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ABSTRACT

Field observations within the Atg-serpentinite domain of the subducted ultramafic massif from Cerro del Almirez (SE Spain) reveal the existence of two generations of
abundant olivine-rich veins formed as open, mixed mode and shear fractures during prograde metamorphism. Type I veins were synchronous with the development
of the serpentinite main foliation (S;) and shearing, whereas Type II veins post-date the S; surfaces. These structural relationships indicate that, while the Atg-
serpentinites underwent ductile plastic deformation at temperatures of 450°-600 °C and pressures of 0.7-1.7 GPa, they also experienced punctuated brittle
behaviour events. The brittle fractures were most likely due to fluid overpressures formed by release of H,O during the brucite breakdown reaction for the case of
Type I veins (2 vol % H30) and due to a combination of minor dehydration reactions related to continuous compositional and structural changes in antigorite (0.3 vol
% H20) for Type II veins. Type II olivine-rich veins were formed by brittle failure in a well-defined paleo-stress field and were not significantly deformed after their
formation. Comparison of the principal paleo-stress orientation inferred from Type II veins with those formed at peak metamorphic conditions in the ultramafic rocks
at Cerro del Almirez shows a relative switch in the orientation of the maximum and minimum principal paleo-stress axes. These relative changes can be attributed to

the cyclic evolution of shear stress, fluid pressure and fault-fracture permeability allowing for stress reversal.

1. Introduction

Hydrated ultramafic rocks (serpentinites) are one of the main sources
of subduction zone fluids (e.g. Ulmer and Trommsdorff, 1995; Hacker,
2008). Serpentinite-derived fluids are released at different pressure and
temperature conditions through several quasi-discontinuous dehydra-
tion reactions, namely through the breakdown of brucite and antigorite
forming olivine at forearc depths (e.g. Kempf et al., 2020 and references
therein), and the terminal breakdown of antigorite forming olivine and
orthopyroxene at subarc depths (Ulmer and Trommsdorff, 1999;
Padron-Navarta et al., 2010a). Despite the importance of fluids release
on the subduction dynamics and the generation of mechanical in-
stabilities at their corresponding depths, natural observations recording
such prograde processes are scarce (e.g. Hoogerduijn Strating and
Vissers, 1991; Trommsdorff et al., 1998; Hermann et al., 2000;
Padron-Navarta et al., 2010a, 2011; Healy et al., 2009; Weinberg and
Regenauer-Lieb, 2010; Jabaloy-Sanchez et al., 2015; Dilissen et al.,
2018; Pliimper et al., 2017; Bloch et al., 2018; Kempf et al., 2020). The
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record of the shallower and colder brucite-breakdown reaction (<1.0
GPa and <450 °C) in serpentinites has been almost invariably linked to
vein-related structures (Hoogerduijn Strating and Vissers, 1991; Healy
et al., 2009; Pliimper et al., 2017; Bloch et al., 2018; Kempf et al., 2020),
whereas the deeper and hotter high-pressure terminal antigorite dehy-
dration (>1.5 GPa and ca. 660 °C) shows pervasive replacement patterns
with varied textures (Padron-Navarta et al., 2010b, 2011, 2015; Jaba-
loy-Sanchez et al., 2015; Dilissen et al., 2018). The low-pressure ter-
minal antigorite dehydration producing olivine and talc (<0.4 GPa and
ca. 560 °C) occurs as veins and pervasive transformation of serpentinites
(Clément et al., 2019). These previous works have provided important
constraints on the contrasting fluid flow mechanisms associated with
these dehydration reactions, but the potential role of the far-field stress
in controlling the geometry of the structures and eventually dictating the
fluid pathways remains poorly understood. This ambiguity is partially
due to the time-integrated history of the dehydration-related structures,
where brittle and ductile deformation usually alternate at different
space- and time-scales, thus obscuring the role of different individual
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processes (e.g. Munoz-Montecinos et al., 2020; Druguet et al., 2021),
and to the poorly constrained rheology and parameters controlling
fluid-flow at high-pressure subduction zone conditions (Tenthorey and
Cox, 2003; Kawano et al., 2011; Gasc et al., 2017; Leclere et al., 2018).

The geometry of olivine-rich veins related to the brucite plus anti-
gorite coupled breakdown reaction has been interpreted as the result of
dehydration-induced fracturing (Hoogerduijn Strating and Vissers,
1991; Hermann et al., 2000; Healy et al., 2009) or, more recently, as the
consequence of a purely internally-controlled process related to the
initial mm-scale chemical heterogeneities of the reacting serpentinite
that eventually upscales into a cm-to m-scale fractal geometry network
due to channelized fluid flow (Pliimper et al., 2017). The latter authors
propose the formation of almost monomineralic olivine veins by the
following general reaction:

Mg4gsi34035(OH)62 + 20 Mg(OH)z =34 MngiO4 + 51 Hzo (1)
antigorite + brucite = olivine + aqueous fluid

However, other parameters such as the high time-integrated fluid/
rock ratio and the metasomatic capacity of the percolating fluids
(Bucher, 1998; Balashov and Yardley, 1998; Oliver and Bons, 2001;
Bons et al., 2012; Marsala and Wagner, 2016) may also play a role other
than the merely closed-system isochemical perspective of reaction (1).
The structural analysis of vein-related structures in high-pressure ser-
pentinites offers a unique opportunity to investigate the evolution of the
far-field stress during prograde subduction, their potential seismogenic
imprint and its relationship with ongoing dehydration reactions.

Here we report the results from field observations within one sub-
ducted antigorite-serpentinite body from Cerro del Almirez (SE, Spain)
that records the formation of olivine-rich veins in prograde serpentinite
through reaction (1) in addition to the terminal antigorite breakdown
previously studied in this locality (Trommsdorff et al., 1998; Padron--
Navarta et al., 2011 and references therein). We show that the identified
generations of olivine-rich veins can be ascribed to an evolution in
pressure-temperature and time of extensional, shear and mixed-mode
fractures during early subduction until peak metamorphic conditions
corresponding to the terminal antigorite breakdown reaction at
high-pressure.

2. Geological setting

The Nevado-Filabride Complex (NFC) is the lowest metamorphic
complex of the Internal Zones of the Betic Cordillera (SE Spain, Fig. 1a
and b). The Iberian provenance of its continental lithological sequence
and the E-MORB signature of the metabasites it hosts indicate that the
NFC belonged to the Jurassic, extended South Iberian paleomargin,
which was subducted below the easterly terranes of the Alboran Domain
during the Miocene (Gomez-Pugnaire et al.,, 2012; Platt et al., 2013;
Booth-Rea et al., 2015; Jabaloy-Sanchez et al., 2015, 2019; Dilissen
et al., 2018).

The uppermost lithological sequence of the NFC corresponds to the
Mulhacén units (Puga et al., 1974, 2002) (Fig. 1b), which underwent
Alpine, subduction-related, HP metamorphism at ca. 1.8 GPa and peak
temperatures ranging between 550 °C and 680 °C at Early-Middle
Miocene times (18-15 Ma, Lopez Sanchez-Vizcaino et al., 2001;
Gomez-Pugnaire et al., 2004, 2012, 2019; Platt et al., 2006). Metaul-
tramafic rocks, that are the subject of this work, are located within and
at the top of the Mulhacén units (see Gomez-Pugnaire et al., 2012;
Jabaloy-Sanchez et al., 2015; 2019; Padrén-Navarta et al., 2011)
(Fig. 1b). They correspond to mantle rock portions exhumed and
exposed in the ocean-continent transition of the South Iberian paleo-
margin (Dilissen et al., 2018; Jabaloy-Sanchez et al., 2019) that were
subsequently subducted. Emplacement and coupling in their present
position in the NFC sequence took place during fast exhumation shortly
after peak metamorphism (Lopez Sanchez-Vizcaino et al., 2001) due to
major shear zones in a transpressional deformation regime
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(Jabaloy-Sanchez et al., 2015).

The Cerro del Almirez (CdA) massif is the largest outcrop of more
than twenty ultramafic rock localities in the NFC (Jabaloy-Sanchez
et al., 2019). It occurs as a ca. 400 m thick and ~2.3 km? wide tabular
body (Jansen, 1936) (Fig. 1c¢) that was thrust over the metapelites and
thin, discontinuous marble bodies of the Mulhacén units (Fig. 1c). The
CdA ultramafic massif is composed of several lithologies that uniquely
preserve: i) the complete structural and mineralogical record corre-
sponding to the prograde metamorphic evolution during subduction,
and ii) the mineral assemblages that attest for the metamorphic peak at
eclogite-facies conditions. The subsequent exhumation P-T path is
recorded only in small domains with associated late retrograde assem-
blages: e.g. scarce chrysotile growth in the ultramafic rocks or partial
amphibolitization of metarodingites (Laborda-Lopez et al., 2018). Thus,
most of the CdA ultramafic massif is formed by rocks equilibrated at the
peak P-T conditions.

The main ultramafic rocks are well foliated, ca. 150 m thick, Atg-
serpentinite consisting of Atg + Ol + Chl + Mag + Ilm + Di + Tr +
Ti-Chu (Trommsdorff et al., 1998; mineral abbreviations are from
Whitney and Evans, 2010) and Ol + Ti-Chu veins (Lopez
Sanchez-Vizcaino et al., 2005). The modal proportion of diopside and
tremolite is highly variable in Atg-serpentinite, thus allowing to define
two, Ca-rich and Ca-poor, varieties of this rock type (Padron-Navarta
et al., 2011).

Atg-serpentinite overlies a ca. 70-100 m thick, massive Chl-
harzburgite sequence (Fig. 1c), composed by Ol + Opx + Chl + Mag
+ Ilm + Tr + Ti-Chu (Trommsdorff et al., 1998) and interpreted as the
result of Atg-serpentinite dehydration (Trommsdorff et al., 1998) at
680 °C and 1.6-1.9 GPa (Padron-Navarta et al., 2010b). Peak meta-
morphic conditions recorded by Chl-harzburgite reached maximum
710 °C, at similar pressures (Padron-Navarta et al., 2010b). Details
about the structural, metamorphic, textural and geochemical evolution
of the CdA ultramafic rocks and associated rodingite and ophicarbonate
lithologies can be found in Trommsdorff et al. (1998), Padron-Navarta
et al. (2011), Marchesi et al. (2013), Laborda-Lopez et al. (2018),
Dilissen et al. (2018), Menzel et al. (2019) and references therein.

3. Subduction- and peak-related structures

In the CdA Atg-serpertinite, the main penetrative planar fabricis a Sy
foliation (Padron-Navarta et al., 2010b, 2011, 2012; Jabaloy-Sanchez
et al., 2015; Dilissen et al., 2018) (Fig. 1c and d), defined by the
preferred orientation of antigorite crystals (for the CPO of the antigorite
see Padron-Navarta et al., 2012, 2015, and Dilissen et al., 2018), and
both oblate and prolate aggregates of magnetite (Jabaloy-Sanchez et al.,
2015; Dilissen et al., 2018). Prolate magnetite aggregates also define a
weak L; stretching lineation on the S; surfaces with a mean N-S trend
(Jabaloy-Sanchez et al., 2015; Dilissen et al., 2018). Millimetre-to cen-
timetre-scale shear bands define S-C structures suggesting a simple
shear component of the deformation during subduction with a
top-to-the-South kinematics (Padron-Navarta et al., 2012; Jaba-
loy-Sanchez et al., 2015; Dilissen et al., 2018). The S; foliation was
formed during the prograde metamorphic path at P-T conditions of
475-630 °C and 1.3-1.9 GPa (Padron-Navarta et al., 2010a, 2012).

S, foliation displays low dips defining a major very open NNE-SSW
synform (F; fold) plunging with a southward component (Padron-Na-
varta et al., 2010b; Jabaloy-Sanchez et al., 2015) (Fig. 1c and d). Upright
WNW-ESE very open folds (F; folds) deform the hinge and axial surface
of F; (Padron-Navarta et al.,, 2010b). F; and F, sets of folds are
perpendicular to each other and, in the case of a passive layer behaviour,
this interference should be a type 1 fold interference, with dome and
basin structures (Ramsay, 1962). However, the geological map (Fig. 1c)
shows that the axial surface of the F; fold is folded, and that a F5 anti-
form in the eastern limb of the F; synform is replaced laterally by a Fa
synform in the western limb and both F5 folds plunge in opposite di-
rections on the two limbs of F; fold. This interference pattern is
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Fig. 1. a) Location of the Nevado-Filabride Complex within the Betic-Rif orogenic system. b) Geological map of the Nevado-Filabride Complex in the southwestern
Betic Chain. Location of the study area in Fig. 1c is marked with a blue rectangle. c¢) Geological map of the Cerro del Almirez Massif (geology after Padron-Navarta
et al., 2010b); small stereographic diagrams show the orientation of S; foliation in the outcrop (from Padron-Navarta et al., 2010b), while bigger stereographic
diagrams show the orientation of Grain Size Reduction Zones (GSRZ, after Padron-Navarta et al., 2010b). d) Stereographic projection of the orientation of S; foliation
in the Cerro del Almirez Massif. €) 1 - Stereographic projection of the orientation of the GSRZ, 2- rose diagram of the strikes of the GSRZ, and 3- density distribution of
poles of the GSRZ (data after Padron-Navarta et al., 2010b and Jabaloy-Sanchez et al., 2015). For interpretation of the references to colour in this figure legend, the

reader is referred to the Web version of this article.

<

characteristic of the mode third of superposed buckling folds (Ghosh
etal., 1992), and it clearly indicates that the F; folds were older than the
Fo ones and that both F; and F; folding were due to a buckling process
(Ghosh et al., 1992).

S; foliation is crosscut by Ol-rich veins (Lopez Sanchez-Vizcaino
et al., 2009; Jabaloy-Sanchez et al., 2015) that are the matter of this
work (see section 5). Serpentinite also hosts strongly sheared meta-
rodingite bodies that occur as boudinaged and disrupted layers with two
sets of conjugate fractures with low dihedral angles (Laborda-Lopez
et al., 2018). This is the same shear event that formed the S; foliation
and the S-C structures with top-to the-South kinematics before the
formation of folds F; and F,. Importantly, metarodingites also register
the mineral assemblage sequence corresponding to the prograde P-T
path, synkinematic with the HP development of S; foliation during
subduction (Laborda-Lopez et al., 2018).

The S; foliation in the Atg-serpentinites is oblique to the dehydration
front defining the transition to massive Chl-harzburgite (Padron-Na-
varta et al., 2011; their Fig. 4). Chl-harzburgites display either
spinifex-like textures, with large arborescent olivine crystals in a matrix
of radial aggregates of acicular orthopyroxene crystals, long chlorite
flakes, and aggregates of magnetite, or granofels textures, with coarse
granular olivine, intercalated with each other at the meter to tens of
meters scale (Padron-Navarta et al., 2010b; Kahl et al., 2017; Dilissen
et al., 2018). Grain size reduction zones (GSRZ) are found to crosscut
both the spinifex-like and granofels textures (Padron-Navarta et al.,
2010b) (Fig. 1c, e). They are tabular to irregular zones where a reduction
of the olivine grain size occurs from mm-scale to 60-250 pm. GSRZ have
very sharp contacts with undeformed Chl-harzburgite domains and are
mostly composed of olivine, chlorite, magnetite, and minor tremolite
(Padron-Navarta et al., 2010b). GSRZ have been interpreted to record
brittle deformation (microcracking) of the Chl-harzburgite, probably
induced by hydrofracturing at peak metamorphic conditions (Padron--
Navarta et al., 2010b) and can be interpreted as high-permeability fluid
flow pathways of Atg-dehydration fluids (Padron-Navarta et al., 2010b).
Additionally, structural analysis of GSRZ provided an independent es-
timate of the orientation of the main paleo-stress axes (67 (188°/30°), o5
(091°/32°) and o3 (314°/70°)), coeval with the crystallization of
Chl-harzburgite (Jabaloy-Sanchez et al., 2015, Fig. le).

4. Methods

In this work we have systematically investigated the occurrence of
olivine-rich veins, diopside-rich veins and diopside-filled faults, and
their structural analysis in the Atg-serpentinite section of the CdA ul-
tramafic massif. We have identified over 50 vein locations and made
over 65 orientation measurements (Figs. 2, 4). Paleo-stress analysis was
done by using the Faultkin v. 8.1.2 software (Marrett and Allmendinger,
1990; Allmendinger et al., 2012). Thin sections from 25 rock samples
were selected for a petrographic description of the veins.

To investigate the phase relationships and the modal fluid pro-
portions in equilibrium with the stable mineral assemblages in Atg-
serpentinite during metamorphism, we calculated a P-T pseudosection
in the FeO-CaO-MgO-Al,03-SiO>-H,0 (FCMASH) system using
Perple X 6.9.1 (Connolly, 2009) (Fig. 9). For this calculation, we used
the bulk composition of a representative Ca-rich serpentinite of CdA,
equivalent to many of those hosting the studied veins (SiO2: 45.14 wt%;
Aly03: 2.48; MgO: 39.00; FeO: 3.87; CaO: 3.46; Hy0: 10.42), the inter-
nally consistent thermodynamic database of Holland and Powell (1998)

(version 2002) and the compensated Redlich-Kwong (CORK) equation
of state (Holland and Powell, 1991) for HoO-CO> fluids. We applied the
solid solution models of Holland and Powell (1996) for olivine, ortho-
pyroxene, clinopyroxene, and chlorite, Padron-Navarta et al. (2013) for
antigorite and ideal models for talc, brucite, tremolite, and
anthophyllite.

5. Description of the veins and faults

Based on their different mineralogy, size, thickness, orientation,
meso and microstructures, and field relation with serpentinites, we have
classified olivine-rich veins into two main type sets (Figs. 2-7). Besides,
we also describe the associated diopside-rich veins and diopside-filled
faults (Fig. 8).

5.1. Type I Ol-rich veins

Type I veins can be better observed on the steep rock cliffs perpen-
dicular to S; of the uppermost areas of the Atg-serpentinite section of
CdA (Fig. 2a; Fig. 3a—d). They appear as clear brown, tabular, discon-
tinuous veins with lateral continuity ranging from 1 to 10 m and very
variable apertures (5-20 cm) (Fig. 3a—c). They mainly consist of massive
aggregates of up to 10 cm long tabular olivine megacrysts with a
thickness of several millimetres to 4 cm (Fig. 3a—e). In some places,
olivine is accompanied by rounded, centimetre long clusters of titanian-
clinohumite (Ti-Chu) crystals (Lopez Sanchez-Vizcaino et al., 2005,
2009) (Fig. 3e). Whitish non-systematic fractures, with several milli-
metres apertures and filled with prismatic diopside grains (Fig. 3d),
crosscut both olivine and Ti-Chu grains. These late whitish diopside
veins are lacking in the hosting serpentinites and will be described in the
5.3 subsection.

Type I veins display sharp but strongly convoluted boundaries that
cut across the serpentinite S; foliation (Fig. 3b). They were in turn
affected by shear S-C structures, folds and crenulation (Fig. 3a—f). This
resulted in dismembered and boudinaged veins, commonly encom-
passing crenulated serpentinite fragments (Fig. 3c), as well as in frac-
tured olivine megacrysts (Fig. 3f-h). This deformation post-dated D; and
produced folding of the veins. In agreement with the reported folding,
fracturing and shearing, the strikes and dips of Type I veins do not have a
preferred orientation in the field (Fig. 2a and b).

Under the microscope, boundaries of Type I veins with the host
serpentinite are sharp and wrapped by the crenulated S; foliation
(Fig. 3g). Large olivine crystals display systematically oriented and
spaced joints with no appreciable apertures on a microscopic scale
(Fig. 3h). In some cases, joints define two perpendicular sets, thus
resembling cleavage in a mineral that has no cleavage. Xenomorphic,
variably-sized opaque mineral inclusions within olivine may also display
a preferred orientation linked to that of the joints. When present, large
Ti-Chu grains may be partially or completely transformed to olivine +
ilmenite breakdown products (Lopez Sanchez-Vizcaino et al., 2009).
Hosting Atg-serpentinites may be similar to any other within this
domain (Padron Navarta et al., 2011). They may contain variable
amounts of olivine, diopside, magnetite and sulphides, but are brucite
lacking.

5.2. Type II Ol-rich veins

Type II veins are widespread throughout the entire Atg-serpentinite
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Fig. 2. a) Geological map of the serpentinites within
the Cerro del Almirez Massif with the location and
orientation of Type I Ol-rich veins. The red star marks
the location of AZ47 outcrop with Di faults. b) 1 -
Stereographic projection of the orientation of Type I
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legend, the reader is referred to the Web version of this
article.)
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body (red squares and orientation symbols in Fig. 4). They occur as
arrays of red brownish veins with up to 1 m of visible lateral continuity
and apertures ranging from several millimetres to 2 cm (Fig. 5a-g). They
usually show sharp surfaces at sample scale and cut across the main S;
foliation (Fig. 5a—e). Curved tips and angular irregularities in their walls
matching across the vein are also common (Fig. 5g; see also Jaba-
loy-Sanchez et al., 2015).

Type Il veins arrays can be grouped into one or two sets of systematic
planar surfaces (Fig. 4a and b and 5a-c). There are also outcrops with
two sets of systematic veins that can be orthogonal, or more frequently,
at acute angles defining “conjugate sets” (Fig. 5b and c). Non-systematic
veins with curved surfaces are common as well (Fig. 5a) and they can
partially brecciate the Atg-serpentinite. Incipiently-developed sets of
veinlets are also abundant within the Atg-serpentinite; they appear as
very thin (1-2 mm) and less than 3 cm long, irregular veinlets cross-
cutting each other (Fig. 5d).

Strikes of the systematic veins indicate two main sets at ca. N1I00°E
and ca. N110°E orientation respectively (Fig. 4b). These ESE-ENW sur-
faces group into two maxima separated by a dihedral angle of ca. 53°:
one set is nearly vertical and the other dips ca. 36° towards NNE. When
the spacing of the systematic veins can be measured, it varies between 8
and 50 cm, with a mode of 10-20 cm, and a mean value of 21 cm (Fig. 6).
Two minor systematic orthogonal sets are found at ca. N90°E and ca.
NO°E, which show high dips, usually between 70° and 90° (Fig. 4b). The

orthogonal sets have a joint-system architecture with T shapes (Fig. 5b)
(see Dunne and Hanckock, 1994).

Type II veins also comprise shear veins (Fig. 5 e) giving place to:
rhomboidal jogs filled with olivine (Fig. 5f), curved extensional faults
with wing cracks (Fig. 5g), or the growth of olivine and diopside slick-
enfibres (Fig. 5h). Besides, some shear veins accommodate sudden
changes in the orientation of open veins (Fig. 5e). Some of these shear
veins have associated drag folds in the Atg-serpentinite host rock
(Jabaloy-Sanchez et al., 2015; their Fig. 6f) and have been used for
paleo-stress analysis.

The typical mineral assemblage of Type II veins is composed of Ol-Di-
Atg-(Ti-Chu)-(Chl) and clearly differs from that of the almost mono-
mineralic Type I veins. Under the microscope, vein boundaries with the
serpentinite display a convoluted, but fuzzy geometry, oblique to the
fine-grained antigorite preferential orientation defining foliation
(Fig. 7a and b). The fuzzy aspect of the boundaries is due to the presence
of flame-like antigorite flakes, parallel to the external foliation, in be-
tween the rounded aggregates of olivine grains, all of which is
compatible with the crenulation of the Type II veins with axial plane
foliation parallel to the hosting serpentinite main foliation. As in the
case of Type I veins, no evidence of brucite occurrence in the hosting
serpentinite has been detected.

Vein filling mainly consists of granoblastic, and commonly altered,
aggregates of olivine grains encompassing hypidiomorphic to
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Fig. 3. a) Field occurrence of Type I veins affected by
boudins and folds: the yellow arrow marks the neck of
a boudin, while the red one marks a folded vein with
the S; as the axial plane foliation. b) Metre-long,
deformed Type I vein with Ol megacrysts. c¢) Trans-
posed boudin of a Type I olivine-TiChu vein with
small polygonal Di veins (whitish mineral) and in-
clusions of foliated serpentinite fragments. The red
arrow marks the neck of a boudin. d) Close view of a
Type I vein with Ol megacrysts broken by polygonal
Di veins (whitish mineral). Picture is 13 cm wide. e)
Type I olivine-TiChu vein with jog geometry; small
polygonal Di veins are lacking. f) Sheared Type I vein
with olivine and deformed Di veins. g) Microscope
view of a faulted Ol megacryst in a Type I vein and
the ductile deformed Atg of the wall rock (cross-
polarized light). h) Microscope view of an Ol mega-
cryst with systematically oriented and spaced joints
and broken by polygonal Di veins (plane polarized
light). (For interpretation of the references to colour
in this figure legend, the reader is referred to the Web
version of this article.)

xenomorphic tabular grains (up to 0.5 mm long) of diopside (Fig. 7c).
Xenomorphic aggregates of Ti-Chu grains are frequently associated with
olivine (Fig. 4c). Antigorite typically appears as large (up to 0.8 mm
long), idiomorphic, randomly oriented and distributed flakes; very
different from those of the host serpentinite which are finer-grained and
oriented parallel to the S; (Fig. 7c). Chlorite flakes are rare near diopside
grains. Opaque minerals (i.e., magnetite) are rare within the veins, even
if these veins are hosted in serpentinites with very abundant opaque
minerals.

At thin section scale, the incipient veinlets appear as roughly ori-
ented but discontinuous strings of fine-grained irregular aggregates (up
to 8 mm long) of olivine, diopside and some Ti-Chu and magnetite
grains. Aggregates are enclosed by the fine-grained antigorite matrix of
host serpentinite and are overgrown by larger, randomly-oriented flakes
of antigorite (Fig. 7d).

In few outcrops, whitish, up to 2 cm thick veins are found associated

with the Type II veins and also crosscutting the main Atg-serpentinite
foliation. At the microscope, they consist of very fine-grained aggre-
gates of strongly crenulated antigorite and granoblastic diopside (vein i
in Fig. 7e). Olivine-diopside aggregates like those described in the
incipient veins are found to grow on their boundaries with an irregular
distribution (boundaries of veinlet i in Fig. 7e). Several generations of
mutually crosscutting veins can be seen in Fig. 7e: the Atg-Di vein i is
crosscut by Ol-rich veins ii (partially altered to chrysotile), which are in
turn crosscut by veinlet iii.

Where the veins and faults contain slickenfibres of olivine and
diopside, both minerals appear as centimetre long, parallel-oriented,
prismatic, stretched grains with undulose extinction, twin lamellae
and regularly spaced inclusion bands (Fig. 7f).
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Fig. 4. a) Geological map of the serpentinites within
the Cerro del Almirez Massif with the location and
orientation of Type II Ol-rich veins. The red squares
mark additional outcrops where taking orientation
measures was not possible. The red star marks the
location of AZ47 outcrop with Di faults. b) 1 - Ste-
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interpretation of the references to colour in this figure
legend, the reader is referred to the Web version of
this article.)
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5.3. Diopside veins and faults

Fractures filled mainly with prismatic, several millimetres long and
100-200 pm wide diopside aggregates and some fine-grained antigorite
occur within the Type I Ol-rich veins (Fig. 3c,d,f,h). These Di veins occur
along former olivine-olivine grain boundaries or cut across both olivine
and Ti-Chu grains breaking them up into angular fragments of varying
size (Fig. 3f). However, diopside-filled fractures have never been found
to progress into the serpentinite wall-rock. The polygonal array of Di
veins is sheared and folded in several outcrops (Fig. 3f). Thin bands of
small inclusions within the diopside are very frequent and define crack
seals. A median line is always lacking in these veins. In some places,
large prismatic diopside grains are bent and replace olivine.

Other than these veins, metre long faults with slickenfibres of diop-
side are to be found in one outcrop (AZ47; at UTM coordinates: X =
507736, Y = 4103976, and Z = 2310 (Zone 30S)) of the CdA Atg-
serpentinite domain (Figs. 2 and 4 for location, Fig. 8 for the outcrop
description). At AZ47 three faults with N-S strikes and different dips can
be observed. All three faults are arranged in a reverse left-handed fault
system with two splays (Fig. 8), the branch lines being roughly N-S.
They cut across a Type I Ol-vein with an aperture of 8 cm and N40°E
orientation with a 60° dip towards the SE. Olivine in the vein is also
crossed by small non-systematic diopside veins (Fig. 8). The faults also
show a reverse off-set of ca. 30 cm for the lower fault and ca. 20 cm for

the intermediate one. Close to the fault, the S; foliation of the host Atg-
serpentinite displays small reverse drag folds. Diopside fibres have
grown on the faults surfaces with a 0° to 30° southward pitch. Fibres are
well-developed within the extensional jogs and they join the walls of the
faults indicating a left-handed reverse movement (Fig. 8). Under the
microscope, diopside is prismatic and is associated with antigorite and
opaque minerals. In this same outcrop, small, subvertical N-S striking
(NO°E) veins filled with diopside are also found.

6. Discussion

Olivine-rich veins have been described in several localities in which
serpentinites underwent simultaneous deformation and metamorphism
during the Alpine orogeny: Erro-Tobio (; Hoogerduijn Strating and
Vissers, 1991; Scambelluri et al., 1991; Pliimper et al., 2017; Peters
et al., 2020), Val Malenco (Clément et al., 2019), or Piemonte Zone -
Zermatt Sass (Groppo and Compagnoni, 2007; Luoni et al., 2018, 2019;
Assanelli et al., 2020; Kempf et al., 2020). Detailed structural analysis of
rocks and veins has been provided for fully to partially serpentinized
peridotites from Erro-Tobio where polyphase ductile structures were
used to reconstruct the geometry of the subduction and exhumation
cycle (;Hoogerduijn Strating and Vissers, 1991; Hermann et al., 2000).
In particular, en-echelon olivine veins from Erro-Tobio locally preser-
ving fibre structures were interpreted as the result of prograde
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subduction at conditions of ca. 1.0-1.5 GPa and 450 °C (Hermann et al.,
2000) related to the brucite-breakdown reaction (1), with relict brucite
grains being still preserved in the host rock (Scambelluri et al., 1997).
Well-developed burial -as opposed to exhumation- (olivine-shear bands)
and exhumation (S-C fabrics) structures partially obliterated en-echelon
veins, thus precluding a detailed analysis of the relation between the
vein-orientation and the main foliation in antigorite serpentinites. On
the contrary, the limited development of exhumation related structures
in the CdA serpentinites allows us to investigate the mechanisms that led
to fracturing and fluid flow through the latest stages of
subduction-linked prograde metamorphic evolution. Moreover, because
peak-metamorphic conditions were mostly post-kinematic (Padréon-Na-
varta et al., 2011) the far-field paleo-stress recorded during subduction
from vein-orientation analysis can be compared with the estimated
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Fig. 5. a) Field occurrence of systematic (red arrows)
and non-systematic (yellow arrows) Type II veins. b)
Systematic, nearly orthogonal Type II veins with T
architecture (red arrows). Systematic oblique veins
cut across the outcrop. ¢) Two sets of systematic Type
1I veins at small dihedral angles with each other. d)
Incipiently-developed sets of veinlets crosscutting
each other. e) Two segments of a Ol Type II vein, with
fragments of serpentine within the olivine filling,
connected by a left-handed shear fracture. f) Type II
fault with a jog filled with Ol. g) Type II fault ending
in curved extension veins (horse-tail or wing-crack
fractures). h) Close front view of the surface of a
Type 1II fault with fibrous Ol (brown) and Di (white)
crystals. For interpretation of the references to colour
in this figure legend, the reader is referred to the Web
version of this article.

orientation of the main paleo-stress directions during the peak-pressure
antigorite dehydration event (Jabaloy-Sanchez et al., 2015; Dilissen
et al., 2018).

6.1. Formation of Type I and Type II Ol-rich veins and Di veins and faults

Two olivine-rich vein types occur in the Atg-serpentinite domain
from CdA. According to their different mineral assemblages, grain size of
their minerals, and mode of occurrence in the field, it is suggested that
they correspond to two vein generations formed during the tectono-
metamorphic evolution of serpentinites linked to subduction, but prior
to the final dehydration of antigorite producing Chl-harzburgite. Di
faults and veins that deform the Ol-rich veins have been also observed.

Type I veins cut across the main S; foliation, have the mineral
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Fig. 6. Diagram of the frequency of the spacing (in cm) in the systematic Type
II veins.

assemblage Ol- (Ti-Chu) and are strongly affected by ductile deforma-
tion and shearing (c.f. Hermann et al., 2000) that gave place to the loss
of lateral continuity and even boudinage of veins, the enclosure of
deformed serpentinite fragments, and a very variable orientation, both
in strikes and dips, that prevents their original disposition from being set
(Fig. 2b).

Type II veins display a more varied mineral composition: Ol-Di-Atg-
(Ti-Chu)-(Chl). In the field, they also cut across the Atg-serpentinite S;
main foliation. However, they appear as systematic veins when observed
in planar structures, thus indicating that, in spite of the observed folding
on a microscopic scale, they were little affected by post D; deformation
and they preserve their original relations forming well-defined
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conjugated sets and preferential orientations that can be compared using
S; as a reference structural frame (Fig. 4b).

A possible origin for the different orientation of the two vein sets
could be that both sets formed at the same stage of fracturing but at
different angles to the strain ellipsoid, and, accordingly, subsequent
folding only affected some of them (Type I veins) while the rest kept
their original orientation (Type II). This hypothesis cannot yet explain
the systematic differences between the two vein types in their length,
thickness, mineral composition, and mineral grain size (see Table 1 for a
summary), or the fact that Type II veins include several sets of differ-
ently oriented systematic veins.

Consequently, it can be concluded that the two studied Ol-rich vein
types formed at different stages and Type I veins formed before Type II
ones and were affected by ductile deformation responsible for the strong
mylonitic fabric of Atg-serpentinite (Padron-Navarta et al., 2012;
Jabaloy-Sanchez et al., 2015; Dilissen et al., 2018) formed during
ongoing subduction.

The NNE-SSW F; and the WNW-ESE F5 folds developed a mode third
of superposed buckling folds (Ghosh et al., 1992). In this context, Type II
veins could be interpreted as cross-joints of the NNE-SSW F; folds, but
they do not record the folding by the F; folds. On the other hand, if we
consider them to be longitudinal joints of the WNW-ESE F; folds, the
dips of the two main sets of joints (90° and 36° towards NNE) do not
agree with the dips of the limbs of those F; folds. Therefore, we suggest
that Type II veins could have grown in the last, almost static event
described for Atg-serpentinite before the main dehydration event. The
attainment of static conditions before the terminal antigorite breakdown
is supported by the abnormal high-degree of polysomatic order around
m = 17 observed at CdA (Padrén-Navarta et al., 2008, 2011) suggesting
temperatures in the range of 450-550 °C at 1.0-2.0 GPa (Mellini et al.,
1987; Wunder et al., 2001; Shen et al., 2020). Di faults and veins clearly
cut the Type I Ol-rich veins, while we have not observed the relation-
ships between Di structures and Type II veins.

Further constraints on the P-T conditions at which the two Ol-rich

Fig. 7. a) Thin section of a Type II vein crosscutting
the main foliation of Atg-serpentinite defined by ori-
ented, dark grey aggregates of dusty clinopyroxene.
b) Microscope view of the convoluted wall interface
between a Type II vein and the Atg-serpentinite host
rock (cross-polarized light). ¢) Close microscope view
of the fuzzy interface between a Type II vein filled
with Ol + Atg + Ti-Chu + Di with the Atg-
serpentinite host rock. d) Thin section of a so-called
incipient vein formed by aligned brownish aggre-
gates of olivine and diopside within Atg. e) Thin
section of an Atg and Di-rich vein (i) with brownish
olivine aggregates growing in its rims and crosscut by
thin olivine veinlets (ii and iii). f) Microscope view of
olivine and diopside slickenfibres in a Type II fault
(cross-polarized light).
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Fig. 8. a) Field view of the AZ47 outcrop with the Di-filled faults (red lines) cutting across a Type I vein (orange lines). The red rectangle marks the location of
photograph b. b) Detail of the Di slickenfibres within the fault. For interpretation of the references to colour in this figure legend, the reader is referred to the Web

version of this article.
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Fig. 9. Calculated metamorphic P-T path for the
Cerro del Almirez metaultramafic and metarodingite
rocks superposed on a P-T pseudosection calculated
for a representative Atg-serpentinite (see Section 4.
Methods for details). Thick black lines represent the
field limits at which the labelled mineral assemblages
are stable (mineral names abbreviations after Whit-
ney and Evans, 2010; F: fluid phase). Background
colours show increasing fluid amounts (from blue to
red) with temperature due to prograde dehydration
reactions as also indicated by dashed white isopleths
(vol% H,0). Shaded ellipsoidal fields show the esti-
mated P-T conditions for the formation of Type I and
Type 1I veins (see text) and GSRZ (Padron-Navarta
etal., 2010b). 1. Atg Ol Brc Chl Di; 2. Atg Ol Opx Di F;
3. Atg Ol Opx Chl Di F; 4. Atg Ol Di Tr F; 5. Atg Ol Chl
Di Tr F; 6. Atg Ol Opx Chl Tr F; 7. Atg Ol Tlc Chl Tr F.
For interpretation of the references to colour in this
figure legend, the reader is referred to the Web
version of this article.

vein types developed are supplied by their mineral assemblages. Type I
Ol-rich veins are mainly composed of olivine and Ti-Chu. During the
prograde evolution of serpentinites, reaction (1) (i.e. brucite and anti-
gorite breakdown at relatively low T, < 450 °C) is a potential mechanism
producing olivine growth (Fig. 9). This reaction was also invoked as the
explanation of Ti-Chu formation in serpentinites from CdA and other
localities (Trommsdorff and Evans, 1980; Hoogerduijn Strating and
Vissers, 1991; Scambelluri et al., 1991; Lopez Sanchez-Vizcaino et al.,
2005, 2009; Kempf et al., 2020). Besides, Type II veins display the
typical mineral assemblage of Ca-bearing serpentinites (olivine, diop-
side, Ti-Chu, antigorite and chlorite) in the wide P-T field comprised
between the brucite-out and the diopside-out reactions (0.7-1.7 GPa and
450-625 °C; Fig. 9). The specific mechanisms triggering the
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development of each vein type are discussed below (section 6.3).

6.2. Causes of brittle behaviour at high-pressure in subducting
serpentinites

As explained, the original field relationships and orientation of Type
I veins are partially transposed and modified by later deformation.
However, the macroscopic features of Type II veins clearly indicate that
they originated due to brittle failure resulting in open-mode fractures
(Mode I, Rice, 1968). This is supported by: i) the presence of either one
set of systematic planar veins or two sets of orthogonal or conjugate
systematic planar veins (Fig. 5b and c); ii) the coherent spacing of those
systematic sets (Fig. 6); iii) the coexisting occurrence of non-systematic
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Table 1

Summary of the main structural characteristics and mineral assemblages of the

studied veins.

Ol-rich veins

Di-rich veins and

B . faults
Type I veins Type II veins
Mineral Ol-Atg-(Ti-Chu) Ol-Di-Atg-(TiChu)- Di
assemblage (Chl)
Lateral 1-10 m lcmtolm lcmto3m
continuity
Apertures 5-20 cm 5 mm to 2 cm 1 cm-2 cm
Orientation Very Variable Two main sets of Non systematic
ESE-ENW veins cutting
systematic veins minerals in the
with vertical 36° Type I veins, and
NNE dips. Also, non  left-handed
systematic veins. reverse faults
Mesostructures Dismembered and Extensional veins Di slickenfibres
sheared veins. have sharp
Strongly boundaries with
convoluted curved tips and
boundaries angular
affected by shear irregularities
fractures, folds and matching across the
crenulation. vein. Shear veins
Include crenulated have rhomboidal
serpentinite jogs, and wing
fragments cracks. Ol and Di
slickenfibres can be
developed
Microstructures  Fractured olivine Incipient veinlets Prismatic Di

megacrysts

are roughly
oriented, but
discontinuous,

growing normal
or oblique to the
vein boundaries

strings of fine-
grained irregular
aggregates of Ol, Di
and/or Ti-Chu and
Mag grains

veins with curved surfaces (Fig. 5a); and iv) the common appearance of
curved tips (Fig. 5g). Besides, there are also shear veins, i.e. shear
fractures (Fig. 5e) (Modes II or I, Rice, 1968), as evidenced by olivine
and diopside slickenfibres (Fig. 5h), horse-tail or wing-crack fractures
(Fig. 5g), and the occurrence of rhomboidal jogs (Fig. 5f), and veins with
displacements oblique to the surfaces of the fracture (i.e. mixed-mode
fractures, Bons et al., 2012) (Fig. 7e).

The presence of extensional, mixed-mode and shear fractures in-
dicates that the Mohr-Griffith-Coulomb failure criterion was at work in
these rocks (e.g. Bons et al., 2012, and references therein) during sub-
duction, thus suggesting the fracturing was driven by a brittle-elastic
process. This inference is significant given that the mineral assem-
blage of Type II veins (Ol + Di + Atg + Chl &+ TiChu) and the calculated
P-T path for the CdA massif (Fig. 9) predict that these veins were formed
under high-pressure conditions (1.3-1.8 GPa and 475-625 °C; Lopez
Sanchez-Vizcaino et al., 2009; Padron-Navarta et al., 2012; Labor-
da-Lopez et al., 2018), at which brittle failure should be inhibited if a
free aqueous fluid phase were absent (see below).

Padron-Navarta et al. (2012) and Dilissen et al. (2018) observed a
strong crystallographic preferred orientation (CPO) of antigorite in
serpentinites from CdA based on high resolution electron backscatter
diffraction (EBSD) mapping. Based on bulk CPO and intracrystalline
misorientation analyses, the activation of dislocation glide through the
[100](001) system and a subsidiary glide on the [010](001) system
indicate an intracrystalline deformation by dislocation creep (Padron--
Navarta et al., 2012). Although  the activation of
dissolution-precipitation creep (e.g. Wassmann et al., 2011) and twin-
ning can also influence the formation of the strong CPO (Padron-Navarta
et al., 2012). Based on the fit to the experimental rheological data at
high pressure (1.0-4.0 GPa) from Hilairet et al. (2007), the strength of
serpentinites deformed by dislocation creep at subduction strain rates of
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1071571 t0 1071° 57! ranges from ca. 7 MPa-70 MPa, respectively. At
high pressure and low differential stresses, such as the ones inferred
above, the most likely cause of brittle failure has been traditionally
attributed to dehydration embrittlement (e.g. Raleigh and Paterson,
1965; but see also Chernak and Hirth, 2011; Gasc et al., 2011, 2017;
Ferrand et al., 2017). At lower pressures (0.3 GPa), such as those pre-
vailing at the contact metamorphism of serpentinites in Malenco, tec-
tonic stresses likely related to the intrusion might induce fracturing
independently of dehydration (Clément et al., 2019; see also Bucher,
1998). Brittle fractures in cohesive rocks can be formed under high pore
fluid pressure at depth, if the relaxation time of the high-fluid pressure is
longer than the dissipation time-scale permitted by the intrinsically low
permeability at high pressure conditions (e.g., Proctor and Hirth, 2015;
de Riese et al., 2020). If the fluid pressure anomaly cannot be dissipated,
the increase in the fluid pore pressure reduces the normal stress value
and “translates” the Mohr circle towards the left of the Mohr diagram,
resulting in the reduction of the strength of the rocks during dehydration
(e.g., Raleigh and Paterson, 1965; Jaeger and Cook, 1979). See S1 in the
Supplementary material for a more detailed explanation on the condi-
tions for brittle fracturing of the Atg-serpentinites.

For the P-T range established for the possible formation of Type I and
II veins in the CdA Atg-serpentinites, the calculated pseudosection in-
dicates that a free fluid phase was always present in the rock (Fig. 9) in
amounts ranging from 2 vol% HyO at the conditions immediately
beyond the final brucite breakdown (corresponding to the probable
formation conditions of Type I veins) to approximately 6 vol % at the
maximum possible temperature allowing the formation of Type II veins
(Fig. 9). This upper temperature limit is defined by the growth of
tremolite, never found in the veins, at the expense of diopside (narrow
fields 4 and 5 in Fig. 9). Besides, in the CdA massif there are also
widespread evidences of the activity of fluids in the serpentinite-hosted
metarodingite outcrops as well as in their bulk composition (Fe3*/
Feotal) and mineral chemistry (Laborda-Lopez et al., 2018, 2020). These
data support the presence of a free-fluid phase during most of their
prograde subduction history that accounts for their chemical reequili-
brium during their deformation and transposition along the S; foliation,
and for the reduction of the material strength of the rocks during
dehydration (e.g., Raleigh and Paterson, 1965; Jaeger and Cook, 1979).

6.3. Fluid-flow along Ol-rich veins

When a crack opens in a fluid-saturated rock, it will be filled with
fluid, following local pressure gradients with a rate that is a function of
the wall- and host-rock permeability. Dissolved components in the fluid
that is diffusing into the fluid-filled fissure can result in the precipitation
of vein minerals if there is a substantial drop in solubility due to a change
in pressure in the fluid-filled fissure relative to the host (Ramberg,
1952). This is a well-known mechanism explaining the common for-
mation of quartz- or calcite-filled veins in crustal settings (e.g. Bons
et al., 2012; de Riese et al., 2020).

For the almost monomineralic, Type I olivine-veins, their growth can
be considered synkinematic with the brucite-out reaction, which sup-
plied the necessary MgO-rich aqueous fluids (Fig. 9). The widespread
occurrence of Type I veins in CdA and of very similar veins in other
localities worldwide (e.g. Luoni et al., 2018, 2019; Assanelli et al., 2020;
Hoogerduijn Strating and Vissers, 1991; Scambelluri et al., 1991; Her-
mann et al., 2000; Kempf et al., 2020) suggests that formation of olivine
veins linked to the brucite-out dehydration reaction is a highly efficient
process in subduction zones at high-pressure conditions (see also Bloch
et al., 2018 for a geophysical expression of such reaction).

Evidences of ductile deformation in the hosting Atg-serpentinite of
Type I veins and within the veins themselves (i.e., boudins and folds
affecting the Ol-rich bands) can be accounted for by the probable
decrease in the rock fluid pore pressure due to the occurrence of several
interconnected fractures. This allowed the formation of fluid pathways
and, consequently, also fluid flow and drainage from the rock, which
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will inhibit brittle failure (section 6.2) and favour ongoing deformation
through ductile mechanisms (e.g. Munoz-Montecinos et al., 2020; Dru-
guet et al., 2021). Once the permeability leading to Type I veins vanishes
with time, olivine growth is inhibited resulting in the brittle behaviour
of olivine megacrysts at the considered temperatures (see King and
Marone, 2012, for the frictional properties of olivine at 400 to 600 °C),
thus explaining the formation of the observed faults, joints and disrup-
tion along former grain boundaries (Fig. 3).

The formation of a second generation of Ol-rich veins (Type II)
implied a new increase in pore fluid pressure until brittle failure con-
ditions were eventually reached again. At the temperature range
comprised between the brucite-out and diopside-out (tremolite-in) re-
actions (Fig. 9) no other major dehydration reactions can be invoked as
the source of fluids allowing the generation of veins in serpentinites. A
reliable alternative process is the reported change in the antigorite
polysome from m = 17 to m = 15-14 in the Atg-serpentinites from CdA
towards the dehydration front (Padron-Navarta et al., 2008, 2011). This
change was accompanied by a decrease in the antigorite Al-content,
which in turn entailed the release of minute but definitive amounts of
H50 (0.29 wt%, Padron-Navarta et al., 2012). These low fluid amounts
might have induced the “delayed” embrittlement represented by Type II
veins. This process, affecting the Atg-serpentinite domain as a whole,
would be consistent with the wider distribution of these veins, their
relatively limited development (low lateral continuity and small aper-
tures), and the common occurrence of the so-called “incipient veins”.
The latter would record the initial stages of vein formation when
H,0-rich fluid escaping from serpentinite began to concentrate in small
domains of rock, before being constrained to a well-defined vein, but
already giving place to the crystallization of fine-grained, granoblastic
aggregates of olivine and diopside (Fig. 7d). The presence of inclusion
bands in slickenfibres of elongated olivine crystal grains in shear frac-
tures suggests that those grains experienced “periodic” sealing and
fracturing of the crystals, i.e. crack-seal growth (Ramsay, 1980; Ramsay
and Huber, 1983, 1987), and confirms their brittle behaviour.

As in the case of Type I veins, the development of Type II ones ceased
when they were sealed by the mineral assemblage filling them and fluid
flow was precluded. However, in this case they developed during the last
stages of ductile deformation of the serpentinite before the final anti-
gorite dehydration in static conditions (see above), which allowed the
preservation of their original orientation and other macroscopic features
without further deformation. Accordingly, Type II veins offer a unique
opportunity to infer the far field paleo-stress regime of serpentinites
during subduction, before the metamorphic peak conditions were
reached, and the final antigorite dehydration took place (Fig. 9).

6.4. Far field paleo-stress previous to and during the antigorite
dehydration

During their final emplacement, tectonic units from exhumed paleo-
subduction terrains were most probably folded and rotated with respect
to their original orientation in the subducting slab. In the following
discussion, we will therefore refer to the paleo-stress orientations in the
studied rocks in the reference frame defined by their current mutual
relationships.

The orientation of the main set of systematic extension Type II veins,
with ca. N100°E to N110°E strikes (Fig. 4b), and two minor sets of
orthogonal extension veins at ca. NO°E and ca. N90°E strikes, suggests
that these fractures formed under a well-defined paleo-stress field. The
two sets of the ENE-WSW extension veins with a dihedral angle of ca.
53° can be interpreted as conjugated mixed-mode fractures (see Dunne
and Hanckock, 1994). Accordingly, the oy principal stress axis can be
located at the intersection of both sets (0° towards N110°E), the o7 axis
as bisector of the acute dihedral angle (ca. 62° towards N20°E), and o3
axis normal to both (ca. 27° towards N200°E) axes (Fig. 10a).

Paleo-stress orientation inferred from Type II systematic extension
veins are compared with those determined in other structures in the
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ultramafic rocks of CdA: i) CPO of Ol and Opx in the Chl-harzburgite
(Dilissen et al., 2018, 2021), and ii) GSRZ in the same rock type
(Fig. le, Padron-Navarta et al., 2010a; Jabaloy-Sanchez et al., 2015).
Agreement is good for the o, axis orientation between both Type II veins
and GSRZ, as well as the Y axis of the S;/L; planar-linear fabric of the
Atg-serpentinites (Fig. 10a). On the contrary, there is a relative switch
between 67 and 63 as deduced from the veins and GSRZ, but both plot on
the XZ plane of the S;/L; planar linear fabric. The orientation of the
main paleo-stress axis (c1) inferred from the prograde S;/L; fabric
(Padron-Navarta et al., 2012; Dilissen et al., 2018), the GSRZ (Fig. 1f,
Padron-Navarta et al., 2010a; Jabaloy-Sanchez et al., 2015), and the
CPO of Ol and Opx in the Chl-harzburgite (Dilissen et al., 2018, 2021) all
cluster at ca. 20-45° from the main antigorite foliation. Conversely, the
orientation of o; axis inferred from Type II extension veins is located
close to the pole of the main Atg-serpentinite foliation plane and thus
close to the minimum principal paleo-stress (o3 inferred from GSRZ
(Fig. 10, see also the pole density contour distribution for Type II veins
and GSRZ in Figs. 4b and 1e respectively).

Paleo-stress analysis was applied to the different types of shear sur-
faces in the Atg-serpentinites: namely, Type II shear veins with their
slicken fibres, the boundaries of Type I veins reworked as shear surfaces,
and the diopside-filled faults (Fig. 10b). The Linked Bingham Analysis
yields the orientation of the strain main axes of the faulted body
(E1>E2>E3) and the stress main axes are deduced from them. All shear
surfaces are compatible with a paleo-stress tensor with a 63 now dipping
ca. 39° towards N139°E, a 62 now dipping ca. 13° towards N240°E, and
a 01 now dipping ca. 48° towards N346°E (Fig. 10b).

The major point here is that two paleo-stress regimes -that deter-
mined from Type II extension veins and that resulting from the slip
inversion of shear fractures- are mutually incompatible, due to their
different axes orientation. We show that only the ¢, axis determined
with the shear surfaces (Fig. 10b) is located close to the 6; axis inferred
from Type II extension veins (Fig. 10a), but both the o5 and o3 axes
determined with the shear surfaces are at high angles (ca. 40°) of the o5
and o3 axes from Type II extension veins (Fig. 10a). Furthermore, both
paleo-stress axes are also near the 63 deduced from GSRZ, and to the pole
of the surface of main Atg-serpentinite foliation (Fig. 10a). This fact
suggests the existence of two different fracture stages associated to Type
II veins: i) one first stage by which Type II extension veins were formed,
and ii) a second one responsible for the new shear fractures and the
reworking of the Type I vein boundaries as shear surfaces.

An indirect way to consider the relative orientation of the principal
stress axes and the subducting slab is to assume that the serpentinite
dehydration front defining the transition to massive Chl-harzburgite was
roughly parallel to the limits of the slab (e.g. Hacker et al., 2003).
Metamorphic peak conditions deduced from the ultramafic rocks
(680-710°Cand 1.6-1.9 GPa, Padron-Navarta et al., 2010a, 2012) point
towards a hot subduction zone for the CdA peak metamorphic condi-
tions: i.e., ca. 700 °C at ca. 60 km depth, thus implying a ca. 12 °C/km
geothermal gradient. Because the isotherms in a subduction zone are
strongly deflected, the mean geothermal gradient is different for the
upper and lower plate. Such low geothermal gradient suggests our ob-
servations are only related to the lower plate. In their compilation of
thermal models for exhumed subducted rocks, Penniston-Dorland et al.
(2015) indicate that hot subduction zones with thermal gradients higher
than 10 °C/km can depend on one or more of the next factors: a young
subducted crust, low convergence rates (probably below 1-2 cm/year),
and low dips of the slab (below 30°). Deduced low dips of the slab are
probably due, in most cases, to the fact that we can only observe the
shallow parts of the slab, as the dip of a subducting slab increases at
depths greater than 100 km (Hu and Gurnis, 2020). In Figs. 1, 2 and 4,
we can observe that the lower limit of the Atg-serpentinite, i.e. the
dehydration front, is a subhorizontal nearly planar surface in its north-
ern part and has E-W strikes and dips ca. 14° towards the south. If we
assume that the portion of the dehydration front dipping around 14°
south roughly represents the true dip of the slab at 60 km of depth, then
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270°

180°
/O/ Average orientation of the S1/L1 planar-linear fabric in the Atg-serpentinites (Dilissen et al., 2018).

@ Hinge of the synform of the Si/L1 planar-linear fabric in the Atg-serpentinites.

A\ Stress axes from the Grain size reduction zones (Padrén-Navarta et al., 2010b).

@ O'1 determined from the CPO of orthoenstatite in Clh-harzburgite (Clement et al., 2018).

@ Stress axes from Type II veins (this work).
" Strain and stress axes from slip inversion (this work).

180°

~ “ Surface normal to the average orientation of the S1/L1 planar-linear fabric in the Atg-serpentinites.

% O1 determined from the CPO in S1/L1 planar linear fabric in Atg-serpentinites (Dilissen et al., 2018).

Fig. 10. a) Diagram of the stereographic projection of
the different paleo-stresses determined in the ultra-
mafic rocks of the Cerro del Almirez massif. See text
for details (Clément et al., 2018). b) Diagram of the
Slip inversion method applied on the boundaries of
the Type I veins reworked as shear surfaces (blue
lines), Type 1I veins with Ol and Di slickenfibres (red
lines), and Di faults (green lines). (For interpretation
of the references to colour in this figure legend, the
reader is referred to the Web version of this article.)

the dips of the paleo-stresses axes of Fig. 10 can be roughly similar to the
dips they had during subduction. Accordingly, the high plunge values of
o3 axis would indicate a true compression paleo-stress, and the high
plunges of 6; a true extension paleo-stress (e.g. Zoback, 1992). If these
constrains are true, then we have records of a geodynamic setting where
the slab sometimes was undergoing extension rather than compression.

The orientation of the Type II extension veins at high angles of the
foliation plane differs from other foliation-parallel extension veins in
subduction mélanges (Ujiie et al., 2018), although interestingly the
switch in orientation between the maximum and minimum principal
paleo-stress axes has been also inferred from other subduction-related
localities (Cerchiari et al.,, 2020; Munoz-Montecinos et al., 2020).
Moreover, extension parallel to the slab dip has been observed in actual
subduction zones by means of phocal mechanisms of intraslab earth-
quakes at intermediate depths (e.g. Astiz et al., 1988; Pacheco and
Singh, 2010). The intraslab intermediate earthquakes are usually linked
to metamorphic dehydration reactions in the subducting slab (Kirby
et al., 1996; Hacker et al., 2003). A negative buoyancy of the slab due to
increasing resistance of the surrounding mantle or a decrease of the
convergence rate should give rise to the extension parallel to the dip of
such subducting slab.

One possible model to explain the paleo-stress reversal is that the
cyclic evolution of shear stress, fluid pressure and fault-fracture
permeability with time along the subduction interface were respon-
sible for the switch in paleo-stress orientation.

As a result of previous discussion, we infer that Type II extension
veins record the orientation of the principal paleo-stresses under the last
horizontal extensional cycle before the final antigorite dehydration re-
action took place. Dehydration most likely happened under horizontal
compression conditions, as inferred from the slip inversion of shear
fractures, the orientation of GSRZ and CPO of olivine and orthopyroxene
in the prograde Chl-harzburgite, thus suggesting that fluid-flow was
constrained by the orientation of the former serpentinite foliation
planes.

7. Conclusions
The here discussed structures indicate that while the Atg-

serpentinites underwent temperatures ranging between 450 °C and
600 °C and pressures between 0.7 and 1.7 GPa (Lopez Sanchez-Vizcaino
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et al., 2009; Padron-Navarta et al., 2012; Laborda-Lopez et al., 2018),
they also experienced punctuated brittle behaviour producing two
generations of Ol-rich veins. In Type I veins the brittle behaviour was
most likely due to the fluid overpressures reached in the rocks by the 4%
vol HyO released during the prograde dehydration reactions at these
conditions (Fig. 9). Plastic deformation generated the S; foliation during
the deformation of the Atg-serpentinites, but the pore pressure of the
fluids inhibited the ductile deformation and triggered the formation of
the Type I veins, more likely by hydrofracturing. The size of these brittle
structures can account for part of the seismicity of a subducting slab at
depths ranging between ca. 40 and 60 km related to serpentinites (e.g.
Bloch et al., 2018). Plastic deformation continued after the decreasing of
the pore pressures and allowed the formation of folds, boudins, and the
penetrative joints in the olivine megacrysts.

After the ductile deformation of the Atg-serpentinites ended, Type II
Ol-rich veins were formed within the bodies of serpentinites comprised
between the Type I veins. The mechanism at work was brittle failure, but
in this case a well-defined triaxial paleo-stress field controlled their
orientations. Water release was due to a combination of minor dehy-
dration reactions related to continuous compositional and structural
changes in antigorite (ca. 0.3 vol % H30) for Type II veins. Comparison
of the orientation of the principal paleo-stress axes inferred from Type II
veins with those formed at peak metamorphic conditions in the Chl-
harzburgite affected by GSRZ shows a relative switch in the orienta-
tion of the maximum and minimum principal paleo-stress axes. These
relative changes can be attributed to the cyclic evolution of shear stress,
fluid pressure and fault-fracture permeability that allow for the paleo-
stress reversal.
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