots.
(b) Plot in the Tera-Wasserburg’s diagram of 2°’Pb/*°°Pb

vs. 228U/2°°Pb isotopic ratios from the same apatite spots

Beard, 2007; Kang & Jung, 2019; Moore & Rymer, 2007).
Below we discuss the results of this study from diverse per-
spectives that include the characteristics of serpentiniza-
tion/metasomatism, the interpretation of rock petrofabrics,
the likely tectonic context and the regional implications
for the Cadomian geology of southwestern Europe.

7.1 | Serpentinization and
metasomatism

The serpentinization of peridotite by water addition
involves specific mineral reactions that affect the primary
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olivine-orthopyroxene-clinopyroxene-spinel assemblage
(Evans, 1977, 2004; Evans et al., 2013; Iyer, 2007,
Wicks & Whittaker, 1977). These may produce serpentine
directly after olivine, orthopyroxene and spinel, together
with other alteration minerals (magnetite, brucite, chlo-
rite and talc), and release various by-products in aqueous
solution (SiO,, H", AI** and O®") that can subsequently
react with the primary assemblage or with their reaction
products to generate second and third generation
serpentine, magnetite, chlorite and talc (Iyer, 2007; Wang
et al.,, 2009). Olivine alteration at T < 400°C yields
serpentine (lizardite; Boudier et al., 2010), brucite and
magnetite. Spinel alteration results in the formation of
magnetite, serpentine and chlorite (the latter forming
aureoles) and releases the Al>" needed to form additional
chlorite after serpentine. Orthopyroxene hydration and
metasomatic reactions yield either serpentine or talc
+ olivine (the latter mineral being replaced by serpentine
if aqueous fluids are available).

Petrographic observations and mineral chemistry of
the ultramafic rocks studied reveal a complex geological
evolution during which the ultramafic precursors were
totally serpentinized. The primary spinel facies,
amphibole-bearing peridotite protoliths are here consid-
ered to be associated to a mantle wedge realm related to
a plate convergence tectonic setting. This is supported by
the nature and distribution of latest Ediacaran-earliest
Cambrian magmatism in the area (Sarrionandia
et al., 2020, and references therein). In principle, a fore-
arc mantle wedge realm would be more likely, because
refertilized peridotites from (back-arc) ocean-continent
transitions are usually plagioclase bearing (Rampone
et al., 1993). Fore-arc low PT serpentinization would have
been driven by a plumbing system involving slab fluids.

The microstructure of the Type 1 foliated serpenti-
nites (with penetrative fabrics, ghost SC microstructures,
asymmetric porphyroclast systems and quarter structures
with antigorite crystals in the shortening domains;
Figure 4a-c) tracks non-coaxial ductile deformations. Pet-
rographically, a primary serpentinization stage yielded
lizardite and magnetite. Identification of antigorite bun-
dles and blade-like crystals in sigmoidal porphyroclast
systems and along the foliation point to a superimposed
prograde syn-tectonic metamorphic overprint under
higher P (>0.7GPa) and T (>390°C; cf. Auzende
et al., 2006; Guillot et al., 2015), rather than to a high-T
origin for this mineral during primary serpentinization
(e.g. Boudier et al., 2010; Reynard, 2013).

Type 2 serpentinites (Figure 5a-b) contain additional
minerals in veins and secondary infillings (chrysotile,
dolomite, talc and opaques) compatible with either low
temperature primary alterations or with late retrogres-
sions. The occurrence of oriented antigorite in the
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foliated matrix, however, suggests that these rocks experi-
enced a metamorphic overprint with characteristics simi-
lar to those described for the Type 1 serpentinites. In this
context, veins and their infillings might even be syn- to
late-tectonic features, the chrysotile being the only clear
post-tectonic mineral phase.

In the type 3 serpentinites with amphibole crystal
pseudomorphs (Figures 6 and 7), the lizardite mesh
microstructures disclose the primary low-pressure
(<1.0 GPa) and low-temperature serpentinization (0-
300°C; cf. Guillot et al., 2015) of an already metasoma-
tized ultramafic rock containing idiomorphic amphibole
crystals. The presence of those amphiboles might be
ascribed to early metasomatic alterations after clinopyr-
oxene at temperatures <800°C (Iyer, 2007). Alteration of
this assemblage resulted in a fine-grained lizardite matrix
with magnetite disseminations and in euhedral amphi-
boles fully altered as well by lizardite with a mesh micro-
structure. The lizardite matrix lacks a significant fabric
but is postdated by tiny antigorite crystals with a pre-
ferred orientation (Figure 8a, b). These features point to a
metamorphic overprint similar to that inferred for the
other serpentinite types.

The close spatial association of Types 1-3 serpenti-
nites with major thrust contacts and HP rocks
(i.e. between para-autochthonous low-grade metapelites
and allochthonous gneisses and retro-eclogites; Figure 3)
supports the interpretation that antigorite foliation
formed in relation with those structures. Also, because
they are postdated by early Ordovician intrusives (sec-
tion 2.1) and can reasonably be ascribed to the Cadomian
D1 tectono-metamorphic evolution, antigorite growth
might be related to prograde reworking during D1, which
in the neighbouring units recorded HP metamorphic
conditions.

The formation of the other mineralogically more het-
erogeneous metamorphic ultramafic rocks (chlorite-talc
schists, tremolite-talc-chlorite rocks and magnesio-horn-
blende-chlorite rocks) required involvement of metaso-
matic agents. Even supposing that formation of chlorite
(clinochlore) after spinel can be triggered by H,O addi-
tion, its actual modal proportion would not be significant
and would be in conflict with the observation that some
rocks are composed almost completely by chlorite. Thus,
chlorite rather was formed after abundant peridotite oliv-
ine, triggered by external addition of AI** (Iyer, 2007). In
the case of talc, it can form after orthopyroxene and
H,0. However, olivine would be a product phase and no
petrographic evidence supporting it was found. Alterna-
tively, silica metasomatism of serpentine can result in sig-
nificant modal proportions of talc, as observed in the
samples studied. Metasomatic replacement of serpentine
by talc involves Mg, Fe and Si mass transfer (SiO, should
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be sourced externally) constrained by the reaction
serpentine + 2Si0, = talc + H,O, a prograde reaction
taking place at 300-450°C (Evans, 1977). Metasomatic
alteration of precursory serpentinites can also explain the
observed coexistence of chlorite and talc in equilibrium,
because the latter phases do not result one from the
other. Their microstructure suggests that chlorite crystal-
lized earlier, and that both minerals were subsequently
deformed. A tectonothermal overprint such as that
inferred for the serpentinites would have not modified
the equilibrium mineral assemblage of chlorite-talc
schists. In fact, the occurrence of antigorite in textural
equilibrium with talc and chlorite (Figure 10d) might
support that the metasomatism was pre- to syn-metamor-
phic/tectonic.

Regarding the case of calcic amphibole-bearing
assemblages, their occurrence can result from the com-
bined hydration of primary orthopyroxene and clinopyr-
oxene at T between 825 and 400°C. In well-studied cases,
tremolite crystals commonly obliterate and hinder pri-
mary textures and mineral parageneses (Boschi
et al., 2006). The hydrothermal alteration of mafic rocks
(gabbro) under greenschist facies conditions produces
amphibole and chlorite pseudomorphs after pyroxene
and transforms them into amphibole schists releasing sil-
ica (which can promote metasomatism and talc forma-
tion in neighbouring serpentinites; cf. Iyer, 2007). Calcic
amphibole serpentinization can take place at T below
480°C by involvement of H'- and Fe®'-bearing aqueous
fluids, then releasing silica and Ca®' solutes (Wang
et al., 2009). In our samples, the close association of ori-
ented chlorite, talc and tremolite aggregates, their mutual
textural relationships, and their outstanding fabric sug-
gest that they grew syn-tectonically, they were plastically
deformed, and that talc was a relatively later phase.
Tremolite mineral chemistry supports this occurrence
under greenschist facies ambient T conditions. In princi-
ple, these characteristics might be ascribed to metaso-
matic/metamorphic transformation of a serpentinite
precursor.

The ascription of the metamorphic overprint inferred
above (postdating the primary serpentinization) to a
Cadomian (D1) tectono-metamorphic evolution is based
upon structural field criteria (major thrust contacts and
penetrative deformations in HP rocks postdated by early
Ordovician intrusives). It is, however, at odds with the
342.8 + 12.2 Ma discordant isochron age from the apatite
population from chlorite-talc schists. Apatite exhibits tex-
tural equilibrium with chlorite, talc and tremolite in
chlorite schists and Magnesio-hornblende-chlorite rocks,
where a syn-tectonic relationship with development of
shape fabrics and LPOs of the other minerals can be
inferred. Field relationships show also that a Variscan

tectonothermal shear zone overprint affected with vari-
able intensities all the rocks of the Badajoz-Cérdoba belt.
Likely, a strong overprint should be the expected case for
mechanically weak serpentinite and related ultramafic
rocks as the ones studied. Apatite U-Pb analyses have
been used to date magmatic and hydrothermal events
(e.g. Bouzari et al., 2016; Corfu & Stone, 1998), as well as
exhumation and thermal overprints in metamorphic ter-
ranes (Hall et al., 2018; Krestianinov et al., 2021), even
though its closure temperature ranges from 375 to 550°C
(Cochrane et al., 2014; Harlov et al., 2005; Kirkland
et al., 2018). In the Badajoz-Cordoba shear zone, a late
Palaeozoic (Variscan) overprint under amphibolite to
greenschist facies conditions has been robustly estab-
lished and radiometrically dated by several authors
(Figure 20 and references therein). Thus, the 342.8
+ 12.2 Ma apatite age might be related to such tecto-
nothermal reworking and disconnected from the anteced-
ent serpentinization, metasomatism and D1
metamorphism. Decoupling between isotopic systems
used for radiometric dating (even of different systems in
the same dated mineral; e.g. Beranoaguirre et al., 2019),
trace elements, mineral chemistry and microstructures is
being increasingly found when distinct stages of
deformation-enhanced recrystallization are involved in
metamorphic rock systems under an ample range of
P and T conditions (Gordon et al., 2021).

7.2 | Interpretation of rock petrofabrics
The samples studied exhibit mineral assemblages in equi-
librium depicted by crystals with conspicuous shape and
LPO patterns. The corresponding microstructures evi-
dence intracrystalline deformation and deformation
accommodation by dislocation creep, possibly assisted by
complementary mechanisms.

Equivalent chlorite LPOs are present in all the sam-
ples studied, independent of their modal proportion
(from 2% to 98%). They correspond to the Type 1 of Kim
and Jung (2015), characterized by (001) planes parallel to
the foliation (with [100] and [010] axes contained in this
plane). This LPO is well known in natural phyllosilicates
(e.g. Kang & Jung, 2019; Puelles et al., 2012), as well as in
experimental studies that show (001) planes usually act-
ing as slip planes and [hkO] axes as dominant slip direc-
tions (Bons, 1988). The simple shear experiments of Kim
et al. (2020) with chlorite peridotite starting materials
suggest that Kim and Jung’s (2015) Type-1 LPOs relate to
low shear strains (y < 3.1).

Tremolite LPOs fit Ko and Jung’s (2015) Type I fab-
rics, which can be explained by activation of the intra-
crystalline slip system that involves (100) planes and
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FIGURE 20 Geological sketch map of the Badajoz-Cérdoba ductile shear zone including the sites that provided Variscan reworking

metamorphic ages. Outcrops of a discontinuous tertiary cover have been removed in order to highlight the distribution of concealed

geological units. See text for further details. Geochronological references: [1] Bellon et al. (1979); [2] Abranches et al. (1979); [3] Blatrix and
Burg (1981); [4] Garcia-Casquero et al. (1988); [5] Schifer (1990); [6] Quesada and Dallmeyer (1994); [7] Ordéiiez-Casado (1998); [8] this
study. Localities: Ac, Aceuchal; Az, Azuaga; Al, Almendralejo; CM, Cerro Muriano; E, Espiel; FO, Fuente Obejuna; H, Hornachos; LC, La
Cardenchosa; O, Obejo; PP, Pefiarroya-Pueblonuevo; RF, Ribera del Fresno; VB, Villafranca de los Barros; VC, Villaviciosa de Cérdoba; VT,

Valencia de las Torres

[001] axes as flow planes and directions, respectively. It is
well-known in both natural and experimental amphibole
deformation studies (e.g. Dollinger & Blacic, 1975;
Rooney et al.,, 1975) and constitutes the least resistant
glide surface following the weak interchain bounds
between Ca/Mg and O in the crystal framework
(Baratoux et al., 2005; Cumbest et al., 1989; Rooney &
Riecker, 1969; Skrotzki, 1992). For this reason, this fabric
type is usually found in amphiboles deformed from low
to intermediate temperatures (up to those of the amphib-
olite facies) under varied stress conditions. Magnesio-
hornblende LPOs compare to those of tremolite, but, in
this case, the occurrence of a point maxima distribution
for the poles to (010) planes (in addition to [100] poles)
normal to the foliation can be taken as an indicator of
cooperative action of (100)[001] and (hk0)[001] slip sys-
tems (Zhang et al., 2013), under temperatures <650°C
and low stress conditions (Biermann & Van
Roermund, 1983; Puelles et al, 2016; Reynard
et al.,, 1989; Rooney et al., 1975; Skrotzki, 1992). The

distinct equilibrium conditions determined for these min-
erals after their mineral chemistry (Figure 15) and activa-
tion of the (hk0)[001] slip system in magnesio-
hornblende are the clues to interpret that deformation of
tremolite-bearing rocks occurred under lower tempera-
tures, characteristic of the greenschist facies. Other
amphibole deformation mechanisms such as twinning,
rigid body rotation, dissolution—precipitation or oriented
growth might have played a complementary though
minor role during the process of strain accommodation,
attending to the absence of diagnostic microstructural
features.

Talc microstructures and LPOs concur with the
results of previous studies (e.g. Nagaya et al., 2020) that
highlight deformation of this mineral is accommodated
at all temperatures by crystal plasticity, frictional sliding
and cataclasis (Escartin et al., 2008). Kinking and bend-
ing microstructures are common in the rocks studied,
facilitated by easy slip along basal planes (Morrow
et al.,, 2000). The LPOs suggest operation of the (001)
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[100] intracrystalline slip system widely reported for the
case of deformation studies on phyllosilicates (see above).
Though it has been rarely studied so far with the EBSD
technique, the fabric of talc in mafic/ultramafic schists
and related rocks (Nagaya et al., 2020) presents several
characteristics similar to that of antigorite (Soda &
Wenk, 2014; Van De Moortele et al., 2010), as well as a
comparable seismic response and anisotropy (Bezacier
et al., 2010; Jung, 2011; Katayama et al., 2009; Nishii
et al., 2011). For this reason, the presence of talc rocks in
subduction zones and continental sutures is thought to
contribute to sliding in the subduction zone slab mantle
interface and in seismically active faults (Hirauchi
et al., 2010; Ji et al., 2013).

Apatite shape-preferred orientation and LPOs can be
explained, in principle, by preferential growth along the
[0001] direction (Nakano et al., 2001). However, evidence
of crystal distortion (intragrain lattice misorientations
across discrete boundaries) points to components of
deformation accommodation by crystal-plastic mecha-
nisms (Ribeiro et al., 2020) that involved activation of the
{10-10}[0001] intracrystalline slip system (Nakano
et al., 2001; Saka et al., 2008).

Possible relationships with deformation of the ilmen-
ite LPOs reported in this study are compatible with the
activation of the (0001) < 11-20 > intracrystalline slip
system. Current knowledge of ilmenite plastic deforma-
tion mechanisms is meagre. However, the same slip sys-
tems might be expected to operate as in the iso-
structurally equivalent corundum (Barber et al., 2010).

The small but consistent obliquity between LPOs and
the XYZ reference framework depicted by all the min-
erals studied (chlorite, tremolite, magnesio-hornblende,
talc, apatite and ilmenite) points to non-coaxial deforma-
tion components during solid-state deformation of these
rocks. Those components are congruent with their meta-
morphic characteristics and their structural context,
sandwiched between two major metamorphic thrust
slices.

7.3 | Tectonic context

Serpentinites are intimately associated to HP metamor-
phic rocks in suture zones of a varied geographical and
chronological range, linking them to paleosubduction
zones (Guillot et al., 2015). They are regarded as frag-
ments of oceanic lithosphere first subducted and then
exhumed by a combination of return flow and buoyancy
forces. Release of fluids along portions of the subducting
slab (Hyndman & Peacock, 2003) increases the serpenti-
nization of the mantle wedge (30-100%), which is
thought to result in up to 2-3 km thick layers of strongly

foliated serpentinite in subduction channels, potentially
stable to depths below 120 km. Tectonic decoupling
between the stagnant mantle wedge and the subducting
plate would be accommodated by a weak serpentinite
layer (a few hundreds of metres thick) concentrating
deformation and large displacements in shear zones
centimetre to hectometre thick. The process leads to
generalized foliation development, syn-tectonic crystal
growth, and to a plastic mechanical behaviour (Amiguet
et al., 2014). Talc produced by a high silica activity during
serpentinization or by serpentinite dehydration during
prograde metamorphism dramatically weakens those
shear zones (Kohli et al.,, 2011). Subducted sediment
abundance can contribute as well to soften further the
plate interface through hydration of the mantle wedge
and tectonic mélange development after fragments of
both the overriding and the subducted plates. This tec-
tonic scenario also plays a major role in the exhumation
of neighbour HP rocks, which include kilometric eclogitic
blocks exhumed from depths of about 70-80 km (Agard
et al., 2009; Guillot et al., 2009). Taking all the above into
account, serpentinite units from HP settings may contain
serpentine tectonites and talc- and/or chlorite-bearing
ultramafic rocks, in addition to metamorphic blocks of
different sizes and origins. The latter are usually dis-
persed in a strongly sheared matrix and record contrast-
ing P-T conditions (Angiboust et al., 2011). This scenario
compares to the units studied herein and would share
similar petrofabrics and seismic geophysical properties
(Hirauchi et al., 2010; Jung, 2011; Nishii et al., 2011).

A current equivalent scenario from a subduction
setting might be the Mariana forearc in the southern
Izu-Bonin-Mariana lithosphere convergence system
(Figure 21). There, serpentinite (Wang et al., 2009) and
HP metamorphic clasts (blueschists; Tamblyn
et al., 2019; Ichiyama et al., 2021) currently exposed in
the landward slopes of the trench have been exhumed to
the seafloor from the mantle wedge. Serpentinized
peridotite samples dredged contain the olivine-spinel-
amphibole mineral association. Amphiboles are Ca-rich
tremolite and magnesio-hornblende, exhibit columnar or
needle-shaped idiomorphic habits, crosscut (postdate) the
serpentine mesh texture, and are usually also serpenti-
nized. Chlorite and talc replacing serpentine or forming
veins are also present. All this fits closely to the charac-
teristics of the ultramafic rock assemblage described in
this study. Guillot et al. (2009, and references therein)
suggest that tectonic associations such as those described
are often related to magmatic arcs, advocating for prior
warm subduction. This might also be the case for the area
studied here (Sarrionandia et al., 2020).

The Mariana forearc exhibits additional features that
can be correlated to the Cadomian tectonic organization
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of the OMZ. The magmatic arc is constructed on oceanic
to transitional crust and is split from S to N into two
branches separated by the Mariana trough, which is an
active back-arc basin floored by oceanic lithosphere
(Figure 21a). The OMZ counterpart shows two magmatic

138°E  140°E  142°E  144°E 146°E  148°E

38°N

oy
s

LI
10°W 8°W 6°W 4°W
Serpentinites vy [__] Fore-arc / back-arc basin (Serie Negra)

volcanic rocks . .
plutonic rocks . Cadomian magmatic arc

Blueschists v [IB] Metamorphic belt with HP rocks

FIGURE 21 Solid earth surface topography of the

(a) southern Izu-Bonin-Mariana arc system and of the (b) SW
Iberian Peninsula presented at the same scale for comparison after
GeoMapApp data (Ryan et al., 2009). Figure 21a shows the areal
distribution of the subduction trench (white lines) and the
associated magmatic arc (transparent red overlay), split by the
Mariana trough active back-arc basin (floored by oceanic
lithosphere). The yellow star shows the site where talc-tremolite-
chlorite and other serpentinized ultramafic rocks similar to those
studied here were dredged (Wang et al., 2009). (b) Distribution of
late Ediacaran-earliest Cambrian magmatic rocks associated to
Cadomian subduction (Sarrionandia et al., 2020), of partly coeval
arc-related volcano-sedimentary successions (the Serie Negra), and
of the HP metamorphic belt. Yellow stars: serpentinite occurrences.
Blue star: >550 Ma blueschists (Akker et al., 2020). Current width
and separation of these belts resulted from poly-orogenic arc
shortening and wrench displacements
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arc segments as well. These currently expose volcanic
and plutonic rocks in the surface separated by a meta-
morphic belt that contains HP rocks (the Badajoz-
Cordoba shear belt; Figure 21b). The two magmatic arc
branches and the intervening metamorphic belt are inti-
mately related to the Ediacaran Serie Negra, which
extends across the area and represents a volcano-
sedimentary basin infill. Some parts of it occupy southern
positions in current coordinates that concur with a fore-
arc tectonic setting (Rojo-Pérez et al., 2019). In those
realms, Akker et al. (2020) have described and dated
blueschist facies rocks older than 550 Ma. Other Serie
Negra areas to the N, for their part, concur with intra-arc
to back-arc environments (Rojo-Pérez et al., 2021).
Further N, coeval sedimentary successions record a dis-
tinct back-arc imprint and the OMZ Serie Negra realm
would have been accreted to it by the latest Ediacaran, as
the Palaeozoic sequences on top of both record an identi-
cal provenance (Lépez-Guijarro et al., 2008).

7.4 | Regional geological implications
Evidence of Cadomian lithospheric convergence in SW
Iberia (active from c. 750 Ma up to c. 540 Ma; Linnemann
et al.,, 2014) is supported by arc magmatism (Bandrés
et al., 2002, 2004; Sarrionandia et al., 2020) and
subduction-related ~ metamorphic  rocks  (Abalos
et al., 1991; Akker et al., 2020). Subsequent reworking
included intracontinental magmatism related to crustal-
scale rifting (Cambrian—early Ordovician; Sanchez-Garcia
et al., 2008) and late Palaeozoic wrench tectonism (Egui-
luz et al., 2000).

Formation of juvenile crust in the Cadomian mag-
matic arc involved melt extraction from asthenospheric
and heterogeneously enriched mantle sources (Bandrés
et al., 2004; Sanchez-Lorda et al., 2016). It has been usu-
ally related to an arc setting constructed on a c. 2 Ga old
transitional crust (Linnemann et al., 2014), because the
oldest arc-rocks from the OMZ lack a significant conti-
nental crust signature (e.g. Lopez-Guijarro et al., 2008;
Pin et al., 2002). The latest stages of the evolution of the
Cadomian arc (c. 534 Ma ago) record crustal growth after
reworking/melting of basic-ultrabasic, thin crustal and
mantle-derived rocks (Sarrionandia et al., 2020). The ser-
pentinized and metasomatized ultramafic rocks studied
herein would represent supra-subduction arc mantle
fragments accreted to such an arc in a structural context
different from that proposed for the Calzadilla ophiolite
counterpart (Diez Ferndndez et al., 2019). The Ribera del
Fresno-Llera ophiolite is sandwiched between two major
metamorphic thrust units that record a HP metamorphic
imprint. It was also affected by a relatively HP
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metamorphism that postdates previous stages of low-
temperature and low-pressure serpentinization and meta-
somatism. The resultant metamorphic belt, likely repre-
senting a subduction channel, currently separates two
parallel Cadomian arc segments containing plutonic and
volcanic rock associations. The imbrication of the Calza-
dilla ophiolite with Serie Negra took place under P and
T metamorphic conditions of lower grade than in the
Ribera del Fresno-Llera ophiolite, likely by means of a
regional thrust structure currently concealed in a paleo-
tectonic context neighbouring the subduction channel.
There, it would have been accreted to igneous rocks from
the southern magmatic arc branch reported above.

The interpretation of the Calzadilla and Ribera del
Fresno-Llera ophiolites tectonic emplacement is in agree-
ment with the currently accepted Cadomian lithosphere
convergence polarity for SW Iberia. It would consist of a
southern oceanic domain subducted northwards, in cur-
rent coordinates (palinspastic restoration of the position
of SW Iberia places it in the northern margin of Gond-
wana, nonetheless), with the trench located in the south-
ern edge of the OMZ, and a back-arc basin to the other
side of the northern edge (Arenas et al., 2018; Cambeses
et al.,, 2017; Diez Ferndndez et al., 2019; Linnemann
et al., 2014; Orejana et al., 2015). The current width and
separation of the reported magmatic and metamorphic
belts resulted from arc shortening and wrench displace-
ments (related to Cadomian and Variscan orogenies) and,
thus, track the original transversal dimensions of the oro-
genic system only to a first approximation.

8 | CONCLUSIONS

In this study, a complex polyphase history of ultramafic
rock alteration, metasomatism, and tectonothermal
reworking is revealed by petrochronology of chlorite-
tremolite-talc rocks related to serpentinites from SW
Spain. The tectonic and metasomatic processes involved
include interaction with aqueous fluids in the mantle
wedge (coeval with, or followed by Si and Al metasoma-
tism), subduction channel metamorphism (postdated by
early Ordovician granitoid intrusion), and intracontinen-
tal ductile shear zone reworking and isotopic resetting
during the late Palaeozoic. These processes, related to a
Cadomian and Variscan poly-orogenic evolution, are
revealed by a so far poorly known and overlooked thrust-
bounded heterogeneous ultramafic unit composed of
various serpentinite types (serpentinites with antigorite
overprinting lizardite mesh and ghost idiomorphic
amphibole microstructures) and metasomatized rocks
(chlorite-talc schists, tremolite-talc-chlorite rocks and
magnesio-hornblende-chlorite ultramafic rocks).

The ultramafic rock-forming mineral phases exhibit
microstructures that suggest they grew in various stages
accompanied by crystal plastic deformation mechanisms
under greenschist and amphibolite facies P-T conditions.
Antigorite foliation development in the serpentinites was
related to prograde reworking under HP metamorphic
conditions. Mineral petrofabrics of metasomatic ultra-
mafic rocks show significant texture intensities and
reveal a close geometrical relationship with rock foliation
and lineation. They are congruent among the diverse
mineral phases and are associated with non-coaxial
deformation components under the P-T conditions prev-
alent during their solid-state deformation. Structurally,
these rocks are sandwiched between two major metamor-
phic thrust slices with HP Cadomian imprints.

Apatite in textural equilibrium with chlorite from
ultramafic rocks provided an anchored isochron radio-
metric age of 342.8 + 12.2 Ma that is consistent with syn-
metamorphic reworking during the late Palaeozoic. It is
disconnected from earlier serpentinization, metasoma-
tism and HP metamorphism and highlights decoupling
between isotopic systems used for radiometric dating and
microstructures in metamorphic rock systems affected by
distinct stages of deformation-enhanced recrystallization.

The serpentinized and metasomatized ultramafic
rocks represent supra-subduction arc mantle fragments
associated with metamorphic thrusts in a subduction
channel, subsequently accreted to a Cadomian arc. The
resultant metamorphic belt separates two parallel mag-
matic arc segments, a southern one with forearc affinities
and a northern one with intra-arc and back-arc affinities.
The associated Cadomian lithosphere convergence polar-
ity would consist of a southern oceanic domain sub-
ducted northwards (current coordinates). Nonetheless,
palinspastic restorations place SW Iberia in the northern
margin of Gondwana with the oceanic domain to the
north. The current width and separation of the reported
magmatic and metamorphic belts resulted from arc short-
ening and wrench displacements during the Cadomian
and Variscan orogenies. Therefore, they provide a first
approximation to the original transversal dimensions of
the orogenic system. In any case, its nature, geometry
and dimensions can be compared to those of the south-
ern Izu-Bonin-Mariana subduction system, which is pro-
posed as a modern analogue of Cadomian SW Iberia.
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