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Resum

Resum

Aquesta tesi doctoral tracta sobre la matriu serpentinitica, escorca mafica i els blocs exotics ultramafics
de la mélange serpentinitica de Villa Clara situada a Cuba Central. El proposit és avaluar I'evolucid de la
litosfera oceanica. Cadascuna d’aquestes unitats proporciona informacié sobre la composicié original del
mantell, I'origen de la escorca oceanica i la seva relacié amb el mantell, el metamorfisme de fons oceanic, el

metasomatisme i el flux de fluids en la zona de subduccio.

Lestudi de la matriu serpentinitica ha permes I’ identificacié de dos protolits de peridotita. El grup A,
amb composicions fertils (alt ALO, i baix Cr# en piroxens i espinela, aixi com un enriquiment dels elements
de les terres rares pesades) i el grup B, que mostra composicions refractaries (baix Al,O, i alt Cr# en piroxens
i espinela, aixi com un empobriment en els elements de les terres rares mitjanes i pesades). El grup A es
pot relacionar amb peridotites abissals/ zona de fractura, mentre que el grup B té composicions tipiques
d’avantarc. Els models de fusié mostren que el grup A és el resultat de la fusid a graus de fusid baixos (c.
4-8%), mentre que el grup B pot arribar fins a ¢. 14-22% de fusié després d’una fusié en dos passos, la primera

a partir d’'un mantell empobrit i la segona per una fusié d’un protolit similar a les roques del grup A.

Lescorca mafica aqui estudiada inclou roques d’origen subvolcanic (diabasa i microgabre) i plutonic
(acumulats de gabre i gabre olivinic). La unitat subvolcanica mostra que hi ha dos tipus de magma mafic;
grup 1 mostra una signatura tipica de basalts d’avantarc (FAB; baix ratio Ti/V) i el grup 2 amb una composicio
de toleiites d’arc d’illes (IAT; ratio intermédia Ti/V), ambdds amb anomalia positiva de Th i negativa de Nb
en comparacié a composicions N-MORB. Aquestes composicions a més de la composicio isotopica de la
unitat plutonica (baix **Nd/**Nd i®Sr/®Sr) indica la preséncia d’'un component subductiu. Hi ha evidéncies
geoquimiques que recolzen una relacié geneética entre els protolits de la matriu serpentinitica i la unitat
subvolcanica de I'escorca mafica. Una evidéncia indirecta és I'enriquiment de terres rares lleugeres en les
peridotites del grup B. Aquest enriquiment s’interpreta com a resultat de la reequilibracié de fosos basaltics
gue percolen en el mantell, aquests podrien estar representats per la unitat subvolcanica de I'escor¢a mafica.
També els models de fusio dels fosos primitius de la escorca mafica (grup 1- FAB) prediuen el ¢. 8-10 %
de fusié d’un mantell abissal, com el de les peridotites tipus A que produeix un residu equivalent al de les

peridotites tipus B.

D’altra banda, el metamorfisme de fons oceanic afecta a I'escor¢ca mafica, que mostra associacions minerals
tipiques de facies d’esquistos verds i amfibolites. Aixd permet establir una pressid baixa i una temperatura
baixa a intermedia tipica de condicions someres. Aquest procés té un impacte directe en la concentraci
dels elements mobils. Diferents processos metasomatics/enriquiment es veuen registrats en la geoquimica
dels elements traga i els isotops estables i radiogenics (B, Nd, Sr i Pb) de la matriu serpentinitica. Les
relacions isotopiques apunten a la presencia de fluids provinents de la desvolatilitzacié de la placa subduent

on es forma l'agent metasomatizador. Aquests fluids estan compostos per diferents proporcions de fluids
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Resum

provinents de I'escorca oceanica alterada, sediments subduits i sediments terrigens. La combinacié d’aquests
tres reservoris isotopics amb un mantell ja hidratat en el fons oceanic, reprodueix la signatura isotopica de
la matriu serpentinitica de la mélange serpentinitica de Villa Clara. Aquest resultat esta en consonancia amb
I'evidencia proveida pels blocs exotics ultramafics d’alta pressié de la mélange serpentinitica de Villa Clara.
Ja que aquests mostren composicions isotopiques similars indicant la interaccié amb un fluid similar en un

context de subduccio.

Les caracteristiques petrologiques i geoquimiques dels blocs exotics ultramafics permeten distingir dos
tipus de serpentinites: i) antigorititaiii) antigorititaamb dolomita. Ambdues representen peridotites subduides
gue deriven d’un protolit localment enriquit en CaO com a resultat de I’ infiltracié d’'una mescla de fluids amb
H,0-CO,. Uinfiltracié de fluids en el canal de subducci6 és el detonant per la serpentinitzacié/carbonatacic i
formacié de dominis de reemplagament i venes de tremolita en la antigoritita. El zonat mineralogic i quimic
observat en els dominis de reemplacament (domini de Atg + Chl + Tr en direccié a la antigoritita i el domini
Chl + Tr en direccid a la vena) confirmen els canvis metasomatics de la composicié del fluid durant I'interaccio
fluid-roca. Les diferéncies de composicié quimica entre els dominis i la antigoritita mostren que el fluid que
s’infiltra estava enriquit en Ca, Al, elements litofils de gran radi ionic i terres rares lleugeres. La modelitzacid
de la pseudoseccid realitzada en el domini Atg + Chl + Tr indica que la seva formacid va tenir lloc a c. 4502C i

¢. 10kbar.

Tots aquests resultats permeten constrényer I'evolucié geodinamica de la mélange serpentinitica en el
context de la regié del Carib. La matriu serpentinitica demostra la preséncia de dos ambients geodinamics
diferents. Les peridotites del grup A format en un ambient abissal/zona de fractura en la conca oceanica del
Proto-Carib, mentre que les peridotites del grup B, els blocs exotics ultramafics i 'escorca mafica apunten
cap a un ambient d’avant arc. Els dos escenaris coexisteixen en un model geodinamic del Jurassic Superior-
Cretaci Inferior amb la formacid de litosfera oceanica després del trencament de Pangea i el posterior inici
de la subduccié, en un ambient de zona de fractura. Linici de la subduccid en el Cretaci inferior i posterior
desenvolupament de la serpentinitzacié de la zona d’avantarci el canal de subduccié durant el Cretaci Inferior-

Superior fins al final emplagament del conjunt (mélange serpentinitic) durant Cretaci Superior-Eocé.
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Abstract

Abstract

This PhD is about the serpentinitic matrix, mafic crust and exotic ultramafic blocks of the Villa Clara
serpentinitic mélange (VCSM) in central Cuba in an attempt to evaluate the evolution of oceanic lithosphere.
Each of these units bears witness of mantle source composition, origin of oceanic crust and its relation to the

mantle, ocean floor metamorphism, metasomatism and fluid flux in the subduction zone.

The study of the serpentinitic matrix allowed the identification of two peridotite protoliths. Group A,
with fertile compositions (high AlLO, and low Cr# in pyroxene and spinel and enriched in heavy rare earth
elements) and group B, displaying refractory compositions (low Al,O, and higher Cr# in pyroxene and spinel
compositions and depleted in middle and heavy rare earth elements). Group A can be related to typical
abyssal/fracture zone peridotite, whereas group B is typical of forearc peridotite. Melting modelling shows
that, group A resulted from low melting degrees (c. 4-8%) of a depleted mantle source, whereas group B
reached up to c. 14-22% melting upon a two-stage melting of a depleted mantle followed by melting of a

protolith similar to group A.

The studied mafic crust includes rocks of sub-volcanic (diabase and microgabbro) and plutonic origin
(cumulate gabbro and olivine gabbro). The sub-volcanic unit attests for two types of mafic magma: group 1
displays forearc basalts signature (FAB; low Ti/V ratio) and group 2 island arc tholeiite composition (IAT; medium
Ti/V ratio), both with positive Th and negative Nb anomalies in comparison to N-MORB compositions. These
compositions as well as the isotopic signature of the plutonic unit (low **Nd/***Nd and low #Sr/#Sr) point to
a subduction-related imprint. Geochemical evidence supports a genetic relationship between the protoliths
of the serpentinitic matrix rocks and the sub-volcanic mafic crust. An indirect evidence is the light rare earth
element enrichment of group B peridotites, which is commonly interpreted as a result of re-equilibration
with percolating basaltic melts like those represented by the sub-volcanic mafic crust. Also, melting modelling
of primitive melts of the mafic crust (group 1-FAB related) results in ¢. 8-10 % melting of an abyssal mantle

source like group A peridotites that produced a residue like group B peridotites.

On the other hand, ocean floor metamorphism affected the mafic crust, which displays greenschist to
amphibolite facies assemblages that attest for low pressure/low to medium temperature at shallow depths.
This process had an impact on the concentration of mobile elements. A different metasomatic/enrichment
process is recorded by trace element geochemistry and stable and radiogenic isotopes (B, Nd, Sr and Pb)
in the serpentinitic matrix. The isotopic relations point to a slab fluid formed after devolatilitzation of the
subducting plate as the source of metasomatic agent. The slab fluid is composed of diverse proportions of
altered oceanic crust fluid (AOCF), global subducting sediment fluid (GLOSSF) and terrigenous fluid (TERF).
The combination of these three isotopic reservoirs with an already serpentinized mantle related to ocean
floor hydration reproduces the isotopic signature of the serpentinitic matrix of the VCSM. This result is in

agreement with evidence provided by the high-pressure exotic ultramafic block of the VCSM, which shows
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similar isotopic composition indicating interaction with a similar fluid in a context of subduction.

The petrological and geochemical characteristics of the exotic ultramafic block allow distinguishing two types
of serpentinite: i) antigorite-serpentinite and ii) dolomite-bearing antigorite serpentinite. Both represented a
subducted peridotite that derives from a peridotite protolith locally CaO-enriched as a result of infiltration of
a H,0-CO, fluid mixture. Fluid infiltration in the subduction channel triggered serpentinization /carbonation
and formation of tremolite veins and associated blackwalls developed in host antigorite-serpentinite.
Mineralogical and chemical zoning in the blackwall (Atg + Chl + Tr towards the host serpentinite and Chl +
Tr towards the vein) attest for metasomatic changes in fluid composition during fluid-rock interaction. The
differences in chemical composition between blackwall and antigorite-serpentinite show that the infiltrating
fluid was enriched in Ca, Al, LILE and LREE. Pseudosection modelling in the vein structure indicates that their

formation took place at c. 4502C and c. 10 kbar.

All these findings allow constraining the geodynamic evolution of the Villa Clara serpentinitic mélange in
the context of the Caribbean realm. The serpentinitic matrix attests for two contrasting geodynamic settings.
Group A peridotites formed at an abyssal/fracture zone setting in the Proto-Caribbean oceanic basin, whereas
group B peridotites, exotic ultramafic block and mafic crust are pointing to a forearc setting. Both scenarios
are reconciled in a geodynamic model of Upper Jurassic-Lower Cretaceous oceanic lithosphere formation
upon break-up of Pangea followed by subduction initiation, likely at a fracture zone setting, during the early
Cretaceous, and further development of a serpentinized forearc mantle and associated subduction channel
during Lower-Upper Cretaceous time until final emplacement of the ensemble (serpentinitic mélange) during

the latest Cretaceous-Eocene.
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1. Introduction

Ophiolitic complexes are remnants of ancient oceanic lithosphere accreted to continental margins and
volcanicarcs. The ideal ophiolite is composed of a pseudostratigraphically arranged oceanic crust (sedimentary
cover, pillow lavas, sheeted dyke, and isotropic and layered gabbros) and mantle, generally of harzburgitic
composition (e.g. Anonymous, 1972; Dilek and Furnes, 2011 and references therein). Dilek and Furnes (2011,
2014) and Furnes and Dilek (2017) propose an ophiolite classification based on geochemical characteristics,
internal structure, thickness (vary with the spreading rate), proximity to plume or trenches, mantle
temperature, mantle fertility and availability of fluids. The classification distinguishes two groups: subduction
related and subduction un-related ophiolites (Fig C1_1). The subduction related group includes ophiolites that
are controlled by slab devolatilization with associated mantle metasomatism, the melting of slab areas and
continuous partial melting of peridotites. This group comprises suprasubduction zone and volcanic arc types.
On the other hand, subduction un-related ophiolites exhibit magmatic processes that are not influenced by
subduction, encompassing continental margin, mid-ocean-ridge and plume type ophiolites. Throughout the
geotectonic evolution of a given oceanic region it is common to pass through different geodynamic scenarios
and ophiolite types. An additional complexity that masks the petrogenetic and geodynamic evolution of
ophiolites is the existence of ophiolitic mélanges, where original pseudostratigraphic relations are completely
distorted (e.g. Shervais et al., 2011; Blanco-Quintero et al., 2011a; Uysal et al., 2016; Cardenas-Parraga et al.,
2017).
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Figure C1_1. Plate tectonic sketch depicting ophiolite classification from Dilek and Furnes (2011) and Furnes and
Dilek (2017).
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The term mélange has been applied as a descriptive and non-genetic definition not limited to the rock
types involved (igneous, metamorphic or sedimentary) and the contacts between them, which can be
tectonic, stratigraphic or intrusive, and controlled by the process of mélange formation (e.g. Wood, 1974;
Raymond, 1984; Cowan, 1985; Festa et al., 2012 and references therein). The mélanges are complex units
with pervasively deformed matrix that could contain blocks of diverse origin and lithology. There are different
types of mélanges depending on the lithology involved (e.g. sedimentary, serpentinitic), contacts between
the host rocks (tectonic, stratigraphic) and site of formation (Festa et al., 2012 and references therein).The
geodynamic setting that provides the largest amount of mélanges is in subduction environments. Such
mélanges typically form in subduction channels, where rocks of diverse lithological type and metamorphic
grade mix together (Shreve and Cloos, 1996; Cloos and Shreve, 1988a and 1988b; Guillot et al., 2009; Bebout
and Penniston-Dorland, 2016). The subduction channel promotes slab decoupling in the interface between
the subducting and the hanging wall plates, allowing the exhumation of high pressure blocks at shallow levels

(Fig. C1_2; e.g. Guillot et al., 2009; Angiboust et al., 2011).
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Figure C1_2. Sketch of subduction zone setting showing the nature of the subduction channel mélange. Note that
fragments of diverse lithology mix all together with an enveloping serpentintic matrix (from Guillot et al., 2015).
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Exhumed subduction channel mélanges are natural laboratories for the study of fluid-rock interaction and
mass transfer of elements along the subduction interface, as well as the melting of mantle wedge favoured
by devolatilitzation reactions (e.g. Zack and John, 2007; Bouilhol et al., 2012; Green et al., 2014; Taetz et
al., 2016). Fluid flow and fluid-rock interaction are responsible for suprasubduction metasomatism (Bebout
and Penniston-Dorland, 2016 and references therein). H,O-rich fluid in the subduction environment is a
metasomatic agent able to transport elements over large distances under variable pressure and temperature
conditions (e.g. Zack and John, 2007; Konrad-Schmolke et al., 2011; Spandler et al., 2011; Angiboust et al.,
2014). Tracking fluid flow and determining potential fluid sources is possible after inspection of appropriate
subducted lithologies. In general terms, the fluid cycle in the subduction environment can be characterized
as follows. At oceanic transform fault zones and core-complexes, during bending and related faulting of
the downgoing oceanic plates at trenches, seawater is introduced deep in the subduction plate, promoting
hydration of basalt, gabbro and peridotite (Molina and Poli, 2000; Ranero et al., 2003; Deschamps et al.,
2011). These rock units are transformed into greenschist, blueschist, eclogite and serpentinite (lizardite-
serpentinite and antigorite-serpentinite) upon subduction. Devolatilization of these rocks and associated
metasediments gives rise to fluids/melts of variable composition depending on source lithologies and the
temperature regime during subduction (e.g. Bebout, 1991; Plank and Langmuir, 1998; Padréon-Navarta et al.,
2011; Lazaro et al., 2011; Spandler and Pirard, 2013; Marchesi et al., 2013; Schmidt and Poli, 2014). Fluid/rock
interactions among these various lithologies may produce a hybrid fluid whose endmember compositions are
difficult to quantify. Nevertheless, a complete study of all units involved in a subduction zone setting will shed

light on the possible endmember fluids and the consequences of fluid-rock interactions.

The evolved fluid infiltrates in the downgoing and upper plates following diffuse and channelized flow,
triggering fluid-rock interactions that transform the infiltrated rocks and allow melting in the mantle wedge
(e.g. Green et al., 2014). The melt resulting from mantle partial melting displays a characteristic geochemical
signature attested by HFSE/HREE ratios (e.g., Th/Yb, Nb/Yb). Such hints have been used to track magma
provenance and subduction-derived fluid interactions (e.g. Pearce, 2008 and 2014). These geochemical
“fingerprints” make it possible to distinguish diverse igneous rock types, such as fore-arc basalts, island arc
tholeiites, ocean island basalts and backarc basin basalts. Various studies have focused on major and trace
element patterns and isotopic compositions of oceanic crust, mantle section and subduction-related blocks,
characterizing their role in subduction-derived fluids, mantle metasomatism and melt-mantle interactions in
the subduction environment (e.g. Bédard, 1999; Scambelluri et al., 2001a, 2004b; Saha et al., 2005; Marchesi
et al., 2006, 2011; Harlow and Sorensen, 2005; Cardenas-Parraga et al., 2012; Angiboust et al., 2014; Le Roux
et al., 2014; Vitale-Brovarone et al., 2014; Harlow et al., 2015; Uysal et al., 2016).

The internal structure of subduction mélanges and the geochemical signature of their enclosed units
record petrologic, geochemical, tectonic and geodynamic processes that operate during their origin and

evolution until they accrete onto continental margins. The paleomargin of the Caribbean plate offers a natural
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laboratory to study subduction mélanges, as it bears several examples of ophiolitic units and subduction
mélanges in Guatemala, Cuba, the Dominican Republic and Puerto Rico (e.g. Harlow et al., 2004; Blanco-
Quintero et al., 2010; Blanco-Quintero et al., 2011a; Marchesi et al., 2011; Roehrig et al., 2015; Cardenas-
Parraga et al., 2017). The study of these geological bodies contributes to our understanding of ocean-floor
metamorphism, sources of mantle metasomatism, and melting of mantle source. In order to study all these
processes, this PhD thesis focuses on central Cuba, characterized by a serpentinitic mélange where the
petrogenesis of ultramafic rocks and oceanic crust units can be related to the geodynamic evolution of the

Caribbean from the mid-ocean ridge to the subduction zone settings.

1.1. Objectives

The main goal of this PhD is to describe the petrogenesis and geochemical/isotopic signature of the
serpentinitic matrix of the mélange, mafic crust and exotic ultramafic blocks from the Villa Clara serpentinitic
mélange (VCSM) in central Cuba. These issues have not been studied since the 1970’s. This work is the
first to provide the mineral composition along with the major, trace element and isotopic (radiogenic and
stable) compositions of the serpentinitic matrix, mafic crust and exotic ultramafic rocks of this region. These
data allow one to extract information regarding mantle source composition, degree of melting, ocean-floor

metamorphism, and suprasubduction-zone-related metasomatism.

In particular we aim to:

i Determine the petrogenetic evolution of the protoliths of the serpentinitic matrix, mafic crust
rocks and exotic ultramafic blocks of the VCSM.

ii. Determine the melting degrees of the mantle source from the protoliths of the serpentinitic ma-

trix and mafic crust, and find evidence of a potential genetic relationship between the two units.
iii. Characterize the geochemical effects of ocean floor metamorphism.

iv. Assess the metasomatic processes involved throughout the geologic history of the serpentinitic

mélange and identify the nature of the slab component involved.

v.  Study the processes of fluid infiltration, fluid-rock interaction and fluid-driven mass transfer at
depth in the subduction channel, as attested by blackwall domains of high temperature antigorite-
serpentinite; and propose a blackwall formation model to explain the exchange of matter between
host rock and vein.

Vi. Propose an integrated geodynamic evolution of the Villa Clara serpentinitic mélange within the
framework of Caribbean evolution.

To sum up, the study of the VCSM is intended to contribute to our knowledge about the evolution of
oceanic lithosphere from the mid-ocean ridge to the subduction settings, as well as offer an integrated

geodynamic model of formation.
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2. The geologic evolution of the Caribbean realm

The geodynamic evolution of the Caribbean region started with the rupture of Pangea during Jurassic
times, which involved the drifting apart of the North American plate and the inception of the Proto-Caribbean
oceanic basin in between the Americas (e.g. Pindell et al., 2005, 2009, 2012; Iturralde-Vinent, 2006a;
Boschman et al., 2014 and references therein). In the early Cretaceous the Proto- Caribbean basin started to
subduct beneath the Pacific (Farallon) plate, favoured by the inter-American transform (ca. 135 Ma; Rojas-
Agramonte et al., 2011; Pindell et al., 2012; Boschman et al., 2014; Cardenas-Parraga et al., 2017). These
events led to the formation of back-arc, forearc and arc settings in the leading edge of the Caribbean plate
where the ophiolitic and arc units formed (cf., Garcia-Casco et al., 2008a, Pindell and Kennan, 2009; Escuder
et al., 2011; Rojas-Agramonte et al., 2011, Pindell et al., 2012; Escuder et al., 2014; Rojas-Agramonte et al.,
2016 and references therein). The convergence was a long-lasting process that finished when the volcanic
arc collided with the passive margin of North America during latest Cretaceous - Tertiary times (Garcia-Casco
et al., 2008; Iturralde-Vinent et al., 2008 and references therein). The result was the exhumation of high
pressure complexes and ophiolite suites, which were tectonically emplaced above the margin. The high
pressure complexes, volcanic arc units and ophiolite suites that crop out along the Caribbean realm bear
witness to the long-lasting subduction setting of the region, which continues today in the Lesser Antilles
(Fig. C2_1). These rock units have been recognized along Guatemala, Cuba, Hispaniola, Trinidad-Tobago, the

northern part of Venezuela and northwestern Colombia.
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Figure C2_1. Present plate tectonic configuration of the Caribbean region, including ophiolitic peridotites and
Cretaceous-Tertiary suture zones (from Garcia-Casco et al., 2006; Lewis et al., 2006).
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2.1. Summary of Cuban Geology

The evolution of the Caribbean region is recorded in the island of Cuba, where the following main
geological features crop out: i) North American passive margin, ii) Caribeana metamorphic terranes,
iii) volcanic arc units (Cretaceous and Paleogene), and iv) ophiolitic massifs and associated subduction

mélanges (Fig. C2_2).
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Figure C2_2. Geological sketch of Cuba showing main geologic features including passive margin, volcanic arc,
ophiolitic massifs, Caribeana terranes (high pressure terranes) and amphibolitic complexes (modified after Iturralde
-Vinent, 1996a).

The North American passive margin includes the continental margin of the Bahamas platform, which
consists of shallow, external and deep marine platform sediments that were accreted in the Middle to
Late Eocene (ca. 48-40 Ma; Pszczdlkowski, 1986; Iturralde-Vinent, 1996a; lturralde-Vinent et al., 2016). The
Caribeana terranes were a sedimentary prism that extended southeast into the Proto-Caribbean basin.
They comprise a Jurassic-Cretaceous passive margin and associated oceanic crust that were subducted,
obducted and seated during Late Cretaceous to Tertiary (Garcia-Casco et al., 2008a; Despaigne-Diaz et
al.,, 2016 and references therein). The Caribeana is constituted of different terranes that crop out along
the island (from east to west): Cangre, Pinos, Escambray and Asuncion (Somin and Millan, 1981; Garcia-
Casco et al., 2008a; Despaigne-Diaz et al., 2016). They all have experienced greenschist to eclogite facies

conditions (Fig. C2_2).

During Early Cretaceous the development of a volcanic arc began, then continued until the Tertiary. It has
a heterogeneous geochemical signature: from low K tholeiitic, calc-alkaline to shoshonitic (Fig. C2_2; Hall et

al., 2004; Marchesi et al., 2007; Garcia-Casco et al., 2008b; Rojas-Agramonte et al., 2011; Lazaro et al., 2015
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and references therein). The volcanic arc was tectonically imbricated by thrust faults with ophiolitic units.
Yet the Paleogene volcanic arc, which is composed of Danian—Middle Eocene arc lavas and volcaniclastic
deposits, crops out only in eastern Cuba (Fig. C2_2; Cobiella 1988; Cazafas et al., 1998; Kysar-Mattietti,
2001; Rojas-Agramonte et al., 2006). Since the Paleogene, the subduction has migrated eastward as a result

of strike-slip faults, leading to its present geographic position in the Lesser Antilles.

The Northern Cuban ophiolite belt presents slices of oceanic lithosphere obducted onto the North
American continental paleomargin in Latest Cretaceous to Late Eocene times, during collision with the
leading edge of the Caribbean plate (Iturralde-Vinent, 1996a; Garcia-Casco et al., 2008a). The Northern
Cuban ophiolite belt is exposed over more than 1000 km along Cuba (Fig. C2_2). It contains seven ophiolite
massifs (from west to east): Cajalbana (western Cuba), Mariel-La Habana-Matanzas, Villa Clara, Camagley,
Holguin (central Cuba), Mayari-Cristal and Moa-Baracoa (eastern Cuba). However, Iturralde-Vinent et al.
(2006b) distinguished west-central Cuba ophiolites (from Cajalbana to Holguin) and eastern Cuba ophiolites
(Mayari-Cristal and Moa-Baracoa) due to differences in their structural location and emplacement. Still,
the two ophiolite groups display similarities in terms of lithology and geochemistry. The ophiolites include

serpentinized peridotites, layered and isotropic gabbros, basalts, and oceanic sediments.

The west-central ophiolites as well as the eastern ophiolites are outcropping basalts, diabase and gabbros,
which display compositions of typical mid-ocean ridge basalts (MORB; interpreted as Proto-Caribbean
basin) and island arc tholeiites (IAT; suggesting supra subduction setting; Andé et al., 1996; Iturralde-Vinent,
1996b; Kerr et al., 1999; Proenza et al., 1999, 2006; Marchesi et al., 2006, 2007; Llanes et al., 2016). The
eastern ophiolites show the same lithology as in west-central Cuba. Some authors agree that geochemical
compositions of the Mayari-Cristal ophiolitic massif are typical of forearc settings (MORB, boninites, IAT
rock types; Gervilla et al.,2005; Marchesi et al., 2006; Proenza et al., 2006; Blanco—Quintero et al., 2011a),
whereas the Moa-Baracoa massif depicts a backarc environment (backarc basin basalts: BABB; Proenza et
al., 1999; Lazaro et al., 2015). Petrological and geochemical data suggest that Cuban ophiolites include both
mid-ocean ridge and supra-subduction zone types (Kerr et al., 1999; Proenza et al., 1999, 2006; Marchesi,

2006, 2007; Lazaro et al., 2015; Cardenas-Parraga et al., 2017).

The ages of ophiolite massifs along Cuba range from ¢.135 to ¢.60 Ma (Rutten et al., 1938; Iturralde-
Vinent et al., 1996c¢; Llanes et al., 1998; Proenza et al., 1999; Marchesi et al., 2006; Garcia-Casco et al.,
2008b; Rojas-Agramonte et al., 2010, 2011, 2013, 2016; Lazaro et al., 2015), whereas the subduction-
related high pressure tectonic blocks included in the ophiolite massifs have an age range of ¢.126 to ¢.60 Ma
(K-Ar in whole-rock, amphibole and micas, cf., Somin et al., 1992; Iturralde-Vinent, 1996c; Millan, 1996a;
Schneider, 2000). These ages are in good agreement with those obtained from tectonic blocks of high-
pressure melanges from eastern Cuba (c.123-75 Ma zircon SHRIMP U-Pb and amphiboles Ar-Ar ages; Lazaro

et al., 2009; Cardenas-Parraga et al., 2012; Lazaro et al., 2016) and from high-pressure coherent terranes in
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central Cuba (Escambray complex, Despaigne-Diaz et al., 2016 and references therein). The ages described
from Cuban ophiolites are in line with those reported from the Cretaceous volcanic arc that crops out along
Cuba (W to E; ¢.100-60 Ma K-Ar amphibole, micas, feldspar and whole-rock, SHRIMP zircon U-Pb ages;
Iturralde-Vinent, 1996b; Iturralde-Vinent et al. 2006b; Marchesi et al. 2006; Marchesi et al. 2007; Rojas-
Agramonte et al., 2010).

Hence, available geochronological data support the Early Cretaceous to Late Cretaceous subduction of the
Proto-Caribbean lithosphere and the formation of subduction channel mélanges and coherent complexes
(central Cuba: Villa Clara serpentinitic mélange, in this PhD volume; eastern Cuba: La Corea and Sierra
del Convento mélanges, Blanco-Quintero et al., 2011a; Cardenas-Parraga et al., 2017). Early Cretaceous
to Tertiary whole-rock K-Ar ages (c. 126-60 Ma) of high pressure blocks from ophiolitic complexes may
represent a late-stage incorporation of subducted rocks into the mélange and/or variable resetting (Garcia-

Casco et al., 2002).

2.1.1. The Geology of Central Cuba

Central Cuba displays the most complete geological units of Cuba Island. These units are: North
American margin, volcanic arc sequences, Mabujina amphibolites, Escambray complex and Villa Clara

ophiolitic massif (Fig. C2_3A).

In central Cuba, the North American margin is made up of different belts cropping out north and
northeast of Santa Clara city (from NE-SW): Cayo Coco, Remedios, Camajuani and Placetas (Fig. C2_3A).
The Cayo Coco and Remedios belts consist of shallow to deep marine intra-platform channels that
constitute the carbonate platform (e.g. Iturralde-Vinent, 1998; lturralde et al., 2016). The Camajuani belt
and Placetas platform contain deep marine sediments, representing the continental slope of the Proto-
Caribbean oceanic basin. The Placetas platform shows a series of NW-SE elongated bodies intercalated

within the Villa Clara ophiolitic massif (Fig. C2_3B).

The volcanic arc sequences in central Cuba are formed by volcanic, plutonic and volcano-sedimentary
sequences from the pre-Albian (Primitive Island arc, Los Pasos formation; Rojas- Agramonte et al., 2011)
to Campanian (Cretaceous volcanic arc). They contain tholeiitic, calc-alkaline and high-alkaline rocks
(Rojas-Agramonte et al., 2011). The volcanic arc overlies the Villa Clara ophiolitic massif and the Mabujina
amphibolite complex (Fig. C2_3B). The Mabujina amphibolite complex is made of arc-derived rocks that
were deformed and metamorphosed into greenschist and amphibolite facies (Somin and Millan, 1981;
Blein et al., 2003). Associated arc-related granitoid plutons occur from ¢.133 to 83 Ma (Grafe et al.,
2001; Rojas-Agramonte et al., 2011). Some authors (Somin and Millan, 1981; Dublan et al., 1986; Millan,
1996b) interpreted that the Mabujina amphibolite complex represents the metamorphosed base of the
Cretaceous volcanic arc. Blein et al. (2003) and Rojas-Agramonte et al. (2011) interpreted it as a different

arc system accreted from the Pacific. However, the Mabujina complex is tectonically underlain by the
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Escambray complex (Fig. C2_3B).

The Escambray complex belongs to the Caribeana metamorphic terranes that crop out across Cuba
(Fig. C2_3A). It comprises a mixture of metasediment and metaophiolite rocks (e.g. Garcia-Casco et al.,
2008a; Despaigne-Diaz et al.,, 2016 and references therein). They were metamorphosed under high-
intermediate pressure and low-medium temperature conditions related to the subduction and collision-
exhumation of the accretionary wedge from the Late Cretaceous to the Early Eocene (Despaigne-Diaz et

al., 2016 and references therein).

The Villa Clara ophiolitic massif is tectonically disrupted, occurring mostly as tectonic mélange
characterized by blocks of mafic and ultramafic rocks within serpentinized peridotite/serpentinite or,
commonly, as exotic blocks of subduction-related high-pressure rocks (Somin and Millan, 1981; Millan,
1996a; Garcia-Casco et al., 2002; 2006 and references therein). Hence, a more appropriate term for the

‘Villa Clara ophiolitic massif’ is suggested: the Villa Clara serpentinitic mélange (VCSM).
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Figure. C2_3. Geological map and cross-section of central Cuba showing the basic geological features (after
Iturralde-Vinent, 1996a).
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2.1.1.1. The Villa Clara Serpentinitic Mélange (VCSM)

The Villa Clara serpentinitic mélange (central Cuba) is constituted by meter- to kilometer-sized bodies
of a dismembered ophiolitic sequence including mafic crust (basalts, diabase dykes and layered gabbros),
a serpentinitic matrix (serpentinized peridotites and serpentinites) and exotic blocks of: a) high pressure
rocks of metabasite (eclogite and blueschist), metaultramafic (antigorite-serpentinite, chloritite) and
metasedimentary (quartzite, schists) compositions; b) arc-derived volcanic and sedimentary rocks;
and c) Bahamas platform-derived sedimentary rocks (Kanchev et al., 1978; Somin and Millan, 1981;
Garcia-Casco et al., 2002, 2003, 2006). The rock mixture allows the whole ensemble to be characterized
as a serpentinite mélange having a mixture of blocks from shallow geologic formations and from a
subduction channel mélange. In fact, Garcia-Casco et al. (2002; 2006) suggested that eclogite blocks
were exhumed close to the Earth’s surface within a serpentinitic subduction channel (mélange) at c. 110
Ma, pointing to a first stage of mélange formation during Early Cretaceous, previous to a second main
stage of mélange formation during arc-continent collision and ophiolite obduction at c. 70 Ma (Garcia-
Casco et al., 2008b). In this regard, Alvarez et al. (1991) subdivided the Villa Clara ophiolitic mélange into
the Descanso and Santa Clara mélanges. The Descanso mélange is composed of serpentinites enclosing
ophiolitic, volcanic-arc and platform sedimentary rocks from the nearby North American passive margin
(Ducloz and Vuagnat, 1962). The Santa Clara mélange comprises serpentinites enclosing high-pressure
subduction-related rocks (Fig. C2_4). However, our observations and other studies (Rutten et al., 1938;
Kanchev et al., 1978) have recognised high-pressure subduction-related blocks in both mélanges (as
mapped by Alvarez et al., 1991) adjacent to (a few meters apart) low-P/unmetamorphosed blocks,
thereby questioning the mapped boundary between the two mélanges. Given these considerations, the

Villa Clara serpentinitic mélange (VCSM) will be treated as one whole geologic unit.

The extension of the VCSM is limited to the northeast, overlapping with the North American passive
margin, which includes the synorogenic basins, and the Bahamas and Placetas platforms. To the
southwest, the VCSM is overthrusted by volcanic arc sequences (Fig. C2_4). Most outcrops of the VCSM
are strongly serpentinized peridotites, which form the serpentinitic matrix (see chapter 4). The rocks of
the mafic crust of the ophiolite are represented by layered gabbros, sub-volcanic bodies of diabase, and
basalts (Fig. C2_4 and chapter 5; Rutten et al., 1938; Kanchev et al., 1978; Garcia-Casco et al., 2006).
These rocks occur as metric to kilometric bodies surrounded by serpentinites, suggesting a tectonic
mélange. Basalts and sub-volcanic bodies are generally partially metamorphosed in the amphibolite and
greenschist facies conditions at low pressure (< 2 kbar) under static conditions, and most bodies do not
show signs of deformation (more details in chapter 5; Rutten et al., 1938; Kanchev et al., 1978; Somin

and Milldn, 1981; Alvarez et al., 1991; Garcia-Casco et al., 2003).
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Figure. C2_4. Geological map of Las Villas 1:100000 (modified from Kanchev et al., 1978; Alvarez et al., 1991 and
Garcia et al., 1998).

Blocks derived from the overlying volcanic arc as well as from the underlying Bahamas platform
units also occur, surrounded by serpentinite, suggesting a tectonic mélange formed during arc-continent
collision and ophiolite obduction (see region of subduction-related blocks in Fig. C2_4 Garcia-Casco et al.,
2008; Iturralde-Vinent et al., 2008; Van Hinsbergen et al., 2009). Moreover, subduction-related tectonic
blocks of high-pressure rocks, including MORB-derived eclogite, garnet amphibolite, blueschist facies
rocks and massive strongly foliated antigorite-serpentinite (Fig. C2_4; Rutten et al., 1938; Kanchev et al.,
1978; Somin and Milldn, 1981; Alvarez et al., 1991; Garcia-Casco et al., 2002, 2006) are dispersed within
the serpentinitic body. The blocks of eclogite formed at ca. 600 2C, 20 kbar (ca. 60-70 km depth; Garcia-
Casco et al., 2002) and are generally surrounded by blackwalls of chloritite, enclosed within massive
high-pressure antigorite-serpentinite (Atg-serpentinite), that lack resemblance with the surrounding
undeformed or weakly deformed serpentinized peridotite and the serpentinite of serpentinitic matrix

(Alvarez et al., 1991; Somin and Millan, 1991; see chapter 6).
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Chapter 3 Sample and Methods

3. Sample and Methods

This study is based on 75 samples (see Table C3_1) from the Villa Clara serpentinitic mélange (VCSM). A
representative selection of the different rock groups is presented and analysed in this manuscript, comprising
samples of: serpentinitic matrix (20 serpentinites and serpentinized peridotites), mafic crust (14 samples of
sub-volcanic unit and 7 samples of plutonic unit) and exotic ultramafic blocks (3 samples of dolomite-bearing
Atg-serpentinites, 3 samples of Atg-serpentinites and 3 blackwall domains and tremolite vein) of the Villa
Clara serpentinitic mélange (see field relations in chapters 4, 5 and 6). Mineral assemblages and textures were

first studied on 75 polished thin sections by transmitted and reflected light optical microscopy.

Serpentinitic matrix Mafic crust Exotic ultramafic block
Sub-volcanic unit Plutonic unit
Thin section 20 25 18 12
XRF 20 14 7 9
ICP-MS 20 14 7 9
PGE 4 - - 1
EMPA 15 4 5 4
Raman 2 - - 1
¥sr/*sr TIMS 12 9 4 3
"Nd/*Nd TIMS 5 9 4 3
2%pp/***Pb TIMS 12 - - -
*7pp/**Pb TIMS 12 - - -
2%pp/*%Pb TIMS 12 - - -
3B TIMS 7 - - -
Total samples 20 25 18 12

Table C3_1. Summary of samples and methods used in this PhD thesis.

3.1. Sample preparation

Samples were processed at Servei de Lamina Prima at the University of Barcelona (SLP-UB). All selected
samples were sawed, using a diamond saw, to remove surface alteration and secondary veins. The small
pieces were crushed in steel mortar and quartered several times by a riffle-splitter to achieve a (10 g)
representative sample aliquot. Whole-rock powders (< 2mm grained) were obtained by pulverizing these
aliquots in an agate ring mill. Samples of the vein and blackwall domains enclosed in Pelo Malo megablock
(exotic ultramafic block in chapter 6) were separated by manual fragmentation and powdered with an agate

mortar in Atg + Chl + Tr, Chl + Tr domains, and Tr-vein.
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3.2. Micro-Raman spectroscopy

The serpentine group minerals in the serpentinitic matrix and exotic ultramafic block of the VCSM (Fig.
C4_10in chapter 4 and Fig. C6_3C in chapter 6) were identified using Micro-Raman spectra acquired at the
Centres Cientifics i Tecnologics of Barcelona University (CCITUB). The spectra were obtained from polished
thin sections, with a HORIBA Jobin Yvon LabRam-HR800 dispersive spectrometer equipped with an Olympus
BXFM optical microscope (using a 100x objective lens), and a 600 mm focal length spectrograph equipped
with CCD 5 mW laser power, working at 785 nm. The laser beam size was set to 10 um and the spectra were
acquired using 8 scans of 30 s per spectral region, processed using NGS-Labspec software (version. 5.33.14).
An automatic baseline subtraction was performed. Serpentine phases were identified based on the spectral

characteristics reported by Rinaudo et al. (2003) and Groppo et al. (2006).
3.3. Electron Micro Probe Analysis (EMPA)

Electron images, mineral compositions and X-Ray mapping were obtained from polished thin sections
using a JEOL JXA-8230 microprobe with a five wavelengths dispersive (WDS) spectrometer (20 keV
accelerating potential and 20 nA beam current) at CCiTUB (Spain), and a CAMECA SX-100 with five WDS
(15 keV and 15 nA) at the University of Granada (Centro de Instrumentacién Cientifica, CIC-UGR, Spain).
Analytical standards and lines used for analyses at CCiTUB were: wollastonite (Si Ka), wollastonite (Ca Ka),
Fe,O, (Fe Ka), rutile (Ti Ka), periclase (Mg Ka), rhodonite (Mn Ka), AL,O, (Al Ka), chromite (Cr Ka), NiO (Ni
Ka), albite (Na Ka), ortoclase (K Ka), apatite (P Ka), NaCl (Cl Ka) and fluorite (F Ka). Analytical standards
used at CIC-UGR were: SiO, (Si Ka), diopside (Ca Ka), Fe,0, (Fe Ka), TiO, (Ti Ka), periclase (Mg Ka), MnTiO,
(Mn Ka), ALO, (Al Ka), Cr,O, (Cr Ka), NiO (Ni Ka), albite (Na Kay), sanidine (K Ka), apatite (P Ka), vanadinite
(Cl Ka), SO,Ba (Ba Ka) and CaF, (F Ka).

The mineral formulas were normalized to certain oxygens, depending on each mineral, as elements per
formula unit (p.f.u.). The pyroxenes were normalized to 6 oxygens, olivine and spinel to 4 oxygens, feldspars
(plagioclase and alkali feldspar) to 8 oxygens, amphibole to 23 oxygens, epidote to 12.5 oxygens, serpentine
to 14 oxygens, chlorite to 28 oxygens, prehnite to 11 oxygens and ilmenite to 3 oxygens. Serpentine group
minerals and chlorite mineral formula were determined considering total Fe as Fe?* per formula (cf. Debret
etal., 2014). In the case of epidote, feldspars (plagioclase and alkaline feldspar), ilmenite and prehnite, total
Fe was considered as Fe*. The estimation of ferric iron (Fe3*) proportions in amphiboles was calculated as
in Schumacher (1997). In the other minerals, ferric iron was calculated as the stoichiometric proportion.

Mineral and endmember abbreviations are after Whitney and Evans (2010).

Elemental X-ray mapping (WDS: Si, Ca, Fe, Mg, Al and Cr; see chapter 6.3) of blackwall domains enclosed
in exotic ultramafic Pelo Malo megablock and back-scattered electron (BSE) images were obtained with
the CAMECA SX-100 microprobe (at CIC-UGR, Spain) operated at 15 keV and 300 nA, a focused beam, step
(pixel) size of 14 um and counting time of 30 ms/pixel. The images were processed with DWImager software
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(Torres-Roldan and Garcia-Casco, unpublished). The quantification of X-ray maps to weight percent of oxides
was done using internal standards and the ZAF correction procedure of Bence and Albee (1968). In order
to show the textural position and composition of the mineral of interest in the composite vein structure,
the quantified XR maps of the elements (colour-coded; expressed in wt %) were clipped to avoid (mask
out) holes, polish defects and all other mineral phases, and the masked images were overlain onto the

corresponding BSE image that contains the textural information of the scanned area.
3.4. X-ray Fluorescence (XRF)

Whole-rock major element compositions of 50 selected samples were analysed on glass beads using
Philips Magix Pro (PW-2440) X-ray fluorescence (XRF) equipment after fusion with lithium tetraborate
(Li,B,0,). Typical precision of XRF analyses was better than + 1.5-2% for an analyte concentration of
210 wt.% and + 4% (relative error) for concentrations of <10 wt.%. Zirconium was determined by X-ray
fluorescence on the same glass beads with a precision better than £ 0.2% for 5 ppm Zr. Loss of Ignition
(LOI) was determined by weight difference before and after ignition of samples in a furnace. Analyses were

performed at the University of Granada (Centro de Instrumentacidn Cientifica, CIC-UGR, Spain).
3.5. Inductively Coupled Plasma Mass Spectrometry (ICP-MS)

Whole-rock trace elements (Li, Be, Co, Ni, Zn, Cr, Cu, Rb, Sr, Y, Nb, Cs, Ba, rare earth elements, Hf,
Pb, Th, U, V, Ga, Mo, Sc, Sn, Tl) were analysed in 50 selected samples using a quadrupole NEXION 300d
Inductively Coupled Mass Spectrometry (ICP-MS) at the University of Granada (CIC-UGR, Spain). The ICP-MS
spectrometry determinations were made after HNO_+HF digestion of 0.1000 g of sample powder in a Teflon-
lined vessel at 180°C and 200 psi for 30 min, evaporation to dryness, and subsequent dissolution in 100 ml of
4 vol.% HNO,; the precision was better than 5 % for analyte concentrations of 10 ppm. The concentration

of Hf was calculated from the ICPMS-determined Zr/Hf and the XRF-determined Zr concentration.

The platinum group element (PGE) compositions were analysed by ICP-MS after fire assay nickel
sulphide collection (detection limits, 1ppb for Ir, Ru, Rh, Os, Pd, Pt and 2 ppb for Au) at Intertek Genalysis
(Maddington, Western Australia), following the method described by Chan and Finch (2001). All analysed

sample powders (50 g each) were previously homogenized by quartering of a larger initial sample.
3.6. Thermal lonization Mass Spectrometry (TIMS)

Radiogenic isotopes (Nd, Sr and Pb) and stable isotopes (B) were measured using whole-rock powders.
A total of 28 samples were analysed, including 12 of serpentinitic matrix, 13 of mafic crust and 3 of exotic

ultramafic block.

The Nd isotopes of all samples were determined at Granada University (Spain) in the CIC-UGR. The Sr
isotopes of mafic crust and exotic ultramafic blocks were also analysed at CIC-UGR. In turn, Sr, Pb and B

isotopes of serpentinitic matrix samples were analysed at Istituto di Geoscienze e Georisorse- Consiglio
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Nazionale delle Ricerche (IGG-CNR) of Pisa (Italy).

The procedure for Nd and Sr isotopes entailed digestion of the powdered sample with HNO_+HF using
ultra-clean reagents, with analysis by Thermal lonization Mass Spectrometry (TIMS) in a Finnigan MAT 262

spectrometer after chromatographic separation with ion-exchange resins at CIC-UGR, Granada (Spain).

Normalization values were “°*Nd/***Nd=0.7219 and %°Sr/®S5r=0.1194. Blanks were 0.09 ng for Nd and
0.6 ng for Sr. The external precision (20), estimated by analysing 10 replicates of the standard WS-E
(Govindaraju, 1994) was better than + 0.0015 % for **Nd/***Nd and + 0.003 % for 8’Sr/%Sr. 14’Sm/***Nd and
87Rb/%°Sr were directly determined by ICP-MS following the method developed by Montero and Bea (1998),
with a precision better than + 0.9 % for 1¥Sm/***Nd and % 1.2 % (20) for 8Rb/®¢Sr.

The Srisotope compositions of serpentinitic matrix samples were analysed by TIMS using a Finnegan MAT
262 multicollector mass-spectrometrer running in dynamic mode at Istituto di Geoscienze e Georisorse-
Consiglio Nazionale delle Ricerche (IGG-CNR) of Pisa (Italy). The Samples were attacked with HNO,+HF,
and purified in ion-exchange columns with Sr-spec resin. Measured ¥Sr/®Sr ratios were normalized to
8Sr/%8Sr=0.1194. Replicate analysis of the NBS-987 standard was performed and gave an average value of
0.710232 +27 (20, n=51). Published values are adjusted to #Sr/®Sr=0.710250. The Pb isotope analyses were
performed at IGG-CNR by TIMS using Finnegan MAT 262 multicollector mass-spectrometrer operated in
static mode. Samples were attacked with HNO_+HF. The Pb extraction was carried out by chromatographic
ion exchange in Dowex 1 anion resin, using HBr and HCl elution procedures. Replicate analysis of Pb isotope
ratios are accurate to within 0.025% (20) per mass unit, after applying mass discrimination corrections of

0.05+0.01% per mass unit relative to the NBS-987 standard reference composition of Todt et al. (1993).

The Nd, Sr and Pb isotopic compositions are age-corrected in all samples to the eclogitic metamorphic
peak event in Santa Clara serpentinitic mélange that indicates pre-Aptian subduction c. 125Ma (Garcia-

Casco et al., 2002; Rojas Agramonte et al., 2012).

The B contents were determined by prompt gamma neutron activation (PGNA) in Activation Laboratories
Ltd. (Actlabs, Canada) with a limit detection of 0.5ppm. B isotopic compositions were measured via Cs,BO*
in Pisa (CNR-IGG) using a VG Isomass 54E positive ion thermal ionization mass spectrometer (TIMS) running
in dynamic mode. Boron extraction was accomplished by alkaline fusion and purification via an ion-
exchange procedure described by Tonarini et al. (1997). Samples (c. 1ug B) were loaded to preconditioned
tantalum filaments with graphite layer. The accuracy of B isotope composition, of about + 0.5%s., is based
on the repeated analysis of a standard NIST SRM 951 and full chemistry of the standard at the same time as
samples. The conventional notation for B isotopic compositions of the samples is reported in delta notation
(6!B) as permil (%o) deviation from accepted composition of NBS-951 (certified 1B/*°B=4.04362 + 0.00137
(20); Catanzaro et al., 1970).
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3.7. Condensation of compositional space

Whole rock compositions of serpentinitic matrix and exotic ultramafic blocks of the VCSM were plotted
in ternary diagram olivine-orthopyroxene-clinopyroxene (Fig C4_5 in chapter 4 and Fig. C6_11A in chapter
6) using the singular value decomposition of Fisher (1989, 1993). This is an algebraic method that condenses
a compositional space of 9 components (SiO,, TiO,, AlO,, Cr,0,, FeO, MnO, MgO, NiO and Ca0) to a new
system of 3 components (forsterite- enstatite- diopside). Compositional space is defined by pure endmember
compositions calculated in oxi-equivalent units (forsterite, enstatite, diopside and spinel) and exchange
vectors (Fe,TiMg_Al,, CrAl , FeMg_, MnFe  and NiMg ) considering all iron as Fe**. This calculation makes
it possible to depict the full composition space close to volume proportions of olivine, orthopyroxene and
clinopyroxene in rocks that have lost their primary minerals due to serpentinization process. The CSpace

software (Torres-Roldan et al., 2000) was used for condensation of compositional space and projection of

the resulting calculations in the ternary diagram.

The MASH diagram, which models blackwall assemblage formation (Fig. C6_15A in chapter 6) by means of
algebraic methods (Singular Value Decomposition: SVD; Fisher, 1989, 1993) using software CSpace (Torres-
Rolddn et al., 2000). The SVD led to the condensation of compositional space from a 12-component system

(Si0,, ALLO

273

Cr,0,, FeOT, MnO, MgO, NiO, Ca0, Na,0, F and H,0) to 4-component system in a tetrahedron of
M-A-S-H. It was carried out with projection points (average composition of analysed tremolite) and projection
vectors CrAl , FeMg , MnFe , NiMg , NaAl(CaMg) ,, F(OH) ,. All relations involving the composition of the

fluid are hypothetical. Fe is considered as Fe? total.
3.8. Pseudosection modelling

Two pseudosections were modelled in this study: i) antigorite + chlorite + tremolite (Atg + Chl + Tr)
blackwall domain phase diagram in the system CFMASH (chapter 6); and ii) harzburgite phase diagram in
the system CFMAS (chapter 7.1).

The P-T phase diagram (pseudosection) of blackwall domain was calculated for antigorite + chlorite +
tremolite blackwall domain (enclosed in exotic Atg-serpentinites of Pelo Malo megablock) in the system
CFMASH (CaO-FeO-MgO-Al,0.-Si0,-H,0) using PERPLE_X software (Connolly, 1990, 2005; version 6.6.8).
The standard state thermodynamic data are from Holland and Powell (1998, 2011), and the following
solid solution models were used: olivine (ideal, Holland and Powell, 1998), antigorite (Padrén-Navarta et
al., 2013), orthopyroxene (Holland and Powell, 1996), clinopyroxene (Holland and Powell, 1996), chlorite
(Holland et al., 1998), talc (Holland and Powell, 1998), and tremolite and anthophilite (Holland and Powell,
1998). The major element compositions of the Atg + Chl + Tr domain used for pseudosection calculation
were calculated by means of the quantified XRay-maps of EMPA for higher precision using 2308565 pixels
(Ca0 =4.13 wt% + 0.02, FeO = 5.49 wt% + 0.01, MgO = 29.13 wt% + 0.01, ALLO, = 9.31 wt% + 0.02, and SiO,

=41 wt% * 0.01; error 20 calculated at 95% of confidence interval).
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The P-T harzburgite pseudosection diagram was calculated by means of Theriak-Domino software (De
Capitani and Petrakakis, 2010; version 04.02.2017) for a harzburgite composition (Fig. C7_2B in chapter 7.1)
that pertains to a representative analysis of group A peridotites of serpentinitic matrix in the system SiO,-
MgO-CaO-FeO-ALO,. The bulk composition used was Si (39.64) Al (7) Mg (51.69) Ca (0.06) Fe (5.58) H (1.1)
in elemental moles. The thermodynamic database used was tcds61 from Holland and Powell (2011) and
following solution models of orthopyroxene (White et al., 2014a and White et al., 2014b), Clinopyroxene
(Green et al., 2007), spinel (Holland and Powell, 1998), garnet (White et al., 2007) and olivine (ideal, Holland
and Powell, 1998).

3.9. Melting Modelling

The melting modelling was performed in the serpentinitic matrix (chapter 4) and mafic crust (chapter 5)

of the VCSM.

Initial assumptions were made in order to carry out melting modelling: i) the use of fixed partition
coefficients, ii) use of fixed melting reaction, iii) use of depleted mantle as the source composition and iv)
a non-modal melting modelling equation. Fixed partition coefficients and melt reaction were chosen in
view of the closest conditions of our rocks due to partition coefficients; the melting reaction varies with
pressure, temperature, composition, oxygen fugacity, crystal chemistry and water content. Although a
depleted mantle does not represent the heterogeneities of the mantle, it is the best fit approximation. The
non-modal melting equation offered the best fit approximation to natural processes. The melting modelling

entailed non-modal fractional melting following the equation (Eq. 1-4) of Shaw (2000).

1

G=L1-ED  Ea)

ci° (1-F) D;?

G- ke

Dio = ZDia *Xo,a (Eq. 3)

P =73 D;" *pg° (Eq. 4)

Where C?is the initial composition of element i in the initial rock, in this case the depleted mantle source
being from Salters and Stracke (2004). C* is the composition of element i in the solid residue after melting.
Ci' is the composition of element i in the melt after melting. D is the initial bulk rock partition coefficient
of element i (Eqg. 3), made of the sum of all distribution coefficients of mineral a (D), which are multiplied
by the initial abundance of each mineral a in the rock (Xo,a)' P is the weighted partition coefficient of the

mineral phase entering in the liquid (Eq. 4). P is expressed as the sum of the distribution coefficient of
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mineral a (D?) multiplied by the proportion of mineral a entering in the liquid (p_). F is the degree of melting.
The distribution coefficients of minerals for a given element are from a compilation of Bédard (1999) and
Jean et al. (2010) (see Table C3_2). The mineral source modes in spinel and garnet peridotite field were
from Jean et al. (2010) (see Table C3_2). The mineral melt modes of spinel- peridotite wet/dry and garnet

peridotite were taken from Jean et al. (2010).

Table C3_2. Input parameters for non-modal fractional melting modelling.

Source Composition ° Distribution coefficients in Spl-peridotites ° Distribution coefficients in Grt-peridotites ¢

DM (ppm) Depx Dopx Doy Dsoit Depy Dopyi Doy Doy
La 0.234 0.0536 0.0031 0.0003 0.0006 0.04 0.00048 0.00001 0.003
Ce 0.772 0.0858 0.0021 0.0003 0.0006 0.07 0.00097 0.00001 0.005
Pr 0.131 0.1 0.0026 0.0003 0.0006 - - - -
Nd 0.713 0.1873 0.0023 0.0002 0.0006 0.178 0.00343 0.00007 0.052
Sm 0.27 0.291 0.0037 0.00018 0.0006 0.293 0.00923 0.0007 0.25
Eu 0.107 0.3288 0.009 0.0002 0.0006 0.32 0.01302 0.00095 0.6
Gd 0.395 0.367 0.0065 0.00025 0.0006 0.34 0.01752 0.0015 1.2
Tb 0.075 0.404 0.008 0.000475 0.00105 0.35 0.02761 0.0025 1.8
Dy 0.531 0.38 0.011 0.0007 0.0015 0.38 0.03769 0.004 2.2
Ho 0.122 0.4145 0.016 0.00122 0.0023 0.375 0.04893 0.0065 3
Er 0.371 0.387 0.021 0.00174 0.003 0.37 0.06233 0.009 4
m 0.06 0.4085 0.029 0.00348 0.00375 0.385 0.08937 0.015 5.2
Yb 0.401 0.43 0.038 0.00522 0.0045 0.4 0.1164 0.023 6.6
Lu 0.063 0.433 0.046 0.00852 0.0045 0.4 0.15309 0.025 7.2

Source Modes ° Melt Mode ©
Spl-Peridotite Grt-peridotite Spl-Peridotite wet Spl-Peridotite dry Grt-Peridotite

ol 0.56 0.57 -0.25 -0.22 0.08
Opx 0.25 0.21 0.51 0.38 -0.19
Cpx 0.18 0.16 0.62 0.71 0.81
spl 0.02 0.12 0.13
Grt 0.06 0.3

?Source composition od Depleted Mantle by Salters and Stracke (2004)
® Distribution coefficients compiled by Bédard (1999)

¢ Distribution coefficients compiled by Jean et al. (2010)

4Source modes from Jean et al.(2010)

€ Melt mode from Jean et al. (2010)

We modellize two cases of melting for protoliths of serpentinitic matrix and mafic crust of the VCSM,
which best fit their compositions: case X and case Y. Case X modelling started at garnet peridotite facies in
the first step melting, whereas second and third step melting were carried out in the spinel facies conditions
(using melt modes of spinel peridotite dry and wet, respectively). In contrast, case Y modelling was for first

and second step melting at spinel peridotite facies.
3.10. Isotopic Modelling

The element concentrations of isotope endmembers are in Table C3_3. The isotopic endmembers
were: depleted mantle (DM), altered oceanic crust fluid (AOCF), global subducting sediment fluid and melt
(GLOSSF and GLOSSM), terrigenous fluid (TERF) and seawater (SW). The DM element concentration of Sr,
Nd, Pb and isotopic ratios of #Sr/%¢Sr, 143Nd/***Nd, 2°°Pb/?°*Pb, 2°’Pb/?**Pb and 2°Pb/?**Pb were adopted from
Rehkdmper and Hofmann (1997); B and 6!B were from Chaussidon and Marty (1995). Altered oceanic crust
fluid (AOCF) was taken from element concentrations (Sr, Nd, Pb) calculated with partition coefficients (Dsov

aua) from Johnson and Plank (1999), with element concentrations of altered oceanic crust from Kelley et
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al. (2003). In turn, B fluid composition was calculated using D from Tonarini et al. (2007), with the B

sol/fluid

concentrations of Leeman et al. (2004). The *3Nd/***Nd average was adopted from Staudigel et al. (1995),
87Sr/36Sr, 206ph/204Ph, 297Pp/2%4Pb and 2°®Pb/?**Pb from Leeman et al. (2004), and 6B of AOC fluid from
Leeman et al. (2004). Average subducting sediment fluid (GLOSSF) element concentrations (Sr, Nd, Pb) were

calculated using the partition coefficients (D ) of Johnson and Plank (1999) and Tonarini et al. (2007)

sol/fluid

with element concentrations of Plank (2014). The element concentration of global subducting sediment

melt (GLOSSM) was obtained after 0.26% of melting, using partition coefficients (D from Johnson and

sol/melt;
Plank, 1999) that correspond to 0.26% melting based on the initial element concentrations of Plank (2014).
Isotope ratios of Nd, Sr, Pb were from Plank (2014) and B isotopes from Leeman et al. (2004) for GLOSSF and
GLOSSM. Terrigenous fluid element concentrations (Sr, Nd, Pb) were calculated with partition coefficients

(D ) of Johnson and Plank (1999), while element concentrations of average continental crust were taken

sol/fluid

from Rudnick and Gao (2003). B fluid composition was calculated using D from Tonarini et al. (2007),

sol/fluid
with the B concentrations of Rudnick and Gao (2003). &Sr/%Sr, *3Nd/***Nd, 2°Pb/?°*Pb, %**’Pb/?***Pb and
208pp /204ph were obtained based on calculations of Stracke et al. (2003a) and Willbold and Stracke (2006),
with a 1.2 Ga of crust formation. 6!B of continental crust fluid was from Cannad et al. (2016). Serpentinized
peridotites (SPER) have element concentrations (Sr, Nd, Pb and B) from Savov et al. (2005) and Cannad et al.

(2016). The Sr and Nd isotopic ratios were from Tonarini et al. (2007), and Pb isotopic ratios and &!B from
Cannaod et al. (2016).

The seawater endmember has Nd and **Nd/**Nd from Keto and Jacobsen (1988), B and 6'!B

T=125Ma

from Spivack and Edmond (1987). Sr and #Sr/®Sr come from Veizer et al. (1999), and 2°°Pb/?*Pb,

T=125Ma

207ppy /204ppy, 208ph /204Ph from Paul et al. (2015). Mixing lines were calculated using the equation of isotopic

mixture from Faure and Mensing (2005) (Eq. 5).

[XTm = [X]a * fa + [X]p * (1 = fa) (Eq.5)

The [X],, is the isotopic relation in a mixture M of components A and B, [X]A’B is the isotopic relation in the

components A and B, respectively, and f, is the weight fraction of component A in the mixture M.

The seawater-DM mixing line was calculated with the equation of McCulloch et al. (1981).

w ef el ct
i [—] *[¢r] (Ea. 6)

Ew—Er
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Chapter 3 Sample and Methods

The W/R is the water/rock ratio by weight, where is the concentration of isotope element in initial rock
and is the concentration of isotope element in water. The is the value of the isotopic ratio of the rock
before exchange, is the final value of isotopic relation of the rock after exchange, is the value of water

isotopic ratio before exchange and is the modified value of water isotopic ratio.

Table C3_3 Endmembers and partition coefficients used for isotope mixing calculations.

pm*® Fluid AOC® Fluid GLOSS® Melt GLOSS® Fluid TER® Sea water © Serpentinized Peridotite '
B (ppm) 0.05 260 679 - 110 45 322
Sr (ppm) 11.300 324.306 569.811 592.157 603.774 101.600 19.460
Nd (ppm) 1.120 3.494 8.466 197.386 6.135 9.240 0.012
Pb (ppm) 0.049 0.650 33.125 234.109 17.188 - 0.128
d"'B -10.00 5.50 -2.00 - -3.70 39.50 30.30
/st 0.7025 0.7052 0.7124 0.7124 0.7105 0.7092 0.7051
Nd/MNd 0.51320 0.51306 0.51221 0.51221 0.51202 0.51205 0.51310
2%pp/*%Ph 18.00 18.91 18.93 18.93 18.09 18.17 18.13
27pb/*%Ph 15.43 15.58 15.69 15.69 15.58 15.63 15.54
2%8pp/*%ph 37.70 38.54 39.12 39.12 38.22 38.09 37.98
851 /%sr, 0.7025 0.7046 0.7109 0.7109 0.7098 0.7075 0.7050
“Nd/MNd, 0.51303 0.51289 0.51210 0.51210 0.51192 0.51225 0.51301
206pp, /2%pp, 17.82 18.45 18.83 18.83 17.96 - 18.09
27pp /2%pp, 15.42 15.55 15.69 15.69 15.57 - 15.54
2%pp /2%pp, 37.55 38.36 38.96 38.96 38.03 - 37.94
Partition coefficients
Dyoy/fiuid Ton" Dioi/iuid sen Diol/melt s
B (ppm) 0.10 - -
Sr (ppm) 0.50 0.53 0.51
Nd (ppm) 2.00 3.26 1.53
Pb (ppm) - 0.64 1.29

® DM: Depleted mantle; Rehkdmper and Hofmann (1997) and Chaussidon and Marty (1995).

® AOCF: Altered Oceanic Crust fluid; Staudigel et al. (1995), Kelley et al. (2003) and Leeman et al. (2004).

¢ GLOSSF/GLOSSM.: Global Subducting Sediment fluid; Leeman et al. (2004) and Plank (2014).

4TERF: Terrigenous fluid; Rudnick and Gao (2003), Stracke et al. (2003), Willbold and Stracke (2006) and Cannaé et al. (2016).
€SW: Seawater; Spivack and Edmond (1987), Keto and Jacobsen (1988), Viezer et al. (1999)and Paul et al. (2015).

f SPER: Serpentinized peridotite; Savov et al. (2005); Cannad et al. (2016) and Tonatini et al. (2007).

€ Partition Coefficients of Dyy/qq from Tonarini et al. (2007)

" partition Coefficients of Dsoyuig from Johnson and Plank (1999).

'Partition Coefficients of Dsol/melt from Johnson and Plank (1999).
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Chapter 4 Serpentinitic matrix of VCSM

4. The serpentinitic matrix of Villa Clara serpentinitic mélange
4.1. Field relations

The Villa Clara serpentinitic mélange overlaps tectonic units of the North American margin and it is
overthrust by the Cretaceous volcanic arc sequences in its southern area (Fig C4_1, Garcia et al., 1998).
The serpentinitic matrix crops out all along the area of Villa Clara serpentinitic mélange (VCSM, Fig C4_1).
This is closely associated with the ophiolitic mafic crust by tectonic contacts. Both units belong to the
serpentinitic mélange. It is common to find blocks of the mafic crust inside the matrix of serpentinitic
mélange (for more details see chapter 5). The VCSM moreover contains subduction-related high-pressure
blocks such as eclogite, garnet-amphibolite, blueschist facies rocks and antigorite-serpentinite (see details

for Atg-serpentinites in chapter 6).
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Figure. C4_1. Geological map of Las Villas 1:100000, indicating the main geologic features and sample locations
from the serpentinitic matrix (Group A and B peridotites) of the VCSM (modified from Kanchev et al., 1978; Alvarez
et al.,, 1991 and Garcia et al., 1998).
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Chapter 4 Serpentinitic matrix of VCSM

The serpentinitic matrix comprises serpentinized peridotites and serpentinites. These show foliated,
brecciated and massive unsheared fabrics (cf., Kanchev et al., 1978; (Fig. C4_2). Brecciated fabric (Figs.
C4_2A and C4_2B) is characterized by a number of slip planes/foliations, with local penetrative foliation and
mylonitization (Fig. C4_2B). Deformed and undeformed veins composed of serpentine group minerals are
common. At outcrop scale, both brecciated and massive serpentinized peridotites and serpentinites have
a compact appearance, with green-dark grey to dark brown colour. Relicts of primary minerals (Fig. C4_2C
and C4_2D) are common following the mantle foliation. These varieties of serpentinite do not compare
with high-pressure blocks of massive Atg-serpentinite, due to the fact that they lack primary minerals and

pseudomorphic textures (see chapter 6).

R
.

Figure. C4_2. Field relations of serpentinized peridotites and serpentinites of VCSM. A) Field view of brecciated
textures; B) Detail of brecciated serpentinites showing foliation; C) Massive appearance of serpentinized peridotites
and serpentinites; D) Massive serpentinites with Cr-spinel relicts following the mantle foliation and macroscopic

mesh texture matrix of the serpentinite.
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4.2. Petrography

In the serpentinitic matrix, two rock groups of serpentinized peridotites and serpentinites could be

distinguished on the basis of mineral and whole-rock composition.

Group A serpentinized peridotites and serpentinites locally preserve relicts of olivine, orthopyroxene,
clinopyroxene and spinel (Figs C4_3). Relict orthopyroxene (c. 1-8 mm) and clinopyroxene are porphyroclastic,
indicating plastic deformation at mantle depths (Figs C4_3A and C4_3B). Larger crystals of clinopyroxene
showing ondulose extinction are mantle relicts (c. 0.5-1 mm; Fig. C4_3B). Smaller crystals of clinopyroxene
(c. < 300 um) that do not show deformation and tend to surround orthopyroxene porphyroclast are
neoformed (Fig. C4_3A and C4_3B). Olivine appears as large crystals (c. 500 um to 2 mm) with porphyroclastic
texture (Fig. C4_3C). Accessory pale-brownish Cr-spinel shows anhedral shape (c.200-400 um; Fig. C4_3D).
Serpentine-group minerals display replacement textures including mesh texture in olivine (Fig. C4_3E and
C4_3F) and bastite texture after orthopyroxene (Fig. C4_3E). Cr-spinel is commonly replaced by ferrian

chromite and magnetite, the latter rimmed by chlorite (Fig. C4_3F).
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Chapter 4 Serpentinitic matrix of VCSM

Figure. C4_3. Back-scatter electron images (BSE) and optical photographs of group A serpentinized peridotites
and serpentinites of VCSM. A) Porphyroclastic texture with highly deformed orthopyroxene porphyroclast replaced
by serpentine (dark grey) and clinopyroxene surrounding orthopyroxene. B) Detail of image A) with deformed
clinopyroxene showing oscillatory zoning, with surrounding small crystals of clinopyroxene. C) Porphyroclasts of
olivine with crosscutting veins of serpentine. D) Cr-spinel with pale brownish colour with hypidiomorphic texture.
E) Serpentine after olivine with mesh rim and bastite textures after orthopyroxene. F) Mesh rim textures and
magnetite + chlorite as alteration product of Cr-spinel. Blue spot indicates the location of micro-Raman analysis
obtained in these samples.

Group B serpentinized peridotites and serpentinites display porphyroclastic texture. These show a higher
degree of serpentinization (>80%), although relict mantle olivine, orthopyroxene and Cr-spinel are locally

preserved (Figs C4_4).

Orthopyroxene porphyroclasts (c. 1-3 mm) are strongly affected by serpentinization (bastite

pseudomorphs, Fig. C4_4A). In group B, clinopyroxene always appear as small crystals (c. <200 um) in the
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Chapter 4 Serpentinitic matrix of VCSM

serpentinized matrix and do not display ondulose extinction (Fig. C4_4A); they could be interpreted as
neoformed clinopyroxenes. Olivine tends to appear in the mesh center (c. 100 um; Fig. C4_4B). Cr-spinel
is anhedral and locally idiomorphic (c. 100-700 um), showing a brown to reddish colour typical of Cr-spinel
(Fig. C4_4C and C4_4D) and it are often completely replaced by magnetite surrounded by chlorite. Mesh
textures commonly show typical lizardite sweeping extinction (black), interrupted by subdomains with

different optical orientation (white) in the mesh center, and a mesh rim with magnetite (Figs. C4_4E and

C4_4F).

Figure. C4_4. Optical photographs of group B serpentinized peridotites and serpentinites of VCSM. A) Porphyroclasts
of orthopyroxene, olivine and Cr-spinel showing characteristic porphyroclastic texture with small crystals of
neoformed clinopyroxene in the serpentine matrix. Serpentine (yellow) in the matrix replaces mantle minerals. B)
Typical mesh texture, complete to partial serpentinitzation of olivine. Relicts of olivine are preserved in the mesh
centre. C) Xenomorphic Cr-spinel with serpentine in a matrix of mesh texture. D) Idiomorphic Cr-spinel showing dark
brown to reddish colour; note olivine relict in contact with Cr-spinel. E) Mesh center and mesh rim with magnetite.
F) Bastite texture, lizardite replaces pyroxene. Lizardite red spot is the location of micro-Raman analysis obtained
in these samples.
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The serpentinized peridotites and serpentinites of VCSM were classified in the OIl-Opx-Cpx ternary
diagram (Fig. C4_5). Because the samples are completely or partially serpentinized, we use an algebraic
method (SVD; Fisher, 1989 and 1993) to obtain mineral proportions of each sample using whole-rock
geochemical data. This method allows one to condense the compositional space in a three component
system: forsterite-enstatite-diopside (more details in Chapter 3). Group A and B rocks display a harzburgitic
protolith (Fig. C4_5) indicating low contents of endmember clinopyroxenes confirmed by petrographic
analysis in the less serpentinized peridotites (Fig. C4_3 and C4_4). However, group A has higher amounts of

clinopyroxene (c. 2 %) than group B rocks (c. 0.4 %) (More details in Table C4_1).

Table C4_1. Oxi-equivalent proportions of endmembers olivine, orthopyroxene and clinopyroxene of serpentinized
peridotites and serpentinites from VCSM.

Modes (Oxi-equivalent units %)

Sample Group type
Olivine Orthopyroxene  Clinopyroxene  Spinel

LV-2 A 55.2 36.5 3.2 51
08-VC-78 A 45.2 50.6 0.2 4
08-VC-130B A 58.9 36.8 0.2 4.1
09-LV-10 A 50.4 43.9 1.9 3.8
09-LV-12A A 54.5 40.8 0.3 4.4
7-LV-18 A 41.8 49.4 3.8 5
08-SCB-51 A 48 47.8 0.7 35
08-SCB-123B A 47.2 48.7 1.4 2.7
08-SCB-124 A 44 50.4 0.5 51
08-SCB-127 A 42.7 48.4 3.2 5.7
09-LV-1A B 57.1 40.4 0.4 2.1
09-LV-11B B 46.8 52.2 0.3 0.7
7-LV-19A B 46.9 51 0.2 1.9
7-Lv-19C B 45.6 51.3 0.3 2.8
08-SCB-40 B 47.4 49.8 0.2 2.6
08-SCB-127A B 55.2 43 0.5 1.3
14-SC-1 B 49.4 49.1 0.7 0.8
14-SC-5 B 46.2 51.9 0.3 1.6
14-SC-6 B 50 48 0.5 1.5
14-SC-7 B 51.8 46.4 0.5 1.3

58




Chapter 4 Serpentinitic matrix of VCSM
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Figure. C4_5. Classification diagram of ultramafic rocks (Le Maitre et al., 2002) using whole-rock compositions
plotted as oxi-equivalent proportions of olivine, orthopyroxene and clinopyroxene. Fields of abyssal peridotites
and serpentinites (Niu, 2004; Paulick et al., 2006; Boschi et al., 2008; Kodolanyi et al., 2012), fracture zone (PetDB
compilation, Lehnert et al., 2000), forearc (Ishii et al., 1992; Savov et al., 2007; Kodoldnyi et al., 2012) and Central
Cuba (Hattori and Guillot, 2007) are plotted for reference. See text for details.

4.3. Mineral chemistry

Mineral compositions of spinel group minerals, olivine, pyroxene, serpentine group minerals and chlorite
are displayed below. The mineral formula was normalized to certain oxygens, depending on each mineral,
as elements per formula unit (p.f.u.). The olivine and spinel group minerals are normalized to 4 oxygens,

pyroxenes to 6 oxygens, serpentine to 14 oxygens and chlorite to 28 oxygens (more details in chapter 3).

4.3.1. Spinel group minerals
The spinel group minerals display contrasting compositions in Cr-spinel in group A versus B rocks (Fig.

C4_6A, Table C4_2). Figure C4_6B shows spinel group minerals that can be distinguished in Cr-spinel and

magnetite.
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Table C4_2. Representative analyses of spinel group minerals from serpentinitic matrix.

Sample 08-SCB-127 08-SCB-127 08-SCB-127 Lv-2 08-SCB-127A  14-SC-5 14-SC-1 7-LV-19A
Rock type Harzburgite Serpentinite Serpentinite Harzburgite Serpentinite
Group A A A A B B B B
Mineral Cr-spinel Magnetite Cr-spinel Magnetite

Major elements (wt%)

Sio, 0.06 b.d.l 0.09 0.89 0.01 0.01 0.02 0.41
TiO, 0.08 0.02 0.07 0.38 0.07 b.d.l 0.05 0.09
AlL,O4 49.79 56.44 51.45 1.22 31.44 31.80 21.04 0.10
cr,03 15.57 10.33 15.58 11.15 36.09 36.70 45.22 2.07
V,05 0.13 0.08 0.13 b.d.l 0.18 0.12 0.22 0.03
FeOT* 12.38 13.27 12.12 77.94 16.38 15.81 20.94 92.16
MnO 0.18 0.17 0.13 0.96 0.25 0.18 0.53 0.10
Zn0O 0.35 0.20 0.19 b.d.l b.d.l 0.17 0.27 b.d.l
MgO 19.98 20.10 19.27 1.71 15.51 16.13 11.22 0.49
NiO 0.43 0.36 0.33 0.03 0.11 0.08 0.02 0.02
Ca0 0.05 b.d.l b.d.l 0.01 0.02 b.d.l b.d.l 0.02
Total 99 100.98 99.36 94.31 100.07 100.99 99.52 95.59
Formula based 4 oxygens

Si 0.00 - 0.00 0.03 0.00 0.00 0.00 0.02
Ti 0.00 0.00 0.00 0.01 0.00 - 0.00 0.00
Al 1.60 1.71 1.62 0.05 1.08 1.09 0.78 0.00
Cr 0.33 0.21 0.33 0.33 0.83 0.83 1.12 0.06
\Y 0.00 0.00 0.00 - 0.00 0.00 0.01 0.00
Fe+3 0.06 0.08 0.05 1.53 0.08 0.07 0.09 1.90
Fe'? 0.22 0.21 0.22 0.92 0.32 0.31 0.46 0.98
Mn 0.00 0.00 0.00 0.03 0.01 0.00 0.01 0.00
Zn 0.00 0.00 0.00 - - 0.00 0.01 -
Mg 0.77 0.78 0.77 0.10 0.67 0.68 0.52 0.03
Ni 0.01 0.01 0.01 0.00 0.00 0.00 0.00 0.00
Ca 0.00 - - 0.00 0.00 - - 0.00
Cr# 0.17 0.11 0.17 0.86 0.44 0.43 0.59 0.93
Mgt 0.78 0.79 0.77 0.09 0.68 0.69 0.53 0.03
Fe+3# 0.03 0.04 0.02 0.80 0.04 0.04 0.05 0.97

*FeOT expressed as FeO, Mg#=Mg/(Mg+Fe2+); Cr#=Cr/(Cr+Al); Fe3+#= Fe3+/(Cr+Al+Fe3+); b.d.|: below detection limit.

The composition of Cr-spinel shows substantial differences. In group A it is rich in Al (Fig. C4_6A) and
Mg#=[Mg/(Mg+Fe*")] = 0.75-0.79 and poor in Cr#=[Cr/(Cr+Al)] = 0.11-0.19, TiO, (0.02-0.08 wt %) and NiO
(<0.43 wt %), while in group B it shows higher Cr, Cr# (0.39-0.61), lower Mg# (0.53-0.69) and NiO (<0.18
wt %) with similar TiO, (<0.11 wt %) (Fig. C4_6C and 6D). In figure C4_6C and 6D the group A Cr-spinels
plot in the field of abyssal spinels, whereas group B plots in the forearc field. In light of the calculated
melt extraction from fertile MORB mantle (FMM, from Choi et al., 2008), group A Cr-spinels show a lower
melting degrees (less than 10% melting), than group B (> 15% melting).

The magnetite that formed after alteration of Cr-spinel has Cr,0, <11.15wt%, TiO, <0.38wt% and NiO <
1.31 wt% contents. It has high values of Cr# (0.77-0.97) and Fe3'#= [Fe3*/(Cr+Al+Fe3*)] = 0.80-1 compared
to primary mantelic Cr-spinel (Fig. C4_6B), which attests to the alteration path toward magnetite

compositions of Cr-spinel in groups A and B.
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Figure. C4_6 Composition of spinel group minerals from the serpentinitic matrix of VCSM. A) Ternary diagram
Ti*-Fe?*-Fe** calculated based on 3 cations per formula unit. B) Ternary diagram Fe**- Cr’*- AF* based on 3 cations
per formula unit. C) Cr#= Cr/(Cr+Al) vs TiO, in Cr-spinel. Dashed line indicates melt extraction from Fertile MORB
Mantle (FMM) from Choi et al. (2008); D) Cr# vs Mg#=Mg/(Mg + Fe?*) of Cr-spinel. Black arrow indicates percentage
of melting (Dupuis et al., 2005). Field of abyssal Cr-spinel from Dick and Bullen (1984), Dick (1989), Dick et al.
(2010). Field of forearc Cr-spinel from Ishii et al. (1992), Parkinson and Pearce (1998). The Puerto Rico Cr-spinel
compositions are selected from Marchesi et al. (2011).

4.3.2. Olivine

Forsterite content in olivine is lower in group A rocks (Fo, ) than in group B (Fo, ..), with similar NiO

(0.27-0.47 wt % group A and 0.35-0.44 wt% group B) (Fig. C4_7 and Table C4_3). Cr# in spinel and Fo in

olivine are correlated with higher values in group B (Fig. C4_7).
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Table C4_3. Representative analyses of olivine from serpentinitic matrix.

Sample 08-SCB-127 08-SCB-127 08-SCB-127  08-SCB-127 14-SC-1 14-SC-1 14-SC-1 14-SC-1
Rock type Harzburgite Harzburgite

Group A A A A B B B B
Mineral Olivine

Major elements (wt%)

Sio, 40.35 40.35 40.78 40.67 40.84 40.73 40.75 40.80
TiO, b.d.l 0.01 b.d.l b.d.l b.d.l 0.02 0.01 0.03
Al,O4 0.01 b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l 0.01
Cr,04 0.02 b.d.l 0.01 b.d.l b.d.l 0.02 b.d.l b.d.l
V,0;3 n.a b.d.l b.d.l b.d.l 0.01 b.d.l 0.01 0.02
FeO* 9.78 10.29 10.20 10.24 8.71 8.78 8.85 9.04
MnO 0.12 0.20 0.13 0.13 0.05 0.05 0.04 0.11
Zn0O n.a b.d.l b.d.l b.d.l b.d. 0.04 b.d.l b.d.l
MgO 48.42 49.59 49.48 49.58 49.97 50.89 50.88 50.37
NiO 0.44 0.47 0.38 0.35 0.41 0.42 0.40 0.41
Ca0 0.02 b.d.l 0.01 0.01 0.01 0.01 0.02 0.01
Total 99.16 100.90 100.99 100.98 100.00 100.96 100.95 100.81
Formula based 4 oxygens

Si 1.00 0.98 0.99 0.99 1.00 0.98 0.99 0.99
Ti - 0.00 - - - 0.00 0.00 0.00
Al 0.00 - - - - - - 0.00
Cr 0.00 - 0.00 - - 0.00 - -

V - - - - 0.00 - 0.00 0.00
Fe* 0.00 0.04 0.02 0.02 0.01 0.03 0.03 0.02
Fe+2 0.20 0.17 0.19 0.18 0.17 0.14 0.15 0.16
Mn 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Zn - - - - - 0.00 - -
Mg 1.79 1.80 1.79 1.79 1.82 1.83 1.82 1.82
Ni 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
Ca 0.00 - 0.00 0.00 0.00 0.00 0.00 0.00
Fo 0.90 0.92 0.91 0.91 0.91 0.93 0.92 0.92

*FeOT expressed as FeO, Fo=Mg/(Mg+Fe+2); n.a: not analyzed; b.d.l: below detection limit.
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Figure. C4_7 Compositions of Cr-spinel and olivine in equilibrium from the serpentinitic matrix of VCSM. Diagram
Cr# of Cr-spinel vs Fo in olivine. Olivine-Spinel Mantle Array (OSMA) plotted as reference, from Choi et al. (2008).
Field for abyssal Cr-spinel and olivine from Dick and Bullen (1984), Dick (1989), Dick et al. (2010). Field for forearc
Cr-spinel and olivine from Ishii et al. (1992), Parkinson and Pearce (1998). The Puerto Rico spinel and olivine
compositions were selected from Marchesi et al. (2011).

4.3.3. Pyroxenes

Group A orthopyroxene (En._, Wo_, Fs . ; Mg# =90-91) is richer in ALO, (2.43-6.13 vs 0.99-1.52 wt

86-90 9-117

%), TiO, (<0.15 wt % vs <0.04 wt %) and Cr,O, (0.15-0.83 vs 0.18-0.54 wt %), but poorer in Cr# (4-11 vs

11-20) than group B rocks (En,, .,  Wo,_ , Fs_, Mg# =91 (Fig. C4_8 and Table C4_4).

89-90 8-9/

Meanwhile, group A clinopyroxene has diopside-augite compositions (En,, ., Wo,_,. Fs, ) with high
AL0, (3.71-4.89 wt %), TiO, (0.21-0.36 wt %), and Na,O (0.49-0.81 wt %), with Mg# (92-93) and low Cr#
(6-8) (Fig. C4_8 and Table C4_4), though group B clinopyroxene only shows diopsidic composition (En

49-50
Wo,_ . Fs.,) with lower ALO, (1.01-1.62 wt%), TiO, (0.02-0.07 wt%), and Na,O (<0.06), but higher Mg#
(93-94) and Cr# (16-25) than group A clinopyroxene (Fig. C4_8). In group A two types of clinopyroxene can
be distinguished by petrography and mineral chemistry. Augite appears as large porphyroclasts, whereas
diopside occurs as small crystals without deformation (Fig. C4_3A and C4_3B). Furthermore, group B
clinopyroxenes (only diopside; Fig. C4_4A) display the same petrographic appearance as diopsides of

group A.

The clinopyroxenes and orthopyroxenes of both rock types were plotted in the Wo-En-Fs diagram (Fig.
C4_8E). The diagram reflects pyroxene solvus relations and tie-lines (after Lindsley, 1983) at different
temperatures under constant 5 kbar pressure. Diopsides of group A and B display compositions that fall

in the low temperature solvus region, indicating that such clinopyroxenes are not primary, as petrography
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would indicate. Nonetheless, augitic compositions point to tie-lines (augite-orthopyroxene pairs) in a high
temperature solvus region (1000 to 12009C) showing compositions of primary clinopyroxene. In order
to constrain the origin of the mantle protoliths, we will therefore consider only high-T clinopyroxenes in

between 1000 to 12002C, i.e. only augitic ones (Fig. C4_8E).

Table C4_4. Representative analyses of orthopyroxene and clinopyroxene from serpentinitic matrix.

Sample 08-SCB-127  08-SCB-127  08-SCB-127  08-SCB-127 14-SC-1 14-SC-1 14-SC-1 14-SC-1
Rock type Harzburgite Harzburgite

Group A A A A B B B B
Mineral Enstatite Enstatite

Major elements (wt%)

Sio, 53.39 52.70 53.92 53.26 56.99 57.31 57.16 56.69
TiO, 0.08 0.12 0.15 0.13 b.d.l 0.02 0.01 0.01
Al,O4 5.89 5.71 5.90 5.60 1.41 1.05 1.19 1.32
Cr,03 0.67 0.66 0.56 0.57 0.49 0.21 0.38 0.40
V,0; b.d.l 0.07 0.02 b.d.l 0.02 b.d.l 0.03 0.02
FeO* 6.56 6.52 6.67 6.83 5.91 6.01 5.81 5.93
MnO 0.17 0.23 0.19 0.14 0.14 0.08 0.14 0.20
Zn0O 0.02 0.04 0.02 b.d.l 0.04 b.d.l b.d.l 0.03
MgO 32.67 32.49 31.71 32.71 34.49 35.36 35.01 34.96
NiO 0.04 0.13 0.15 0.12 0.11 0.08 0.08 0.08
CaO 0.46 0.36 1.21 0.51 0.87 0.54 0.76 0.61
Na,O 0.01 0.02 0.08 0.04 0.03 b.d.l b.d.l 0.01
Total 99.96 99.06 100.59 99.91 100.50 100.66 100.57 100.26
Formula based 6 oxygens

Si 1.84 1.83 1.86 1.84 1.95 1.96 1.96 1.94
Ti 0.00 0.00 0.00 0.00 - 0.00 0.00 0.00
Al 0.24 0.24 0.24 0.23 0.06 0.04 0.05 0.05
Cr 0.02 0.02 0.02 0.02 0.01 0.01 0.01 0.01
v - 0.00 0.00 - 0.00 - 0.00 0.00
Fe* 0.05 0.07 0.03 0.07 0.02 0.04 0.03 0.05
Fe' 0.14 0.12 0.17 0.13 0.15 0.13 0.14 0.12
Mn 0.00 0.01 0.01 0.00 0.00 0.00 0.00 0.01
Zn 0.00 0.00 0.00 - 0.00 - - 0.00
Mg 1.68 1.69 1.63 1.69 1.76 1.80 1.79 1.79
Ni 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Ca 0.02 0.01 0.04 0.02 0.03 0.02 0.03 0.02
Na 0.00 0.00 0.01 0.00 0.00 - - 0.00
Wo % 0.90 0.72 2.39 0.99 1.63 0.99 1.40 1.12
En % 88.83 88.92 87.03 88.43 89.55 90.29 90.02 90.01
Fs % 10.26 10.36 10.57 10.57 8.82 8.72 8.58 8.86
Mgt 89.88 89.88 89.45 89.51 91.23 91.30 91.48 91.31
Cr# 7.06 7.24 5.98 6.38 18.78 11.93 17.85 17.03

*FeOT expressed as FeO, Mg#=Mg/(Mg+Fe2+); Cr#=Cr/(Cr+Al); b.d.I: below detection limit.
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Table C4_4. Continued.

Sample 08-SCB-127  08-SCB-127 08-SCB-127  08-SCB-127 14-SC-1 14-SC-1 14-SC-1 14-SC-1
Rock type Harzburgite Harzburgite

Group A A A A B B B B
Mineral Augite Diopside Diopside

Major elements (wt%)

Sio, 52.70 51.86 52.31 52.20 54.25 54.32 54.18 54.04
TiO, 0.29 0.31 0.24 0.31 0.02 b.d.l 0.05 0.04
Al,O4 4.52 4.45 3.71 4.18 1.14 1.25 1.25 1.37
Cr,0; 0.50 0.49 0.48 0.40 0.39 0.49 0.50 0.59
V,0; n.a n.a 0.03 0.09 0.01 0.02 0.01 0.04
FeO* 2.78 2.96 2.40 2.67 2.23 2.13 2.03 1.98
MnO 0.07 0.10 0.11 0.08 0.09 b.d.l b.d.l 0.02
MgO 18.29 18.65 16.24 16.42 18.35 18.12 17.74 17.54
NiO 0.05 0.05 0.06 b.d.l 0.05 0.04 0.05 0.07
Cao 21.23 19.92 22.99 22.94 23.69 23.73 23.95 24.12
Na,O 0.56 0.72 0.78 0.81 0.05 0.04 0.06 0.04
Total 100.99 99.52 99.36 100.09 100.27 100.14 99.82 99.85
Formula based 6 oxygens

Si 1.88 1.87 1.91 1.89 1.96 1.97 1.97 1.96
Ti 0.01 0.01 0.01 0.01 0.00 - 0.00 0.00
Al 0.19 0.19 0.16 0.18 0.05 0.05 0.05 0.06
Cr 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.02
Vv - - 0.00 0.00 0.00 0.00 0.00 0.00
Fe' 0.06 0.09 0.06 0.07 0.02 0.00 0.00 0.00
Fe™ 0.02 0.00 0.02 0.01 0.04 0.06 0.06 0.06
Mn 0.00 0.00 0.00 0.00 0.00 - - 0.00
Mg 0.97 1.00 0.88 0.88 0.99 0.98 0.96 0.95
Ni 0.00 0.00 0.00 - 0.00 0.00 0.00 0.00
Ca 0.81 0.77 0.90 0.89 0.92 0.92 0.93 0.94
Na 0.04 0.05 0.05 0.06 0.00 0.00 0.00 0.00
Wo % 43.41 41.27 48.35 47.86 46.42 46.89 47.69 48.16
En % 52.04 53.77 47.52 47.67 50.03 49.82 49.15 48.73
Fs % 4.66 4.95 4.13 4.47 3.55 3.29 3.16 3.12
Mg# 92.14 91.83 92.34 91.64 93.62 93.81 93.97 94.04
Crit 6.91 6.92 8.03 6.06 18.67 20.82 21.16 22.41

*FeOT expressed as FeO, Mg#=Mg/(Mg+Fe2+); Cr#=Cr/(Cr+Al); n.a: not analyzed; b.d.I: below detection limit.
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from Ishii et al. (1992), Parkinson and Pearce (1998), Pearce et al. (2000). The Puerto Rico pyroxene compositions
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4.3.4. Serpentine group minerals

Serpentine from group A has high Al,O, (1.60-4.11 wt.%) and low FeO, (2.67-4.10 wt.%) (Fig. C4_9A),
pointing to the tschermak exchange vector (Si(Mg, Fe)-Al ) as the main control on Al contents (Table
C4_5). The negative correlation between Fe and Mg denotes the FeMg , exchange vector (Fig. C4_9B).
Group B serpentine is depleted in ALO, (<0.67 wt.%) and enriched in FeO, (1.54-8.26 wt.%) relative to

Group A serpentine, whereas Mg# is similar in the two groups (group A: 0.94-0.96; group B: 0.88-0.98;

Fig. C4_9B).
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Figure. C4_9 Serpentine group mineral composition of group A and B rocks from the serpentinitic matrix of VCSM.
A) Al vs Si. B) Fe vs Mg.

Raman spectroscopy allows lizardite to be characterized as the most abundant phase in bastite and
mesh textures (Fig. C4_10A and C4_10B) from both groups, though rare antigorite is locally present (Fig.

C4_10C). Late serpentine veins of group A are formed by chrysotile (Fig. C4_10D).
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Table C4_5. Representative analyses of serpentine group minerals from serpentinitic matrix .

Sample 09-LV-12A  LV-2 LV-2  08-SCB-127 09-LV-11B 14-SC-5 09-LV-1A 14-SC-1
Rock type Serpentinite Harzburgite Serpentinite Harzburgite
Group A A A A B B B B
Mineral Serpentine Serpentine

Major elements (wt%)

Sio, 41.07 41.41 41.53 42.58 42.44 42.94 43.75 41.54
TiO, 0.08 0.04 0.04 0.04 b.d.l b.d.l b.d.l b.d.l
Al,0;4 291 411 3.09 2.39 b.d.l 0.26 0.17 0.03
Cr,04 0.86 0.48 0.58 0.08 0.03 0.02 b.d.l b.d.l
V,0, b.d.l n.a n.a 0.01 b.d.l 0.03 b.d.l 0.02
FeO* 3.23 3.89 3.80 2.99 5.56 1.91 271 5.76
MnO 0.08 0.06 0.11 0.03 0.03 b.d.l b.d.l b.d.l
ZnO b.d.l n.a n.a 0.01 b.d.l 0.05 b.d.l 0.04
MgO 35.87 36.49 38.50 38.99 37.15 41.04 40.06 38.59
NiO 0.36 0.27 0.07 0.07 0.15 0.27 0.33 0.29
Ca0 0.03 0.09 0.02 0.05 0.08 0.06 0.06 0.03
Na,O b.d.l 0.02 b.d.l b.d.l b.d.l b.d.l b.d.l 0.02
K,0 b.d.l b.d.l b.d.l n.a b.d.l b.d.l 0.01 n.a
cl n.a 0.07 b.d.l 0.02 n.a n.a n.a 0.04
Total 84.49 86.93 87.73 87.26 85.44 86.62 87.09 86.36
Formula based 14 oxygens

Si 3.97 390 3.88 3.97 4.09 4.02 4.08 3.99
Ti 0.01 0.00 0.00 0.00 - - - -
Al 0.33 046 0.34 0.26 - 0.03 0.02 0.00
Cr 0.07 0.04 0.04 0.01 0.00 0.00 - -
v - - - 0.00 - 0.00 - 0.00
Fe* 0.26 0.31 0.30 0.23 0.45 0.15 0.21 0.46
Mn 0.01 0.00 0.01 0.00 0.00 - - -
Zn - - - 0.00 - 0.00 - 0.00
Mg 5.16 5.12 5.36 5.41 5.34 5.73 5.57 5.52
Ni 0.03 0.02 0.01 0.01 0.01 0.02 0.02 0.02
Ca 0.00 0.01 0.00 0.00 0.01 0.01 0.01 0.00
Na - 0.00 - - - - - 0.00
K - - - - - - 0.00 -
Cl - 0.01 - 0.00 - - - 0.01
Mgt 0.95 0.94 0.95 0.96 0.92 0.97 0.96 0.92
Mg+Fe+Mn+Ni 5.46 545 5.67 5.65 5.80 5.90 5.81 6.01

*FeOT expressed as FeO, Mg#=Mg/(Mg+Fe2+); n.a: not analyzed; b.d.I: below detection limit.
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Figure. C4_10 Micro-Raman spectra of serpentine in group A and B rocks from the serpentinitic matrix of VCSM.

A) and B) Spectra of lizardite in bastite and mesh texture of group A and B rocks, respectively. C) and D) Antigorite

and chrysotile spectra in group A rocks. Point analysis of Micro-Raman spectra in figures C4_3 and C4_4. Reference

Raman spectra of lizardite from Groppo et al. (2006).
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4.3.5. Chlorite

Chlorite from both groups of rocks is clinochlore (29.37-34.66 wt.% SiO,; 31.16-34.88 wt.% MgO and
Mg#=0.92-0.95; Table C4_6).

Table C4_6. Representative analyses of chlorite from serpentinitic matrix.

Sample 08-SCB-127 LV-2 7-LV-19A 7-LV-19A

Rock type Harzburgite Serpentinite Serpentinite Serpentinite
Group A A B B
Mineral Chlorite Chlorite

Major elements (wt%)

Sio, 33.24 30.60 32.50 34.66
TiO, b.d.I 0.04 b.d.l b.d.l
Al,O4 17.02 20.75 18.14 15.97
Cr,05 0.02 0.12 0.09 0.15
FeO* 3.32 4.21 4.09 4.18
MnO b.d.l 0.04 0.05 0.05
MgO 34.33 32.14 33.16 33.93
NiO 0.07 0.08 0.19 0.30
Cao 0.03 0.00 0.02 0.02
Total 88.03 87.98 88.24 89.26
Formula based 28 oxygens

Si 6.18 5.73 6.06 6.38
Ti - 0.01 - -
Al 3.73 4.58 3.98 3.46
Cr 0.00 0.02 0.01 0.02
Fe*? 0.52 0.66 0.64 0.64
Mn - 0.01 0.01 0.01
Mg 9.51 8.96 9.21 9.31
Ni 0.01 0.01 0.03 0.04
Ca 0.01 0.00 0.00 0.00
Mg# 0.95 0.93 0.94 0.94

*FeOT expressed as FeO, MgH#=Mg/(Mg+Fe2+); b.d.l: below detection limit.
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4.4. Whole-rock composition

4.4.1. Major elements

The loss on ignition (LOI) values of serpentinized peridotites and serpentinites range from 11.72 wt%
to 13.8 wt% in group A and 12.37 wt% to 16.4 wt% in group B, indicating high hydration up to fully
serpentinized peridotite (see Table C4_7). For this reason, the major element compositions of studied
samples are given below in an anhydrous basis. Major element concentrations of group A and B have a
similar SiO,/MgO ratio (c. 0.8-1; Fig. C4_11A) with variable contents of FeO, and CaO (Fig. C4_11B and
C4_11C). However, group A displays high contents in Al,O, (1.48-3.66 wt% vs 0.28-1.75 wt% group B; Fig.
C4_11A) and TiO, (0.04-0.1 wt% group A vs <0.03 wt% group B; Fig. C4_11D) with respect to group B

samples.
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Figure. C4_11 Whole-rock composition of serpentinized peridotites and serpentinites from serpentinitic matrix
of the VCSM. A) MgO/SiO, vs. AL,O /SiO,. B) FeO, wt% vs AlLO wt%. C) CaO wt% vs AL,O, wt%. D) TiO, wt% vs
AlLO, wt%. Other peridotites and serpentinites plotted for comparison: central Cuba (abyssal and forearc related
serpentinites: Hattori and Guillot, 2007; Deschamps et al., 2012), eastern Cuba (backarc-related Moa-Baracoa, and
forearc-related Mayari-Cristal Massif, Marchesi et al., 2006); Dominican Republic (abyssal- and forearc-related
peridotites from Loma Caribe, Camu and Septentrional fault zone, Puerto Plata and Rio San Juan: Saumur et al.,
2010; Escuder et al., 2014; Marchesi et al., 2016), Puerto Rico (abyssal-related peridotites from Monte del Estado,
Marchesi et al., 2011). Fields of abyssal (Mid Atlantic Ridge and Hess Deep: Kodoldnyi et al., 2012; Mid Atlantic
Ridge: Paulick et al., 2006; Southwest Indian Ridge, American Antartic Ridge, Central Indian Ridge, Pacific Antartic
Ridge: Niu, 2004), fracture zone (PetDB compilation, Lehnert et al., 2000) and Mariana forearc (Ishii et al., 1992;
Savov et al., 2005; Kodoldnyi et al., 2012) are plotted for reference. Estimated composition of depleted mantle
(DM) is from Salters and Stracke (2004). Dashed lines of SiO, gain and MgO loss by Malvoisin (2015). All data are
presented on anhydrous basis.
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Chapter 4 Serpentinitic matrix of VCSM

4.4.2. Trace elements

C1 chondrite-normalized Rare Earth Element (REE) compositions of group A samples have lower
contents of Light Rare Earth Elements (LREE) (La, /Sm  =0.13-0.94) relative to middle REE (MREE) and
heavy REE (HREE) (Gd, /Lu, =0.40-0.75) and variable Eu anomaly ((Eu/Eu’), =0.61-1.70) (Fig. C4_12A).
On the other hand, group B rocks are depleted in all REE (Fig. C4_12B), though LREE (La,/Sm, =0.82-6.08)
and HREE (Gd, /Lu = 0.19-0.73) are enriched relative to MREE, resulting in concave upwards U-shaped

normalized patterns (Fig. C4_12B). The Eu anomaly in group B is variable from negative to positive (Eu/

Eu’), =0.56-1.96 (Fig. C4_12B).
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Figure. C4_12 Normalized trace element composition from the serpentinitic matrix of the VCSM. A) and B)
Chondrite-normalized whole-rock REE composition. C) and D) Primitive mantle-normalized whole-rock trace
element composition. Chondrite (C1) and primitive mantle (PM) normalizing values are from McDonough and Sun
(1995). Black line is depleted mantle (DM) composition from Salters and Stracke (2004). See references in Fig.
C4_11 for central Cuba, abyssal, fracture zone and forearc peridotites.
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Large ion lithophile elements (LILE; Cs, Rb, Ba and U) in group A and B are enriched (Fig. C4_12C,
C4_12D, C4_13A and C4_13B). Most notably, the High Field Strength Elements (HFSE) illustrate the
contrasting nature of the two groups of rocks (Fig. C4_13C), group A having high contents of HFSE (e.g.,

Ti, Fig. C4_13C), whereas group B is depleted.
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Figure. C4_13 Whole-rock trace elements for group A and B rocks from the serpentinitic matrix of VCSM. A) U
vs Lu,. B) Ba vs Hf and C) Ti vs Lu,. Depleted mantle (DM) composition from Salters and Stracke (2004). Lu is
normalized to C1 chondrite composition of McDonough and Sun (1995). Fields of abyssal, fracture zone and forearc

are plotted for reference (References as in Fig. C4_11).
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4.4.3. Platinum-group elements

The Platinum-group elements (PGE) have similar concentrations in both groups of rock: group A with
42 ppb and group B with 36 ppb (Table C4_7). The concentrations of Ir group elements (Ir, Os and Ru) are
close to depleted mantle (Figs C4_14A and C4_14B), while Pd group elements (Rh, Pt and Pd) are slightly
enriched relative to depleted mantle (Figs C4_14A and C4_14B).
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Figure. C4_14 A) and B) PGE spider diagram of group A and B rocks from serpentinitic matrix of VCSM normalized
to primitive mantle (PM). Plotted for comparison are forearc serpentinites from central Cuba (Hattori and Guillot,
2007); Dominican Republic (Saumur et al., 2009) and depleted mantle (black line, Salters and Stracke, 2004).
Primitive mantle normalizing values are from McDonough and Sun (1995).

4.4.4. Nd-Sr-Pb-B isotope systematics

The isotopic compositions of studied samples in both groups are similar with the exception of B
isotopes (Table C4_8). Measured #’Sr/%°Sr and **Nd/***Nd ratios in group A rocks range 0.70492-0.70853
and 0.51247-0.51274, respectively, while measured 2*°Pb/?**Pb (18.02-18.45), 2°’Pb/***Pb (15.56-15.62)
and 208Pb/2%Pb ratios (37.92-38.34) show restricted variation. Group B rocks have measured ®Sr/®°Sr
values of 0.70665-0.70776 and ***Nd/***Nd of 0.51249 (measurement was only possible in one sample;
see Samples and Methods. Group B displays restricted measured 2°Pb/?**Pb (17.97-18.23), 2’Pb/?**Pb
(15.48-15.63) and 2°%Pb/***Pb ratios (37.60-38.35). Group A rocks show a range of 6B of 1.43-11.10%o,
whereas group B has higher values of 6B (18.23%o).
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4.5. Discussion of serpentinitic matrix of the VCSM

4.5.1. Enrichment processes in the serpentinitic matrix of VCSM

Serpentinized peridotites and serpentinites from the matrix of the VCSM exhibit variable degrees of
serpentinization (c. 45% to 100%; Table C4_7). In order to track the peridotite primary processes, first
we focus on the effects of enrichment and element mobility. Group A and B rocks display low values of
MgO/SiO, in comparison to the mantle array (Fig. C4_11A; Niu, 2004 and references therein). This is in
agreement with a process of enrichment (melt/fluid) and magmatic depletion (e.g., Niu, 2004). Group A
and B rocks underwent MgO loss and SiO, enrichment (c. 25% MgO loss and c. 15% SiO, gain, Fig. C4_11A;
e.g. Malvoisin, 2015 and references therein). The MgO depletion may be a consequence of serpentinite
formation after olivine and dissolution of brucite (e.g. Niu, 2004; see also mesh texture in supplementary
material Figs. C4_3E and C4_4E). The enrichment in SiO, could be due to serpentinization. Fluids enriched
in silica interact with peridotite at high fluid-rock interaction (e.g. Paulick et al., 2006; Boschi et al., 2008;
Malvoisin, 2015). The CaO vs AlLO, diagram shows poor correlations in group A and B rocks (Fig. C4_11C).
Some authors suggest depletion of Ca is a result of serpentinitzation (e.g. Janecky and Seyfried, 1986;
Palandri and Reed, 2004; lyer et al., 2008). Notwithstanding, it is difficult to assess if such depletion is
linked to depletion of the peridotitic protoliths (Deschamps et al., 2013). In addition, AL O,, and TiO, are
considered unchanged during serpentinization, as evidenced by their positive correlation (Fig. C4_11D;

Niu, 2004 and references therein).

Group A and B rocks have a positive correlation with high field strength elements (HFSE) and MREE to
HREE, which indicates behaviour was associated with magmatic process (Fig. C4_11C, C4_11D, C4_15A
and C4_15B), like mantle partial melting (e.g. Niu, 2004; see below chapter 4.5.3). At low temperature
conditions (< 400-500 2C) the HFSE (e.g. Nb, Ti and Hf) behave as immobile elements (You et al., 1996;
Kogiso et al., 1997). Both groups nevertheless show an enrichment in large ion lithophile elements (LILE;
e.g. Cs, Rb, Ba and U), Pb and LREE (Fig. C4_15C). The high content in these elements could be associated
with enrichment processes related to melt/fluid peridotite interactions (e.g. Niu, 2004; Paulick et al.,
2006; Deschamps et al., 2013). LILE have been considered mobile in the presence of fluids, such as during
serpentinization (e.g. Niu, 2004; Savov et al., 2005 and references therein), as evidenced by the poor
correlation between LILE and HSFE (Fig. C4_13Aand C4_13B). The REE patterns show a relative enrichment
in LREE as opposed to HREE in group B rocks (Fig. C4_12, C4_15A to C4_15B). The LREE enrichment
in serpentinines has been associated with melt/rock interaction (e.g., Bodinier et al., 1996; Niu, 2004).
The post-melting refertilization best explains bulk-rock REE compositions. because LREE enrichments are
mobilized by fluid/melts at high T, which fits in a context of subduction initiation where melts have formed
due to mantle decompression. Such basaltic melts most likely interact with surrounding peridotites- giving

rise to LREE-enriched compositions.
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Figure. C4_15 Melting models for group A and B rocks from the serpentinitic matrix of VCSM. A) Sm, vs Lu,. B)
Dy, vs Lu,.C) La, vs Lu, plots. Spinel and garnet facies melting models are plotted for reference. Depleted mantle
(DM) composition from Salters and Stracke (2004). The modelling was done following the equation of hydrous non-
modal fractional melting (Johnson et al., 1990) in spinel and garnet peridotite facies. Source and melting modes
and partition coefficients are reported in chapter 3.9 and Table C3_2. Percentages indicate degrees of melting.

Fields of abyssal, fracture zone and forearc are plotted for comparison (references as in Fig. C4_11).

We consider that the enrichment process of VSCM serpentinites was controlled by fluids/melts in a
context of abyssal and/or subduction zone setting. Late serpentinization can be related to a seawater
alteration of oceanic lithosphere (e.g., Boschi et al., 2008; Delacour et al., 2008) and/or be produced by
fluid release from slab devolatilization in the context of a subduction setting (e.g., Spandler and Pirard,
2013; Baitsch-Ghirardello et al., 2014; Ribeiro et al., 2015; Cannad et al., 2016). Major and trace elements
of Aand B serpentinized peridotites and serpentinites from VCSM show contrasted compositional features
of abyssal and mantle wedge serpentinites, respectively (Fig. C4_11, C4_12,C4_13 and C4_15). Thus, the

key is to assess the contribution of the seawater/slab devolatilization in the serpentinization process.
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4.5.2. Role of serpentinization and fluid reservoirs in a subduction context

The isotopic signature of group A and B rocks is quite similar, and far from the typical depleted mantle
isotopic signature of unaltered peridotites (Figs. C4_16 and C4_17; Rehkamper and Hofmann, 1997). In
addition, similar contents in LILE and LREE in both rock groups are in line with similar isotopic signatures,
pointing to the same process of enrichment, i.e., serpentinization (Figs C4 16 and C4_17). The Nd, Sr and
B isotopic signatures of A and B rocks do not show the typical **Nd/***Nd depletion, §''B enrichment and
high #Sr/2%Sr values related to seawater (Figs C4_16 and C4_17), the alteration of peridotite in mid-ocean
ridge and fracture zone setting (e.g., Snow et al., 1994; Hart et al., 1999; Delacour et al., 2008; Kodolanyi
et al., 2012). Therefore, the isotopic signature of group A and B rocks cannot be explained merely by

seawater alteration.

The VCSM serpentinized peridotites and serpentinites were, at some point, related to a subduction
setting. The potential reservoirs may therefore be related to such a geodynamic setting. Many serpentinitic
mélanges form along the subduction channel in the slab-mantle interface (e.g. Shervais et al., 2011), where
different types of fluids evolving from the slab are available for metasomatic alteration of surrounding
mantle (e.g., Scambelluri et al., 2004a; King et al., 2006; Angiboust et al., 2012; Spandler and Pirard, 2013;
Baitsch-Ghirardello et al., 2014). Serpentinized peridotite (SPER; peridotite serpentinized by seawater),
altered oceanic crust-derived fluid (Staudigel et al., 1995; Kelley et al., 2003) and global subducting

sediment-derived fluid (Johnson and Plank, 1999; Plank, 2014) are the most important sources.

Among these, we consider potential isotopic reservoirs, taking into account the subduction setting
of the Proto-Caribbean plate at c. 125 Ma (Rojas-Agramonte et al., 2012). In this context, we evoke: 1)
peridotite partly serpentinized by seawater (SPER, Figs C4_16 and C4_17), as expected in a slow spreading
ridge (Cannat, 1993); and 2) fluid derived from altered oceanic crust reservoir (AOCF; Kelley et al., 2003),
calculated according to the partition coefficients of Johnson and Plank (1999) and Tonarini et al. (2007).
Finally, 3) fluid derived from global subducting sediment reservoir (GLOSSF; Plank, 2014), calculated using
the average composition of subducting sediments found in deep sea trenches around the world (see
Plank, 2014; Fig. C4_16) and partition coefficients of Johnson and Plank (1999) and Tonarini et al. (2007)

(see chapter 3.10 and Table C3_3 for further explanation of endmembers).

The contribution of a mixture of AOCF and GLOSSF with serpentinized peridotite (SPER) explains the
isotopic composition of Nd, Sr and B isotopes in the serpentinized peridotites and serpentinites of VCSM
(Figs. C4_16 and C4_17). Yet the Pb isotopic ratios of A and B rocks cannot be explained by a mixture of
AOCF-GLOSSF with the serpentinized peridotite endmember. Moreover, serpentinites from VCSM have
low radiogenic 2°°Pb/2%“Pb and 2°®Pb/?%“Pb, evidencing a third endmember with high #Sr/®Sr (c. 0.710) and
low *Nd/**Nd (c. 0.5120), 6B (c. -4), 2°°Pb/?*“Pb (c. 18) and 2°®Pb/?**Pb (c. 38). Such an endmember is

identified as a terrigenous reservoir (TER) (unaltered crustal sediments: Poli and Schmidt, 2002; Rudnick
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and Gao, 2003) containing sediments derived from the basement of Southern Mexico and the Colombian
Andes (NW Gondwana; Fig. C4_16), which represents the most probable type of sediments entering the
subduction channel at c. 125 Ma (see chapter 7; e.g. Rojas-Agramonte et al., 2016 and references therein).
The basement rocks of Southern Mexico and the Colombian Andes were generated at c. 1.1- 1.4 Ga, as
evidenced by granulites and migmatites (Ruiz et al., 1999; Weber et al., 2010). Pre-magmatic zircons of
gneiss, migmatite and volcanic rocks (250- 1100 Ma) with Hf model ages close to c. 1.1-1.4 Ga point to
the same event of basement formation (Weber et al., 2010; Rojas-Agramonte et al., 2016). In addition,
lead isotopes in juvenile magmas from Cuba and Hispaniola display the Pb signature of ancient basement
(likely Gondwana-related, Kamenov et al., 2011). Therefore, we calculated the isotopic evolution of the
basement reservoir of Rudnick and Gao (2003) at c. 1.2 Ga following Stracke et al. (2003a) and Willbold
and Stracke (2006), with the partition coefficients of Johnson and Plank (1999) and Tonarini et al. (2007)
for the fluid (terrigenous fluid: TERF).

The isotopic signature of the slab fluid is calculated using variable proportions of AOCF, GLOSSF and TERF
endmembers. Depending on the endmember proportions used for slab fluid, the mixing line between slab
fluid and serpentinized peridotite will vary, according to their own compositions (Figs. C4_16 and C4_17).
Hence, mixing proportions of different fluid endmembers (termed here slab fluid) with serpentinized
peridotites are only guidelines for the more probable reservoirs of fluid that interacted with peridotites of
the VCSM. We selected the slab-fluid composition with a high contribution of AOCF to assess the effect of
AOCF, slab-fluids 1 to 3 (Figs. C4_16 and C4_17; e.g. Hauff et al., 2003 and references therein). The effect
of sedimentary contribution (GLOSSF and TERF) is evaluated by means of slab fluids 4 and 5 (Figs. C4_16
and C4_17). The slab fluid that best describes the composition of group A and B rocks contains TERF in
higher amounts than GLOSSF. When GLOSSF is the main component, the resulting mixing line (slab fluids
3 and 4) shows high values of 2°°Pb/2%*Pb, 2°7Pb/?**Pb and 2°Pb/?**Pb, which are not consistent with group
A and B rocks. Therefore, slab fluids that better explain the isotopic signature of rocks of the VCSM are
those with high contents of AOCF and TERF. When the fluid mixtures here considered (SPER-Slab fluids 1,
2,3, 4 and 5) interact with a serpentinized peridotite (see mixing lines, Figs. C4_16 and C4_17), only c. 2%

of slab fluid is needed to explain the variability of group A and B rocks.

Nevertheless, B isotopes overestimate the amount of slab fluid (10%-40%; Fig. C4_17). This can be
traced to the fractioning effect of B (c.f. Bonatti et al., 1984; Scambelluri et al., 2004b; Vils et al., 2008 and
2009). The B content of SPER is typical of seawater serpentinization (Vils et al., 2008 and 2009), which
differs by two orders of magnitude from the slab fluid endmember. Such differences in B content cause a
higher percentage of slab fluid to move towards the SPER endmember (due to lower B content), thereby

leading to an overestimation of the slab fluid contribution of groups A and B.
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Figure. C4_16 Nd, Sr and Pb isotopes of serpentinitic matrix rocks from VCSM. A) **Nd/***Nd, vs ¥Sr/**Sr . B) Sr/*Sr,
vs ?7Pb/**Pb,. C) *’Pb/***Pb, vs **Pb/***Pb,. D)**Pb/**Pb, vs ***Pb/***Pb, diagrams. Field outlines are composed of
subducting sediments found in deep sea trenches around the world (orange field; Plank, 2014), basement rocks

of Southern México and Colombian Andes (dashed line, Ruiz et al., 1999) and Neogene volcanic arc lavas from
Hispaniola (grey field; Kamenov et al., 2011). DM (Depleted Mantle), AOCF (altered oceanic crust fluid), GLOSSF
(global subducting sediment fluid), TERF (terrigenous fluid), SW (seawater) and SPER (serpentinized peridotite)
are isotopic reservoir endmembers. More information on endmember sources in chapter 3.10 and Table C3_3.
Seawater-DM mixing line was calculated following the equations of McCulloch et al. (1981). AOCF-GLOSSF, TERF-
GLOSSF, TERF-AOCF and SPER-Slab fluids 1 to 5 were calculated using the equation of isotopic mixture from Faure
and Mensing (2005). The proportions of AOCF: GLOSSF: TERF in all slab fluids are shown in the legend. All mixing

lines, endmembers and samples were age corrected at c. 125Ma to the eclogitic metamorphic peak event in VCSM

that indicates pre-Aptian subduction (Garcia-Casco et al., 2002). The actual seawater and its mixing line, as well as

reference abyssal samples (Delacour et al., 2008), were not recalculated to 125 Ma.
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Our findings suggest that a small input of slab fluid is enough to reset the primary signature of seawater
alteration (e.g. Cannad et al., 2016 and references therein). The combination of enriched fluids such as
AOCF, GLOSSF and TERF is the most feasible cause of element enrichment. In fact, Deschamps et al. (2012)
and Hattori et al. (2007) propose heterogeneous sedimentary fluid sources for Cuban serpentinites to
explain their Sr and Pb isotopic signatures. Geochemical thermo-mechanical numerical modelling (Gerya
et al., 2002; Baitsch-Ghirardello et al., 2014) carried out using Pb isotopes at subduction settings supports
the idea of self-organized of flow patterns that favour physical and geochemical mixture of slab fluids
(subducting sediments and oceanic crust) in the subduction channel. Bebout and Penniston-Dorland
(2016) use field evidence to show how subducting fluids from different sources are capable of moving

through subduction channel mélanges that act as a conduit for fluids (see chapter 7).
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4.5.3. Geochemical fingerprints of mantle source and partial melting processes

The petrogenetic evolution of group A and B rocks is preserved in relict phases (Cr-spinel, olivine,

orthopyroxene and clinopyroxene) and whole-rock major and trace element composition.

Group A serpentinized peridotites and serpentinites have olivine - Cr-spinel pairs that plot in the
olivine-spinel mantle array (OSMA) with low Cr# in Cr-spinel, and forsterite content in olivine of 90%
to 92% (Fig. C4_7). These rocks moreover contain Al-rich ortho- and clinopyroxenes (Fig. C4_8). Such
mineralogical features are typical of fertile MORB-like mantle (abyssal peridotites) that underwent a low
degree of partial melting (Figs. C4_6 and C4_8; Choi et al., 2008 and references therein). Major and
trace elements also underline the fertile character of group A rocks, with high contents in Al,O, and TiO,
(Fig. C4_11D). The C1-normalized REE patterns of these rocks resemble those of a depleted mantle that

underwent low melt extraction (Fig. C4_12A; e.g., Niu, 2004).

Group B rocks have olivine-Cr-spinel pairs that fall in the OSMA array, but with high Cr# in Cr-spinel
and forsterite content of 91%-93% (Fig. C4_7). Orthopyroxenes from these rocks are Al-poor (Fig. C4_8).
These mineralogical characteristics suggest a refractory character associated with high degrees of partial
melting (e.g. Parkinson and Pearce., 1988; Parkinson et al, 1992; Pearce et al., 2000; Choi et al., 2008; Saka
et al., 2014; Cao et al., 2016). It is further evidenced by lower Ca0O, Al,O, and TiO, contents (Fig. C4_11),
as well as by depletion in HFSE and REE in comparison to depleted mantle (Figs. C4_12 and C4_13). The
normalized REE pattern displays low MREE and slightly enriched HREE, showing a “U” shaped pattern (Fig.
C4_12B). The progressive depletion in LREE and enrichment of MREE to HREE would indicate a high extent
of partial melting (e.g, Savov et al., 2005; Deschamps et al., 2013; Cao et al., 2016).

Such contrasted mineralogical and geochemical characteristics indicate that the VCSM serpentinized
peridotites and serpentinites represent different mantle domains. In order to constrain the melting
process of ultramafic rocks in the VCSM, we model hydrous fractional non-modal melting of depleted
mantle (see chapter 3.9 and Table C3_2 for procedure). We use fractional melting modelling because it is
the closest approximation to peridotite formation in oceanic lithospheric mantle (cf., Dick, 1989; Johnson

et al., 1990; Johnson and Dick, 1992; Seyler et al., 2001).

The melting modelling was carried out considering two cases for each group of peridotites: Case X)
melting in garnet facies and case Y) melting in spinel facies of a depleted mantle (DM), with one- and two-

step melting for both cases.

The modelling results of group A peridotites are displayed in figures C4_15 and C4_18. Case X, with
one-step melting in the garnet facies modellization, results in steep slopes, an image which does not
fit with the compositions of group A rocks (Fig. C4_18A). Case X with two-step melting was carried out

by first melting in garnet facies at 4% followed by a second step under the spinel facies conditions (Fig.
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C4_18B). The better fit of group A rock compositions would correspond to 4% to 8 % melting in the spinel
facies (Figs. C4_18C and C4_18D). Case Y with one-step melting in the spinel facies shows a good fit with
group A rocks that experienced 4%-6% of melting (Fig. C4_18C). Two-step melting of the order of 4% (first
step) and 2% to 4% (second step) results in compositions similar to those found for group A rocks (Fig.

C4_18D).

To sum up, the modelling results that best fit group A rocks is case Y, indicative of low degrees of partial
melting (c. 4% to 6% of one-step melting in spl-peridotite and 2% to 4% of two-step melting, Fig. C4_18),

which confirms their fertile character.
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Figure. C4_18 Non-modal fractional melting modelling of studied group A peridotites from the serpentinitic matrix
of VCSM. A) and B) case X modelling for melting at the garnet peridotite facies. A) One simple batch of melt (dashed
lines); B) Two batches of melting (second in the spinel facies). C) and D) case Y modelling at spinel peridotite facies.
C) One-step melting; D) Two-step melting. Melting models calculated using equation of Shaw (2000). Depleted
mantle (DM) composition is from Salters and Stracke (2004). See chapter 3.9 and Table C3_2 for details. Percentages
indicate degree of melting.
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The melting modelling of group B rocks is shown in figures C4_15 and C4_19. Case X, with one-step
melting at the garnet facies, do not fit group B compositions (melting curves are highly enriched in HREE,
Fig. C4_19A). Two-step melting of 4% grt-peridotite first with a second spl-peridotite would fit group B
rocks for 14% to 20% melting (Fig. C4_19B). Case Y (spinel-peridotite facies) melting modelling curves also
fit with group B compositions for 14% to 20% at one step (Fig. C4_19C), or 10% to 18 % melting in two
steps (Fig. C4_19D). All modellings except case X with one step melting —that is, case X two-step and case
Y one- and two-step melting— predict high degrees of partial melting for group B peridotites. This process

can explain the depletion of REE and demonstrates the strong residual character of group B.
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Figure. C4_19 Non-modal fractional melting modelling of studied group B peridotites from the serpentinitic matrix
of the VCSM. A) and B) case X modelling for melting at garnet peridotite facies. A) One simple batch of melt (dashed
lines); B) Two batches of melting (second in spinel facies). C) and D) case Y modelling at spinel peridotite facies. C)
One step-melting; D) Two-step melting. Melting models calculated using equation of Shaw (2000). Depleted mantle
(DM) composition is from Salters and Stracke (2004). See chapter 3.9 and Table C3_2 for details. Percentages
indicate degree of melting.
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The modelling results of group A and B peridotites agree with those obtained using compositions of
spinel, olivine and pyroxene compositions modelled by Choi et al. (2008) and Dupuis et al. (2005), which
predict 3% to 10% of partial melting for group A and 17%-30% for group B (Figs. 6C and 6D).

The two groups of rocks crop out close to each other in the field (Fig. C4_1), suggesting that they are
genetically related, forming part of the same lithosphere. The contrasted partial melting degrees can
only be explained if group B rocks are the result of melting group A peridotite (Fig. C4_20A and C4_20B).
Case X (grt-peridotite facies Fig. C4_20) cannot explain group A compositions in a first step of melting;
a second step is needed. As a consequence, group B should be the result of a third step melting (Fig.
C4_20A). This possibility would favour case Y (spl-peridotite facies; Fig. C4_20B). Because case X of step 1
melting cannot explain group A compositions, a second step must account for their compositions (step 1
in grt-peridotite, step 2 in spl-peridotite, Fig. C4_20A). Hence, a third step of melting is needed to explain
group B compositions (Fig. C4_20A). On the other hand, case Y could easily explain groups A (one step)
and B (two step) compositions for spinel facies (Fig. C4_20B), although in chapter 7 extensive discussion

addresses this possibility.

Serpentinized peridotites and serpentinites of group A have mineral and whole-rock compositions
that correspond to abyssal/fracture zone peridotites (Figs. C4_6 to C4_13 and C4_15). Melting modelling
supports this evidence, because low degrees of partial melting are expected in abyssal/fracture zone
settings (Fig. C4_15, Warren, 2016 and references therein). In contrast, group B rocks have refractory
mineral, whole-rock compositions, and higher degrees of partial melting (c. 14-30%), typical of forearc
settings (Figs. C4_6 to C4_13 and C4_15; Savov et al., 2005). The compositional features of ultramafic
rocks in VCSM are similar to other ophiolitic peridotites around the Caribbean realm. The Sierra del
Convento and La Corea mélanges (eastern Cuba mélanges [Blanco-Quintero et al., 2011a; Cardenas-
Parraga et al., 2017], Puerto Plata, Rio San Juan Dominican Republic; Saumur et al., 2010; Deschamps
et al., 2012; Escuder et al., 2014) and Monte del Estado complexes (Puerto Rico; Marchesi et al., 2011)
represent abyssal peridotites formed in a mid-ocean ridge spreading centre (Figs. C4_11 and C4_12)
having compositions similar to group A rocks from this study. In contrast, ophiolitic peridotites in Mayari-
Cristal, Moa Baracoa (eastern Cuba; Marchesi et al., 2006) and Camu and Septentrional fault zones
(Dominican Republic; Saumur et al., 2010; Escuder et al., 2014) display compositions that are associated
with backarc and forearc settings (Figs. C4_11 and C4_12). The Loma Caribe peridotite (Cordillera Central,
Dominican Republic; Marchesi et al., 2016) displays two main compositions interpreted as a combination
of abyssal and forearc settings. The combinations of both tectonic settings explain the assemblage of
group A and B rocks in the VCSM. Group A and B ultramafic rocks are found close to each other at the
outcrop scale. Thus, the key issue is addressing the geodynamic setting that could explain the presence of

these heterogeneous rocks in the same subduction environment.
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Figure. C4_20 Contrasted melting modellings for group A and B peridotites from the serpentinitic matrix of the
VCSM. A) Initial melting at garnet facies. B) Initial melting at spinel facies. Case X has a first step melting at garnet-
peridotite facies, a second step at spinel facies of an already depleted mantle source (4% in grt-peridotite), and a
third step at spinel facies conditions of a depleted mantle source (4% at grt-peridotite facies and 6% at spl-peridotite
facies). Case Y has first and second step meltings at spinel-peridotite facies. The second is at 4% of depleted mante
source. Melting models calculated using equation of Shaw (2000). Depleted mantle (DM) composition from Salters
and Stracke (2004). See chapter 3.9 and Table C3_2 for details. Percentages indicate degree of melting.
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Chapter 5 Mafic crust of VCSM
5. The mafic crust of the Villa Clara serpentinitic mélange
5.1. Field relations

The mafic crust of the Villa Clara serpentinitic mélange (VCSM) occurs as dismembered tectonic blocks
included in serpentinite. The absence of a continuous foliation within blocks and serpentinite matrix, as
well as the absence of contact metamorphism, evidence a tectonic boundary between serpentinite and
blocks (Kanchev et al., 1978 and references therein). The tectonic blocks follow the main tectonic structures

and show irregular shape with metric to kilometric size (up to c¢. 10 km; Fig. C5_1).
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Figure. C5_1. Geological map of Las Villas 1:100000, indicating the main geologic features and sample locations

of the mafic crust of the VCSM (modified from Kanchev et al., 1978; Alvarez et al., 1991 and Garcia et al., 1998).
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The blocks of the mafic crust of the VCSM were described for the first time by Rutten et al. (1938) and
Kanchev et al. (1978), and were included in the Tobas Formation. This formation includes blocks of diabase,
microgabbro, layered gabbro, volcanic arc rocks, tuff and radiolarite of diverse origin (ophiolite and volcanic
arc). Other authors (Zelepuguin et al., 1982; Puscharovsky et al., 1989; Iturralde-Vinent, 1996¢c) have
distinguished diabase and microgabbro as the crustal section of the ophiolite, the Sagua la Chica Formation.
Paleontologic data of radiolarites interspersed with basalts yield an Early Cretaceous age (Rutten et al.,
1938; Llanes et al., 1998). In order to simplify the terminology, we refer to the mafic crust of the Villa Clara

serpentinitic mélange (VCSM).

In the outcrop, we distinguish two rock units in terms of appearance and rock textures: i) Sub-volcanic:

diabase and microgabbro; and ii) Plutonic: layered gabbro (Fig. C5_2).

The sub-volcanic unit occurs as discontinuous blocks, metres to decametres in length, within the
serpentinitic matrix (Fig. C5_2A to C5_2C). It is composed of breccified and massive bodies of diabase
and microgabbro (Fig. C5_2A and C5_2B). They show fine inequigranular porphyritic and typical ophitic
textures, and contain plagioclase, clinopyroxene and magnetite. Nevertheless, they display metamorphic
mineral assemblages with amphibole, epidote, chlorite and prehnite, which attest to the green-schist and

amphibolite facies assemblages.

The plutonic unit is discontinuous and decametric in length (Fig. C5_2D). It is composed of layered
gabbro, at decametric and hand sample scales (Fig. C5_2E). The layers exhibit coarse grain size and an
orientation of minerals that indicates a cumulate character (Fig. C5_2E). Layered gabbros contain plagioclase,
clinopyroxene, orthopyroxene and olivine. In some areas, they display metamorphic mineral assemblages
with amphibole, serpentine, epidote, chlorite and prehnite. Locally, the blocks of layered gabbros appear in

contact with diabase, and microgabbro by tectonic faults (Fig. C5_2F).
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' Sserpentinitic’
- Matrix

Figure. C5_2. Field relations of mafic rocks in Villa Clara serpentinitic mélange. A) General view of diabase and
microgabbro. B) Detail of diabase and microgabbro showing brecciated structures. C) Diabase blocks within the
serpentinitic matrix and a hand sample. D) Layered gabbro, diabase and microgabbro. Dotted lines indicate layers.
E) Detail of layered structures in cumulate gabbro showing massive structure. F) Detail of tectonic contact between

diabase/microgabbro and layered gabbros.
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5.2. Sub-volcanic unit: diabase and microgabbro

The diabase and microgabbro of this unit show plagioclase and clinopyroxene in the magmatic

assemblage. They can be discerned as two groups in terms of secondary mineral assemblages that replace

the magmatic assemblage. Group 1 consists of 10 samples (08-VC-1, 08-VC-2, 08-VC-9, 08-VC-10, 08-VC-

116, 08-VC-117, 08-SCB-40B, 08-SCB-116; 09-LV-4A, 14-SC-2) that do not contain quartz and alkali feldspar

in their secondary assemblage, whereas group 2 contains, in addition, these minerals (4 samples: 08-VC-21,

08-VC-22, 08-SCB-34D, 09-LV-8C).

98

5.2.1. Petrography

Diabase and microgabbro of groups 1 and 2 display plagioclase, clinopyroxene and accessory apatite,
magnetite and ilmenite as the primary assemblage. Amphibole, epidote, chlorite and prehnite are

metamorphic minerals present in both groups. Quartz and alkali feldspar occur in group 2.

These rocks have inequigranular, subophitic textures evidenced by euhedral crystals of plagioclase
(Figs. C5_3A and C5_3B). Clinopyroxene is located in the mesostasis where it partially includes plagioclase
crystals. Subophitic textures appear pseudomorphized due to the alteration of clinopyroxene by amphibole

(Fig. C5_3B).

Plagioclase is the most abundant mineral (c. 60 % vol.). It shows normal zoning as well as simple and
polysynthetic twins (Fig. C5_3B). In some samples plagioclase is deformed, as attested to by disruption
of the polysynthetic twins. Samples with fine-grained matrix have disoriented microliths of plagioclase,
¢. 100 um in size, that are more abundant than plagioclase phenocrysts (c. 500 um). In medium-grained
samples the plagioclase grains are 400 um in size. Clinopyroxene, c. 30-40 % vol., is usually found as
subhedral micro phenocrysts (c. 400 um in size) in fine grain samples (Figs. C5_3C and C5_3D). But in
medium-grained samples clinopyroxene reach up to 1 mm size. These rocks show a gradual decrease
of phenocryst grain size that signals a diabase to microgabbro texture. In the less altered samples,
clinopyroxene shows oriented exolutions of orthopyroxene (c. 10 um, Fig. C5_3E). Clinopyroxene is
generally replaced by amphibole (Fig. C5_3E). Magnetite and ilmenite (c. 5 % vol.) have euhedral to
subhedral shape and appear in contact with clinopyroxene and plagioclase, and locally, included by

amphibole. Apatite (1 % vol.) reflects a euhedral habit, locally included by amphibole.
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Figure. C5_3. Optical photographs and back-scatter electron images (BSE) of diabase and microgabbro blocks
of the mafic crust of the VCSM. A) Microgabbro with subophitic textures. Euhedral plagioclase with simple and
polysynthetic twins. Clinopyroxene partially replaced by amphibole. B) Typical pseudomorphosed subophitic
texture of diabase. Amphibole in the mesostasis replacing clinopyroxene. C) BSE image of plagioclase with normal
zoning; clinopyroxene displays patchy texture. D) Clinopyroxene replaced by amphibole and decusate microliths of
plagioclase. E) Detail of image C) Showing clinopyroxene with oriented orthopyroxene exolutions and replacement
by amphibole. F) Zoned amphibole and chlorite replacing amphibole. Epidote replaces plagioclase. G) Aggregates of
amphibole and epidote replacing plagioclase core. H) Prehnite after plagioclase and epidote replacing plagioclase

core.
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Inthe more intensely metamorphosed samples, amphibole with subhedral shape is the main secondary
mineral (c. 40 % vol.). It appears as large crystals (c. 500 pm) and shows zoning with brown cores and
marked pleochroism to green-pale green rims (Fig. C5_3F). Samples where clinopyroxene has been
completely replaced by amphibole display aggregates of amphibole that pseudomorphize clinopyroxene
(Fig. C5_3B). Amphibole is replaced by chlorite (Fig. C5_3F). Plagioclase displays replacement textures
attested by sericite, prehnite and epidote in the core and late rims of albite (Figs. C5_3G and C5_3H).
In group 2 samples, the cores of plagioclase grains were altered by alkali feldspar and epidote. In some

samples prehnite appears as late veins that crosscut primary assemblages and amphibole.

The order of magmatic crystallization was: apatite, magnetite-ilmenite, plagioclase, clinopyroxene.
Secondary assemblages started with formation of brown amphibole that replaced clinopyroxene, followed
by green amphibole (rim of brown amphibole and amphibole aggregates) and chlorite. Plagioclase was
altered to albite (plagioclase rim; Fig. C5_3F) followed by a later alteration of epidote, alkali feldspar and,

finally, replaced by sericite.

5.2.2. Mineral chemistry

The compositions of primary and secondary mineral assemblages are displayed below. The mineral
formula of feldspar was normalized to 8 oxygens, pyroxene to 6 oxygens, magnetite to 4 oxygens, ilmenite
to 3 oxygens, amphibole to 23 oxygens, epidote to 12.5 oxygens, prehnite to 11 oxygens and chlorite to

28 oxygens (more details in chapter 3).

5.2.2.1. Minerals of magmatic assemblage

Plagioclase is the most abundant mineral in diabase and microgabbro in group 1 and 2 rocks. In
group 1 its compositions range from bytownite (An, ) to Albite (An,) (Fig. C5_4). As described above,
plagioclase is zoned with bytownite-labradorite composition in the core that changes progressively to
albite towards the rim (Fig. C5_4A, Table C5_1). Group 2 compositions of magmatic plagioclase are not
preserved, displaying compositions from oligoclase (An_,) to albite (An; Fig. C5_4A, Table C5_1). Group

2 rocks bear alkali feldspar (Or,, ) replacing plagioclase.
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Greenschist

Figure. C5_4 Classification of feldspars of diabase and microgabbro in the An-Ab-Or diagram. A) Group 1. B) Group

B Or

Amphibolite Magmatic An Ab -“““-“--_A—n—w;)t;i-bolite An

2. Ab: Albite; Or: Ortose; An: Anorthite.

Table C5_1. Representative analyses of feldspars of the sub-volcanic unit.

Sample 08-VC-10 08-VC-117 14-SC-2 09-LV-4A 09-LV-4A 08-vC-21  08-VC-21  08-VC-22  09-LV-8C
Rock type Diabase Mirogabbro Microgabbro

Unit Sub-volcanic

Group 1 1 1 1 1 2 2 2 2
Textural

position Core Rim Rim Core Rim Core Core Core Core
Mineral Bytownite Albite Andesine  Labradorite  Oligoclase Oligoclase Albite Oligoclase Albite
Major elements (wt%)

Sio, 49.78 67.30 60.95 53.50 61.25 66.10 67.32 65.62 69.18
TiO, 0.05 b.d.l b.d.l 0.02 b.d.l b.d.l b.d.l 0.01 b.d.l
AI203 30.97 19.61 25.02 28.66 23.24 21.21 20.37 21.74 19.94
FeOT* 0.50 0.01 0.11 0.13 0.31 0.20 0.31 0.07 0.06
MnO 0.01 0.02 b.d.l b.d.l 0.03 0.01 0.03 0.02 b.d.l
MgO 0.03 b.d.l b.d.l 0.04 0.04 0.01 0.00 0.01 0.02
Ca0 14.83 0.42 6.54 11.29 4.73 2.43 1.20 2.64 0.49
SrO n.a. n.a. n.a 0.05 0.05 n.a. n.a. n.a. n.a.
BaO n.a. n.a. n.a 0.03 0.14 n.a n.a. n.a. n.a.
NaZO 3.44 11.84 7.63 5.20 9.00 10.86 11.00 10.80 11.11
KZO 0.02 0.03 0.14 0.07 0.21 0.12 0.46 0.07 0.16
Total 99.63 99.23 100.40 99.00 99.00 100.94 100.69 100.98 100.96
Formula based 8 oxygens

Si 2.28 2.97 2.70 2.44 2.75 2.89 2.94 2.87 2.99
Ti 0.00 - - 0.00 - - - 0.00 -

Al 1.68 1.02 1.30 1.54 1.23 1.09 1.05 1.12 1.02
Fe+3 0.02 0.00 0.00 0.01 0.01 0.01 0.01 0.00 0.00
Mg 0.00 - - 0.00 0.00 0.00 0.00 0.00 0.00
Na 0.31 1.01 0.65 0.46 0.78 0.92 0.93 0.91 0.93
K 0.00 0.00 0.01 0.00 0.01 0.01 0.03 0.00 0.01
Ca 0.73 0.02 0.31 0.55 0.23 0.11 0.06 0.12 0.02
Ba - - - 0.00 0.00 - - - -

Sr - - - 0.00 0.00 - - - -
Oor% 0.11 0.14 0.84 0.41 1.19 0.64 2.53 0.37 0.92
Ab % 29.53 97.95 67.29 45.27 76.57 88.42 91.93 87.77 96.73
An % 70.35 1.91 31.87 54.32 22.24 10.93 5.54 11.86 2.36

*FeOT expressed as FeO; b.d.I: below detection limit; n.a: not analyzed
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Clinopyroxene is common in diabase and microgabbro of groups 1 and 2, while orthopyroxene
appears only in group 1 rocks, as exolutions within clinopyroxene. In the classification diagram of
Morimoto et al. (1988), clinopyroxene and orthopyroxene plot in the quadrangular field that represents

calcic-ferro-magnesian pyroxenes (Fig. C5_5A; Table C5_2). Group 1 clinopyroxenes are diopside (Wo,, .

); orthopyroxene exolutions are enstatite (Wo, _ En_, . Fs,, ,.) (Fig. C5_5B). On the other hand,

En36-44 FSS-18
Fs.,,3) (Fig. C5_5C). Group 1 clinopyroxenes display

group 2 clinopyroxenes are augite (Wo,, ,. En, -
lower contents of ALO, (0.5 to 1.34 wt% AL O,) in comparison to group 2 (1.76 to 5.17 wt% ALO,),

whereas in Mg# = 100*[Mg/(Mg+Fe?*)] is similar in both groups (68-85 in group 1 and 66-83 in group 2).
Figures C5_5B and C5_5C display isotherms of pyroxene solvus indicating that group 1 pyroxenes display
exolutions due to cooling to 500 2C, hence a metamorphic composition. In turn, group 2 pyroxenes

have compositions that agree with high temperatures (Fig. C5_5C) indicative of magmatic compositions

(1000-800 °C).
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Figure. C5_5 Pyroxene composition of the sub-volcanic unit. A) Classification diagram of Morimoto et al. (1988).
B) Quadrangular pyroxene classification diagram of group 1. C) Quadrangular pyroxene classification diagram
of group 2. D) Al,O, wt% vs Mg# in clinopyroxene. En: Enstatite; Wo: Wollastonite; Fs: Ferrosilite. Isotherms of

pyroxene solvus at 5 kbar from Lindsley (1983).
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Table C5_2. Representative analyses of pyroxenes of the sub-volcanic unit.

Sample 08-VC-1 08-SCB-116 ~ 08-SCB-116 | 08-SCB-116 08-vC-21 08-VC-22 09-LV-8C
Rock type Diabase Microgabbro

Unit Sub-volcanic

Group 1 1 1 1 2 2 2
Mineral Clinopyroxene Orthopyroxene Clinopyroxene
Classification Diopside Enstatite Augite

Major elements (wt%)

Sio, 53.17 51.88 51.55 51.10 51.72 50.16 51.79
TiO, 0.01 0.24 0.12 0.20 0.57 0.73 0.43
Al,O4 0.67 1.20 0.41 0.50 2.54 3.83 3.52
Cr,04 0.02 0.04 b.d.l b.d.l b.d.l b.d.l 0.03
V,0;3 0.01 0.03 b.d.l 0.01 0.10 0.07 0.10
FeOT* 6.62 8.94 25.47 25.85 9.59 11.09 8.97
MnO 0.26 0.41 1.05 1.04 0.27 0.34 0.27
MgO 14.96 13.52 18.40 19.47 15.21 15.07 15.40
Ca0o 23.22 22.52 2.21 0.83 20.48 19.17 20.12
Na,O 0.20 0.24 0.07 0.06 0.31 0.33 0.26
Total 99.15 99.02 99.27 99.06 100.79 100.80 100.90
Formula based 6 oxygens

Si 1.98 1.96 1.98 1.96 1.90 1.85 1.90
Al 0.03 0.05 0.02 0.02 0.11 0.17 0.15
Fe** 0.02 0.04 0.02 0.06 0.07 0.12 0.04
Ti 0.00 0.01 0.00 0.01 0.02 0.02 0.01
Cr 0.00 0.00 - - - - 0.00
V 0.00 0.00 - 0.00 0.00 0.00 0.00
Mg 0.83 0.76 1.05 1.11 0.83 0.83 0.84
Mn 0.01 0.01 0.03 0.03 0.01 0.01 0.01
Fe2+ 0.19 0.25 0.79 0.77 0.22 0.23 0.23
Ca 0.93 0.91 0.09 0.03 0.81 0.76 0.79
Na 0.01 0.02 0.01 0.00 0.02 0.02 0.02
Wo % 46.99 46.30 4.55 1.70 41.51 39.07 41.26
En % 42.14 38.67 52.77 55.36 42.89 42.74 43.94
Fs % 10.88 15.02 42.68 42.94 15.60 18.19 14.80

*FeOT expressed as FeO; b.d.l: below detection limit; n.a: not analyzed

The Fe-Ti oxides present in group 1 of sub-volcanic unit are magnetite and ilmenite (Fig. C5_6). The

magnetite is homogeneous in composition and shows low TiO, (c. 0.08 wt%) and Al O, (<0.01 wt%), with

high Fe** (c. 2 cations p.f.u) and Fe** (c. 1 cations p.f.u). lImenite displays 47 to 49 wt% TiO, with low Fe*"

(c. <0.14 cations p.f.u) and high Fe*(c. <0.90 cations p.f.u; Fig. C5_6 and Table C5_3).
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Ti** Rutile,
(anatase, brookite) © Group 1

FeTi,O,
Ferro-
pseudobrookite,

FeTiO,
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Fe?* 90 70 50 30 10 Fe3*
Hematites
Maghemite

Figure. C5_6. Fe-Ti oxide classification based on Ti*-Fe?*-Fe** (atoms per formula unit) of the sub-volcanic unit.

Table C5_3. Representative analyses of Fe-Ti oxides of the sub-volcanic unit.
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Sample 09-LV-4A 09-LV-4A 08-VC-117 08-VC-1 08-SCB-116 08-SCB-116
Rock type Microgabro  Microgabro  Mirogabbro  Diabase Microgabbro  Microgabbro
Unit Sub-volcanic

Group 1 1 1 1 1 1
Mineral Iimenite Magnetite

Sio, 0.04 0.00 0.01 0.01 b.d.l 0.07
TiO, 48.22 48.45 49.30 48.99 0.09 0.09
Al,04 0.02 0.02 0.02 0.01 0.01 b.d.l
Cr,04 0.04 0.06 b.d.l b.d.l 0.02 b.d.l
V,03 b.d.l b.d.l 0.44 0.40 0.01 b.d.l
FeOT* 49.86 49.59 47.87 47.18 98.96 98.93
MnO 1.04 1.06 1.27 1.06 0.01 0.02
Zn0 b.d.l b.d.l b.d.l b.d.l b.d.l 0.02
MgO 0.00 0.06 b.d.I 0.37 b.d.l b.d.l
NiO b.d.l b.d.l 0.00 0.01 0.02 0.05
Co n.a n.a n.a n.a n.a n.a
Total 99.22 99.25 98.91 98.03 99.11 99.19
Formula based 3 oxygens (ilmenite) and 4 oxygens (magnetite)

Si 0.00 0.00 0.00 0.00 - 0.00
Ti 0.92 0.92 0.94 0.94 0.00 0.00
Al 0.00 0.00 0.00 0.00 0.00 -
Cr 0.00 0.00 - - 0.00 -
Fe** 0.16 0.16 0.11 0.11 2.00 1.99
Fe®* 0.89 0.88 0.91 0.90 0.98 0.99
\Y - - 0.01 0.01 0.00 -
Mn 0.02 0.02 0.03 0.02 0.00 0.00
Mg 0.00 0.00 - 0.01 - -
Zn - - - - - 0.00
Ni - - 0.00 0.00 0.00 0.00
Cr# 54.42 69.05 - - 0.50 -
Mg# 0.02 0.27 - 1.55 - -
Fe® # 99.20 98.87 99.34 99.61 99.95 -

*FeOT expressed as FeO; b.d.I: below detection limit; n.a: not analyzed
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5.2.2.2. Minerals of the metamorphic assemblage

Amphibole is the most abundant mineral in the metamorphic assemblage in all types of rock. In
both groups amphibole displays calcic compositions that range from pargasite, magnesio-hornblende
to tremolite (Fig. C5_7 amphibole nomenclature after Hawthorne et al., 2012). Textural observations
indicate two types of amphibole: i) Amphibole 1: zoned amphibole (brown core and green to pale green
rim) not showing direct replacement after clinopyroxene; in group 2 this amphibole does not show

zonation; and ii) Amphibole 2 (green amphibole), which replaces clinopyroxene.

Both types of amphibole formed at low pressure conditions. The amphibole formula was based on
23 oxygens. In rocks of group 1, amphibole shows low Ti¢ a.p.f.u (0.01-0.30 amphibole 1 and 0.06-0.24
amphibole 2) and Na® (<0.17 amphibole 1 and <0.12 amphibole 2). High Al in amphibole 1 (core of 1.08
to1.74 a.p.f.uandrim of 0.21 to 1.22 a.p.f.u) and amphibole 2 (0.72 to 1.39 a.p.f.u) indicate low pressure
conditions for both amphiboles (Figs. C5_7B, C5_7C and Table C5_4; Laird and Albee, 1981; Laird et al.,
1984; Spear, 1993). The alkali occupancy (Na+K), in amphibole 1 is higher in the core (0.18-0.55 a.p.f.u)
than in the rim (0.04-0.25 a.p.f.u). All the observations suggest a decrease in temperature from core to

rim.

In rocks of group 2, amphibole has low Ti¢ (0.10-0.24 and 0.04-0.13 a.p.f.u in amphibole 1 and 2,
respectively) and high Al (1.15-1.51 and 0.51-1.23 a.p.f.u, amphibole 1 and 2, respectively), but higher
Nat (0.07-0.26 a.p.f.u in both amphiboles; Fig. C5_7C and Table C5_4) as opposed to amphiboles of
group 1 rocks, suggesting somewhat higher pressure for group 2 rocks. The (Na+K), contents are high
in amphibole 1 (0.43-0.54 a.p.f.u) and low in amphibole 2 (0.12-0.35 a.p.f.u), indicating decreasing

temperature for the group 1 rocks.

Some authors (e.g., Vanko, 1986; Kendrick et al., 2015 and references therein) have correlated
Cl with AIV+Fe*+Ti¢ a.p.f.u in an attempt to track changes in temperature during fluid infiltration. In
group 1 rocks, amphibole 1 displays slightly higher chlorine content (Fig. C5_7D, 0.02-0.07 Cl a.p.f.u) in
comparison to group 2 amphiboles (0.01-0.05 Cl a.p.f.u). Group 2 rocks display the same correlations,
with high ClI content in amphibole 1 and low in amphibole 2 (0.05-0.07 to <0.03, respectively; Fig.
C5_7D). The chlorine in amphibole correlates positively with Al + Fe3* + Ti (Fig. C5_7D), supporting
decreasing temperature during amphibole growth. The presence of fluid, most likely seawater, is needed
to produce the amphibolisation. Nevertheless, we could not appraise the amount of fluid responsible

for amphibolisation.
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Table C5_4. Representative analyses of amphiboles of the sub-volcanic unit.

Sample 09-LV-4A 08-SCB-116  08-VC-1 08-VC-1 08-SCB-116
Rock type Microgabbro Diabase Microgabbro
Unit Sub-volcanic

Group 1 1 1 1 1
Amphibole Type Amp 1 Amp 1 Ampl Ampl Amp 2
Textural position Core Rim Cpx replacement
Classification Mg-Hbl Pg Tr Mg-Hbl Mg-Hbl
Major elements (wt%)

Sio, 45.39 43.45 52.60 49.90 47.74
TiO, 1.67 2.40 0.27 0.85 1.38
Al,04 7.50 9.27 3.32 4.53 6.32
Cr,03 0.02 0.03 0.33 b.d.l 0.17
V,0; b.d.l 0.09 0.04 0.08 0.09
FeOT* 18.82 16.59 10.03 14.14 13.59
MnO 0.39 0.23 0.18 0.25 0.30
Zn0O b.d.l b.d.l b.d.l 0.02 0.02
MgO 11.60 11.41 17.35 14.97 14.32
NiO 0.01 0.04 0.01 b.d.l 0.03
Cao 10.32 11.55 12.16 11.32 11.66
Na,O 1.27 1.96 0.48 0.69 1.30
K,0 0.10 0.13 0.12 0.17 0.04
Cl b.d.l 0.09 0.09 0.18 0.06
Total 97.09 97.22 96.99 97.10 97.03
Formula based 23 oxygens

Siy 6.75 6.50 7.52 7.27 6.99
Aly 1.25 1.50 0.48 0.73 1.01
Alc 0.07 0.14 0.08 0.05 0.08
Tic 0.19 0.27 0.03 0.09 0.15
Crc 0.00 0.00 0.04 - 0.02
Fe®', 0.67 0.35 0.26 0.42 0.39
Mg c 2.57 2.55 3.70 3.25 3.12
Nic 0.00 0.00 0.00 - 0.00
Znc - - - 0.00 0.00
Fe'. 1.50 1.69 0.89 1.19 1.23
Fe’'y 0.18 0.04 0.05 0.12 0.04
Mn g 0.05 0.03 0.02 0.03 0.04
Cag 1.65 1.85 1.86 1.77 1.83
Nag 0.13 0.08 0.07 0.09 0.09
Na 4 0.24 0.49 0.07 0.11 0.28
Ka 0.02 0.02 0.02 0.03 0.01
A-vacancy 0.74 0.49 0.91 0.86 0.71
cl - 0.02 0.02 0.04 0.01
(Na+K)* 0.26 0.51 0.09 0.14 0.29

*FeOT expressed as FeO; b.d.l: below detection limit; n.a: not analyzed
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Table C5_4. Continued.

Sample 08-VC-22 08-VC-22 08-VC-22 08-VC-22
Rock type Diabase Diabase

Unit Sub-volcanic

Group 2 2 2 2
Amphibole Type Amp 1 Amp 1 Amp 2 Amp 2
Textural position Cpx replacement
Classification Pg Mg-Hbl Mg-Hbl Tr
Major elements (wt%)

SiO, 42.22 43.51 47.52 50.48
TiO, 1.81 1.07 0.92 0.58
Al,04 9.34 8.15 5.39 3.36
Cr,04 0.01 0.01 0.00 0.00
V,0; b.d.l b.d.l b.d.l b.d.l
FeOT* 23.35 23.58 19.01 16.76
MnO 0.44 0.45 0.40 0.45
Zn0O b.d.l b.d.l b.d.l b.d.l
MgO 7.60 7.68 11.24 13.23
NiO b.d.l b.d.l b.d.l b.d.l
Ca0 9.46 9.72 10.48 10.85
Na,O 2.26 2.05 1.49 0.94
K,0 0.49 0.53 0.50 0.25
F 0.40 0.47 0.55 0.42
Cl 0.19 0.27 0.10 0.05
Total 97.56 97.48 97.59 97.37
Formula based 23 oxygens

Siy 6.49 6.70 7.13 7.46
Al; 1.51 1.30 0.87 0.54
Ale 0.18 0.18 0.08 0.05
Tic 0.21 0.12 0.10 0.06
Cre¢ 0.00 0.00 0.00 0.00
Fe’'c 0.65 0.59 0.44 0.28
Mg ¢ 1.74 1.76 2.51 2.92
Ni ¢ 0.00 0.00 0.00 0.00
Zn ¢ - - - -
Fe’'. 2.22 2.34 1.87 1.69
Fe’'y 0.13 0.11 0.08 0.10
Mn g 0.06 0.06 0.05 0.06
Cay, 1.56 1.61 1.68 1.72
Na g 0.25 0.22 0.19 0.12
Na A 0.42 0.39 0.24 0.15
Ka 0.10 0.10 0.10 0.05
A-vacancy 0.49 0.51 0.66 0.81
Cl 0.05 0.07 0.02 0.01
F 0.19 0.23 0.26 0.20
(Na+K)* 0.51 0.49 0.34 0.19

*FeOT expressed as FeO; b.d.l: below detection limit
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Prehnite shows minimal substitution of Fe3* and Al (<0.01 of Fe#, Table C5_5). Epidote replaces
plagioclase cores in group 1 and 2 diabase and microgabbro rocks. Epidote has compositions of
clinozoizite with low Fe# = [Fe®*/(Fe**+Al**)] <0.09 in group 1, whereas in group 2 it bears higher values
(c. 0.20, Table C5_6). Chlorite from group 1 rocks displays low Mg (0.95 to 1.12 a.p.f.u) and high Fe (7.97
to 8.27 a.p.f.u), whereas in group 2 rocks it shows higher Mg (2.81 to 3.81 a.p.f.u) and lower Fe (5.49 to
6.68 a.p.f.u). AV is slightly higher in group 1 (2.57-2.73 a.p.f.u) than in group 2 rocks (2.06-2.78 a.p.f.u).
The composition of chlorites of group 1 and 2 rocks belongs to the clinochlore-chamosite series (see

Table C5_7).

Table C5_6. Representative analyses of prehnite from sub-volcanic unit.

Sample 09-LV-4A 09-LV-4A 09-LV-4A 09-LV-4A 09-LV-4A 08-VC-1 08-VC-1
Rock type Microgabro Diabase
Unit Sub-volcanic

Group 1 1 1 1 1 1 1
Mineral Prehnite

Major elements (wt%)

Sio, 43.67 44.12 43.93 44.22 4431 44.03  43.84
TiO, 0.01 b.d.l b.d.l 0.08 0.02 0.05 b.d.l
Al,05 23.97 23.99 24.14 23.54 23.85 23.62  23.85
FeOT* 0.11 0.14 0.11 0.28 0.18 0.33 0.25
MnO b.d.l b.d.l 0.02 0.04 0.02 0.07 0.06
MgO b.d.l 0.01 0.02 b.d.l b.d.l n.a n.a
Ca0 26.99 26.35 26.33 26.44 26.19 26.65  26.72
Na,O 0.05 0.09 0.16 0.16 0.16 0.08 0.09
K,0 b.d.l 0.02 0.01 0.02 0.03 0.00 0.01
Total 94.82 94.71 94.72 94.77 94.76 94.82  94.82
Formula based 11 oxygens

Siy 3.02 3.05 3.04 3.06 3.06 3.05 3.03
Aly 0.98 0.95 0.96 0.94 0.94 0.95 0.97
Aly, 0.98 1.00 1.00 0.98 1.00 0.97 0.98
Fe'y 0.01 0.01 0.01 0.02 0.01 0.02 0.01
Mnj, - - 0.00 0.00 0.00 0.00 0.00
Mg - 0.00 0.00 - - - -
Caa 2.00 1.95 1.95 1.96 1.94 1.97 1.98
Naj 0.01 0.01 0.02 0.02 0.02 0.01 0.01
Ka 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Fe# 0.00 0.00 0.00 0.01 0.01 0.01 0.01

*FeOT expressed as FeO; b.d.l: below detection limit; n.a: not analyzed
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Table C5_6. Representative analyses of epidote from sub-volcanic unit.

Sample 08-vC-117 08-VC-117 08-VC-22 08-VC-22
Rock type Microgabbro

Unit Sub-volcanic

Group 1 1 2 2
Mineral Epidote

Major elements (wt%)

Sio, 38.72 39.10 39.02 38.84
Tio, b.d.l 0.06 0.03 0.03
Al,O, 30.03 30.34 23.90 24.24
Cr,0, 0.03 b.d.l b.d.I b.d.l
V,0, b.d.l b.d.l 0.28 0.25
FeOT* 3.76 3.08 8.25 8.20
MnO 0.03 0.05 0.07 0.13
Zno 0.02 n.a 0.05 0.02
MgO 0.00 0.03 1.53 1.48
NiO n.a 0.01 b.d.l b.d.I
Ca0O 24.52 24.48 24.02 24.11
SrO n.a n.a b.d.l b.d.l
BaO n.a n.a b.d.l b.d.l
Na,O 0.02 0.01 0.06 b.d.l
K,0 0.00 n.a b.d.l b.d.I
Total 97.13 97.16 97.22 97.30
Formula based 12.5 oxygens

Sir 2.99 3.01 3.06 3.05
Al 0.01 - - -
Al 1.00 1.00 1.00 1.00
Alyi 1.00 1.00 1.00 1.00
Alys 0.73 0.76 0.21 0.24
Fe* s 0.24 0.20 0.54 0.54
Mny,; 0.00 0.00 0.00 0.01
Fe’' s 0.00 0.00 0.00 0.00
Crvs 0.00 - 0.00 0.00
Vs - - 0.02 0.02
VAIVE 0.00 - 0.00 0.00
Mg w3 0.00 0.00 0.18 0.17
Tivz - 0.00 0.00 0.00
Ca 1.00 1.00 1.00 1.00
Ca pz 1.00 1.00 1.00 1.00
Sraz - - - -
Ba A - - - -
Na 4, - - - -

K A2 - - - -
Fe# 0.08 0.07 0.20 0.19
*FeOT expressed as FeO; b.d.l: below detection limit; n.a: not
analyzed
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Table C5_7. Representative analyses of chlorite from sub-volcanic unit.

Sample 14-SC-2  14-SC-2 08-VC-21 08-VC-22 08-VC-22
Rock type Microgabbro Diabase
Unit Sub-volcanic

Group 1 1 2 2 2
Mineral Chlorite Chlorite

Major elements (wt%)

Sio, 2410  22.79 27.29 26.24 27.53
TiO, 0.16 0.05 0.10 b.d.I 0.45
Al,0, 19.87  19.46 18.31 20.24 16.81
Cr,0, 0.04 b.d.l 0.03 0.01 0.06
V,0; 0.31 0.03 0.04 0.06 b.d.l
FeOT* 4219  42.80 31.72 33.36 30.04
MnO 0.23 0.39 0.38 0.51 0.30
Zn0 0.00 0.03 0.04 0.09 b.d.l
MgO 2.81 3.24 11.49 9.65 12.12
NiO 0.05 0.03 0.02 0.02 0.00
Ca0O 0.22 0.06 0.19 0.18 0.15
F b.d.l b.d.l b.d.l b.d.l 0.19
Total 90.01  88.89 89.76 90.36 87.72
Formula based 28 oxygens

Sir 5.44 5.27 5.81 5.59 5.97
Aly 2.56 2.73 2.19 2.41 2.03
Aly 2.74 2.57 2.41 2.69 2.26
Cry 0.01 - 0.01 0.00 0.01
Mgy 0.95 1.12 3.65 3.07 3.92
Fe™y, 7.97 8.27 5.65 5.95 5.44
Mny, 0.04 0.08 0.07 0.09 0.05
Niy 0.01 0.01 0.00 0.00 0.00
Cay 0.05 0.02 0.04 0.04 0.04
F - - - - 0.13
Mg# 0.11 0.12 0.39 0.34 0.42

*FeOT expressed as FeO; b.d.l: below detection limit. Mg#=(Fe/Fe+Mg)

5.2.3. Whole-rock chemistry

Whole-rock compositions and isotopic data can be found in Table C5_8 and Table C5_9.
5.2.3.1. Major elements
Whole-rock major element composition allows for discriminating two groups in the sub-volcanic unit.

Group 1 displays high Mg# = [100-MgO__/(MgO,__+0.9-FeO_ )] compositions (c. 54 to 69) and CaO (c.
7 to 13 wt%), and low SiO, (c. 48 to 54 wt%) and K,O (c. <0.31 wt%), all in anhydrous basis (Fig. C5_8).
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However, group 2 rocks have lower Mg# (c. 41 to 43) and CaO (c. 6 to 7 wt%) and higher SiO, (c. 56 wt%),
K,O (c. 1.3 wt%) and Na,O (c. 4wt%). This variability points to a magmatic differentiation of group 1 from
2 (Fig. C5_8). Notwithstanding, enrichment processes during metamorphic transformation modified the

amount of alkali elements (Na,O and K,0) of the whole rock.
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Figure. C5_8 Whole-rock compositions of the sub-volcanic rocks. A) CaO wt% vs Mg#. B) SiO, wt% vs Mg#. C) K,0
wt% vs Mg#. D) Na,O wt% vs Mg#. Mg# was calculated using molar proportions of MgO and FeOtotal and 10%
Fe,0, (Gill, 2010). Primitive melts considered bear >65 Mg# (Gill, 2010 and references therein). All oxides calculated
in anhydrous basis. Fields of mid-ocean ridge basalts (MORB) from Gurenko and Chaussidon (1997), compilation of
Stracke et al. (2003a) and (2003b); Forearc basalt (FAB) from Reagan et al. (2010) and Ishizuka et al. (2011); Island
arc toleiites (IAT) from Marchesi et al. (2007), Escuder et al. (2007) and (2011); and Boninites from Pearce et al.
(1992), Marchesi et al. (2007), Bonev and Stampli (2008), Reagan et al. (2010) and Escuder et al. (2011). Depleted
mantle (DM) is plotted as a reference from Salters and Stracke (2004).
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Table C5_8. Whole-rock composition of samples of the sub-volcanic unit from the mafic crust in the VCSM.

Sample 08-VC-2 08-VC-10 09-LV-4A 08-VC-1 08-VC-117 08-SCB-116 08-SCB-40B
Latitude 22°27'5.70"N 22°26'35.60"N 22°28'2.90"N 22°27'5.70"N 22°28'2.90"N  22°28'0.66"N 22°29'14.38"N

Longitude 79°47'35.70"W  79°48'14.80"W 79°49'28.50"W  79°47'35.70"W  79°49'28.50"W  79°49'27.42"W  79°51'43.21"W

Unit Sub-volcanic

Group 1 1 1 1 1 1 1
Rock type Diabase Diabase Microgabbro Diabase Microgabbro Diabase Diabase
Major elements (wt%)

Si0, 49.26 50.83 50.52 50.65 52.24 46.68 50.62
TiO, 0.54 0.91 1.17 0.64 1.17 1.33 0.86
A|203 16.28 15.83 15.77 15.82 16.14 16.03 16.28
Fe,O3T 8.49 10.01 9.79 8.09 9.94 11.20 9.01
MnO 0.13 0.18 0.16 0.14 0.16 0.18 0.16
MgO 8.62 6.76 5.42 8.20 5.22 7.11 7.33
Cao 12.16 9.89 7.63 10.88 6.94 12.08 11.02
Na,O 1.68 3.24 4.68 2.69 5.12 3.02 2.78
K,O 0.20 0.04 0.24 0.26 0.30 0.04 0.04
P,0s 0.05 0.07 0.12 0.05 0.12 0.12 0.09
LOI 2.19 1.87 4.04 1.96 2.41 2.02 1.66
Total 99.60 99.63 99.54 99.38 99.76 99.81 99.85
Trace elements (ppm)

Li 1.377 0.532 1.923 1.240 1.624 2.350 0.432
Rb 2.807 0.545 3.421 4.267 5.335 0.775 0.433
Cs 0.291 0.027 0.622 0.168 0.798 0.116 0.054
Be 0.048 0.261 0.417 0.214 0.410 0.309 0.325
Sr 183.240 222.382 1327.299 197.607 433.962 447.412 153.016
Ba 75.382 39.618 120.562 114.593 116.610 122.178 26.932
Sc 18.056 40.901 33.241 39.390 34.235 43.868 36.673
\Y 236.460 288.613 280.548 230.118 287.050 347.578 214.598
Cr 301.717 54.340 34.998 276.512 39.356 77.876 201.724
Co 41.536 50.780 39.448 48.751 49.924 69.753 58.023
Ni 90.655 45.237 27.059 88.103 27.694 49.021 80.539
Cu 19.050 81.081 60.649 71.759 120.720 80.288 27.755
Zn 30.490 48.901 57.095 49.991 140.200 80.993 62.520
Ga 12.610 15.029 15.689 12.524 15.967 15.362 14.505

Total Fe as Fe,05T

n.a: not analyzed; b.d.l: below detection limit
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Table C5_8. Continued.

Sample 08-VC-2 08-VC-10 09-LV-4A 08-VC-1 08-VC-117 08-SCB-116 08-SCB-40B

Trace elements (ppm)

Y 13.503  21.078 27.229  15.583 27.259 31.285 22.326
Nb 0.767 0.549 1.095 0.486 1.047 1 0.85

Zr 30.9 41.2 76.8 32.8 70.1 41 53.6

Mo 1.033 1.847 1.287 1.661 2.129 3.565 3.095
Sn 0.514 0.459 0.612 0.153 1.511 0.82 0.725
Tl 0.016 0.004 0.005 0.007 0.006 0.003 0.002
Pb 0.449 0.318 0.32 0.557 8.619 0.36 0.341
u 0.047 0.041 0.048 0.037 0.051 0.025 0.042
Th 0.217 0.137 0.164 0.108 0.145 0.036 0.117
La 1.329 1.772 3.296 1.674 3.157 2.182 2.841
Ce 3.579 5.37 9.649 4.76 9.275 7.919 7.765
Pr 0.614 0.971 1.639 0.806 1.574 1.531 1.282
Nd 3.116 5.556 9.082 4.481 8.124 8.633 6.600
Sm 1.166 2.152 3.171 1.625 2.804 3.151 2.235
Eu 0.36 0.874 1.142 0.633 1.123 1.337 0.936
Gd 1.507 2.864 3.899 2.081 3.746 4.386 3.025
Tb 0.288 0.514 0.674 0.371 0.649 0.743 0.525
Dy 2.044 3.472 4.475 2.557 4.373 5.054 3.509
Ho 0.486 0.78 1.008 0.578 0.988 1.134 0.802
Er 1.372 2.137 2.761 1.575 2.685 3.102 2.194
Tm 0.232 0.346 0.441 0.248 0.441 0.499 0.357
Yb 1.441 2.119 2.712 1.566 2.703 2.981 2.185
Lu 0.208 0.326 0.413 0.244 0.405 0.453 0.337
Hf 0.647 0.521 1.099 0.514 0.828 0.899 0.742

114




Chapter 5 Mafic crust of VCSM

Table C5_8. Continued.

Sample 14-SC-2 08-VC-9 08-VC-116 08-VC-21 08-VC-22 09-LV-8C 08-SCB-34D
Latitude 22°27'9.60"N 22°27'16.90"N 22°28'24.80"N 22°19'44.20"N 22°19'44.20"N 22°19'44.20"N 22°19'44.20"N
Longitude 79°52'22.20"W 79°47'44.20"W  79°49'34.10"W 79°42'53.10"W  79°42'53.10"W  79°42'53.10"W 79°42'53.10"W
Unit Sub-volcanic

Group 1 1 1 2 2 2 2
Rock type Microgabbro Microgabbro Diabase Diabase Diabase Diabase Diabase
Major elements (wt%)

Sio, 51.32 50.04 46.09 54.03 54.17 54.68 52.75
TiO, 1.24 0.80 1.32 1.05 1.05 1.08 1.23
A|203 16.12 16.19 17.28 16.21 16.27 16.18 16.79
Fe203T 9.99 8.55 10.49 10.55 10.35 10.65 10.56
MnO 0.17 0.15 0.15 0.20 0.20 0.20 0.21
MgO 5.35 8.30 6.76 3.38 3.38 3.42 3.68
Ca0o 7.25 11.42 11.22 6.97 6.90 5.99 5.61
NaZO 5.20 2.02 2.72 3.26 3.18 4.23 5.10
K,0 0.26 0.11 0.03 1.41 1.22 1.03 1.38
P,O5 0.12 0.07 0.13 0.30 0.30 0.32 0.36
LOI 2.80 2.07 3.44 1.81 2.07 1.92 2.21
Total 99.82 99.72 99.63 99.17 99.08 99.70 99.88
Trace elements (ppm)

Li 1.569 0.477 5.584 8.263 5.807 11.886 13.647
Rb 4.920 0.597 1.539 24.498 23.446 19.584 22.213
Cs 0.794 0.324 0.302 0.503 0.609 0.283 0.608
Be 0.443 b.d.l 0.542 0.513 0.396 0.953 0.981
Sr 637.225 178.597 735.895 376.518 381.718 362.188 263.706
Ba 136.831 44.891 35.655 429.250 424.925 366.869 515.322
Sc 35.031 14.275 41.057 11.680 10.296 31.158 38.085
\% 292.276 206.721 322.489 237.216 223.795 251.987 356.174
Cr 36.402 155.299 60.061 26.890 56.285 18.219 25.803
Co 42.472 76.062 51.538 32.630 66.036 54.667 47.746
Ni 27.396 111.554 49.759 8.693 10.214 8.475 17.769
Cu 67.158 10.318 9.561 182.602 184.238 149.612 144.184
Zn 57.057 15.945 56.713 76.270 59.698 90.284 107.679
Ga 16.347 11.127 16.450 17.265 15.854 17.799 18.895

Total Fe as Fe,05T; b.d.l: below detection limit
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Table C5_8. Continued.

Sample 14-SC-2 08-VvC-9 08-VC-116 08-VC-21 08-VC-22 09-LV-8C 08-SCB-34D
Trace elements (ppm)

Y 27.762 17.449 29.82 27.172 26.414 29.536 34.085
Nb 0.981 0.667 1.46 2.475 2.304 2.539 2.816
Zr 75.5 44.9 82 108.3 109.6 111.4 107
Mo 1.481 5.107 1.763 1.846 7.295 3.482 2.655
Sn 1.248 0.742 1.098 1.519 1.618 1.816 1.54
Tl 0.003 0.002 0.007 0.092 0.09 0.078 0.064
Pb 0.892 b.d.l 1.697 1.442 0.96 1.429 1.908
U 0.038 0.042 0.061 0.572 0.655 0.736 0.599
Th 0.127 0.134 0.274 1.328 1.381 1.411 1.224
La 3.14 1.786 3.82 11.95 12.983 12.498 13.728
Ce 9.202 5.291 11.252 28.563 30.67 28.667 32.089
Pr 1.556 0.916 1.897 4.182 4.539 4.185 4.822
Nd 8.118 5.034 10.366 19.277 20.676 18.981 20.151
Sm 2.786 1.837 3.577 4.947 5.343 4.835 5.160
Eu 1.156 0.718 1.239 1.368 1.504 1.551 1.744
Gd 3.801 2.638 4.412 4.913 5.379 5.027 5.85
Tb 0.658 0.475 0.755 0.798 0.865 0.783 0.91
Dy 4.398 3.15 5.009 4.39 5.162 4.868 5.74
Ho 0.992 0.685 1.104 0.999 1.063 1.044 1.248
Er 2.791 1.975 3.067 2.626 2.895 2.913 3.373
m 0.448 0.302 0.445 0.413 0.465 0.461 0.542
Yb 2.739 1.854 2.827 2.544 2.814 2.899 3.31
Lu 0.423 0.271 0.425 0.366 0.43 0.464 0.508
Hf 1.07 0.818 1.147 2.418 2.809 2.6 2.307

Whole-rock major element compositions of the sub-volcanic unit were classified using TAS, AFM and
K,O vs SiO, diagrams (Fig. C5_9). Group 1 rocks are basalt, basaltic andesite to andesite with a tholeiitic
to low K calc-alkaline signature (Fig. C5_9A to C5_9C). Group 2 are basaltic andesite to andesite with
a medium K calc-alkaline signature. Nevertheless, these classification diagrams (Figs. C5_9A to C5_9C)
overestimate the alkali component due to major alteration of the unit (loss-on-ignition, LOI, 1.7 to 4.04
of groups 1 and 2). In order to avoid overestimation of alkalis, we use immobile trace element ratios Zr/
Tiand Nb/Y (Fig. C5_9D, Winchester and Floyd, 1977). This diagram classifies group 1 as basalt, whereas

group 2 is of basaltic andesite composition.

116




Chapter 5 Mafic crust of VCSM

16

K,0 + Na,O wt%

A © Group 1 B F
i @® Group 2
o
(=3
60/ Tholeiitic Series
© Alk
° Subalk
(o_
8) e uba
e
v_
e 8 Calc-Alkaline Series
o A &
o 4
T T T T T A M
40 50 60 70 80
Si0, wt%
o ]
S 3
e ]
N —
e® ]
o 5 $
- ) © 3 é@b
. e
o oP p i
o - e B S |
T T T T o T T T TTTTIT T T TTTITT T T TTTTTm T T TTTTTI
40 50 60 70 0.01 0.1 1 10 100
Si0, wt% Nb/Y

Figure. C5_9 Classification diagrams of the sub-volcanic unit. A) Total alkali vs. silica (TAS, Le Maitre, 2002). B)
(Na,0+K,0)- FeO,- MgO (AFM), fields of Irvine and Baragar (1971). C) K,0 wt% vs SiO, wt% fields of Rickwood
(1989). D) Zr/Ti vs. Nb/Y diagram with fields of Winchester and Floyd (1977).

5.2.3.2. Trace elements

The chondrite normalized (Cl) REE patterns of group 1 rocks of the sub-volcanic unit (Fig. C5_10A)

display depletion in light REE (LREE, La/Sm =0.43-0.79; normalized to C1 chondrite from McDonough

N CI95

and Sun, 1995) with nearly flat (Sm/Lu =0.93-1.39) middle REE (MREE) to heavy REE (HREE) that

N CI95

resemble normal mid-ocean ridge basalt (N-MORB) patterns. Six samples display a moderate positive

(Sm - Gd )¥2]=1.07 average); another five samples show no Eu

Eu anomaly (Eu/Eu’=[Eu N ciss N ciss

N 6195/
anomaly or a slightly negative anomaly (Eu/Eu’=0.83 to 0.99). N-MORB normalized patterns (Fig.
C5_10B) show a positive Th anomaly, negative Nb anomaly and nearly flat trace patterns from La to Yb
(La/YbN N-MORB89

to HREE (Sm/Lu

=0.89 to 1.65). Group 2 shows LREE enrichment (La/Sm =1.51-1.66) with high MREE

N CI95

=1.68-2.25) and a negative Eu anomaly (Eu/Eu’=0.85-0.97, Fig. C5_10C). N-MORB

N CI95
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normalized patterns of group 2 rocks show high values from La to low Yb (La/Yb, Nvorage—2-06 105.73;

normalized to N-MORB from Sun and McDonough, 1989), and a characteristic positive Th anomaly (Th,

wviorass=10-2-11.6) higher than in group 1 rocks, with negative Nb and Ti anomalies (Nb/La

N N-MORB89=0' 19
t0 0.22 and Ti/GdNN-MORB89:0'59_0'64’ respectively, Fig. C5_10D).
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Figure. C5_10 Normalized trace element composition of sub-volcanic rocks. A) and C) Chondrite-normalized whole-
rock REE. B) and D) N-MORB normalized whole-rock trace element composition. Cl chondrite-normalizing values
were from McDonough and Sun (1995) and N-MORB normalisation values from Sun and McDonough (1989).
Fields of forearc basalt (FAB) are from Reagan et al. (2010) and Ishizuka et al.(2011); Island arc toleiites (IAT) from

Marchesi et al. (2007), Escuder et al. (2007) and (2011); and Boninites from Pearce et al. (1992), Bonev and Stampli
(2008) and Reagan et al. (2010).

5.2.3.1 5.2.3.3. Nd-Sr isotope systematics

The isotopic compositions of sub-volcanic rocks are similar for both groups. Measured #Sr/%Sr and
143Nd/**Nd ratios in group 1 rocks range 0.70352-0.70578 and 0.51302-0.51318 (Table C5_9). Group 2
rocks gave &Sr/%Sr values of 0.70342-0.70377 and ***Nd/***Nd of 0.51299-0.51301.
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Table C5_9. Isotopic composition of samples of the sub-volcanic unit from the mafic crust in the VCSM.

Sample 08-VC-2 08-VC-117 08-SCB-116 08-SCB-40B 14-SC-2 08-VC-9 08-VC-22 09-LV-8C 08-SCB-34D
Unit Sub-volcanic

Group 1 1 1 1 1 1 2 2 2
Sr (ppm) 173.470 433.869  447.268 152.959  637.131 163.221 418.282 362.051  263.615
Nd (ppm) 3.179 8.124 8.633 6.600 8.118 4716  18.682  18.981 20.151
*sr/sr 0.70412 0.70511  0.70400 0.70352  0.70578 0.70362 0.70344 0.70342  0.70377
sy /%sr error 0.0020  0.0020 0.0020 0.0020 0.0030 0.0030  0.0020  0.0020 0.0020
sm/*Nd 0.2165  0.2087 0.2207 0.2047  0.2075 0.2208  0.1544  0.1540 0.1548
“Nd/Nd 0.51311 0.51305  0.51315 0.51318  0.51302 0.51309 0.51301 0.51299  0.51297
“Nd/™*Nd error 0.0020  0.0020 0.0020 0.0030 0.0020 0.0020  0.0020  0.0020 0.0020
&sr /sy, 0.70403 0.70505  0.70399 0.70351  0.70574 0.70359 0.70313 0.70315  0.70334
Nd/*Nd, 0.51293 0.51288 0.51297 0.51302  0.51285 0.51291 0.51288 0.51286  0.51284

T= 125Ma; Eclogitic metamorphic peak event in Santa Clara serpentinitic mélange that indicates pre-Aptian subduction (125Ma,
Garcia-Casco et al., 2002)

5.3. Plutonic unit: layered Gabbros and Ol-Gabbros

The plutonic unit is composed of accumulated gabbro (3 samples: 08-VC-23, 08-VC-25, and 14-SC-3) and
cumulate olivine gabbro (4 samples: 08-VC-24, 09-LV-8A, 09-LV-8B and 08-SCB-34-D3-1). The terminology
of cumulate gabbro and cumulate ol-gabbros was based on the USGS classification (Le Maitre, 2002). The

plutonic unit shows plagioclase, clinopyroxene, orthopyroxene and olivine in the magmatic assemblage

5.3.1. Petrography

The cumulate gabbros and ol-gabbros contain variable proportions of plagioclase, clinopyroxene,
orthopyroxene, olivine and magnetite as accessory phases. Amphibole, serpentine, epidote, chlorite and
prehnite are also present as metamorphic minerals. Clinopyroxene, orthopyroxene and olivine constitute

main mafic minerals in cumulate gabbros and ol-gabbros.

These rocks have equigranular and adcumulate textures marked by plagioclase and clinopyroxene
orientation (Fig. C5_2E, C5_11A and C5_11B). The cumulus phases include plagioclase, clinopyroxene,
orthopyroxene and olivine. The intercumulus phases are Fe-Ti oxides. Plagioclase (c. 1 mm) with euhedral
to subhedral shape is the most abundant phase, c. 60-50 % vol., with normal and polysynthetic twins (Fig.
C5_11A and C5_11B). Clinopyroxene (c. 1-0.5 mm), c. 30-48 % vol., has a subhedral shape with twins. In
some samples it is poikilitic, including crystals of plagioclase. Olivine (c. < 1 mm, c. 15-20 % vol.), is not
present in all samples. It has xenomorphic textures, locally including plagioclase (Fig C5_11C). Olivine is
generally altered by serpentine and magnetite along partition planes, resulting in mesh rim textures (Fig

C5_11C). Orthopyroxene with subhedral shape (c. 0.5 mm), 10-1 % vol., is the least abundant phase.

Some samples display metamorphic assemblages. The smaller crystals of clinopyroxene (c. 50 um) are
replaced by amphibole, which is zoned with pale green (core) to colourless (rim) in large crystals (c. 1 mm);

prismatic colourless amphiboles are also present in the most altered samples. Amphibole has euhedral to
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subhedral shape. Pseudomorphs of amphibole after clinopyroxene are common (Fig C5_11D). Amphibole
is also altered to chlorite. Serpentine after olivine is common (Fig. C5_11C). Plagioclase is transformed to
prehnite and epidote. During the retrograde path, the rock prehnite show altered plagioclase and form

veins that crosscut primary and metamorphic assemblages of amphibolite facies (Fig C5_11D).

The apparent order of magmatic crystallization is: plagioclase, olivine, clinopyroxene, orthopyroxene.

The metamorphic assemblage indicates low temperature.

Figure. C5_11 Crossed polar optical photographs of gabbro and Ol-gabbro from the VCSM. A) Layered gabbro

with adcumulate texture; note the preferred orientation of plagioclase and clinopyroxene. B) Ol-gabbro showing
cumulus phases (plagioclase, clinopyroxene, orthopyroxene and olivine). C) Replacement of serpentine after olivine.

Note plagioclase included in olivine. D) Pseudomorphs of amphibole after clinopyroxene and prehnite vein.
5.3.2. Mineral chemistry

Mineral compositions of the plutonic unit are offered below. The mineral formula of feldspar was
normalized to 8 oxygens, pyroxene to 6 oxygens, olivine and magnetite to 4 oxygens, amphibole to 23
oxygens, epidote to 12.5 oxygens, chlorite to 28 oxygens and prehnite to 11 oxygens (more details in

chapter 3).

5.3.2.1. Minerals of the magmatic assemblage

Plagioclase does not display zonation. It has a restricted composition of bytownite (An

Table C5_10).

Fig. C5_12,

80-907
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Figure. C5_12 Classification of feldspars of the plutonic unit in the An-Ab-Or diagram.

Table C5_10. Representative analyses of feldspars of the plutonic unit.

Sample 08-VC-23 08-VC-25 08-vC-24  09-LV-8B 09-LV-8A 08-SCB-34-D3-1
Rock type Cumulated gabbro Ol-gabbro

Unit Plutonic

Mineral Bytownite Bytownite  Bytownite Bytownite  Bytownite Bytownite

Major elements (wt%)

Sio, 46.83 46.41 46.57 47.30 46.89 45.70
TiO, 0.01 0.01 0.01 0.02 0.05 0.03

AI203 33.63 33.78 33.58 33.70 33.44 33.54
FeOT* 0.54 0.51 0.53 0.49 0.48 0.49

MnO b.d.l 0.01 0.01 0.02 0.01 b.d.l

MgO 0.08 0.05 0.05 b.d.l 0.06 0.12

Cao 17.50 17.69 17.88 17.43 17.39 17.86
NaZO 1.72 1.73 1.76 1.74 1.58 1.57

K,0 0.01 0.03 0.02 0.01 b.d.l 0.02

Total 100.32 100.22 100.41 100.75 99.89 99.34
Formula Based 8 oxygens

Si 2.15 2.13 2.14 2.16 2.16 2.12

Ti 0.00 0.00 0.00 0.00 0.00 0.00

Al 1.82 1.83 1.82 1.81 1.81 1.84

Fe+3 0.02 0.02 0.02 0.02 0.02 0.02

Mg 0.01 0.00 0.00 0.00 0.00 0.01

Na 0.15 0.15 0.16 0.15 0.14 0.14

K 0.00 - 0.00 0.00 0.00 0.00

Ca 0.86 0.87 0.88 0.85 0.86 0.89

Or % 0.06 0.17 0.11 0.06 - 0.12

Ab % 15.09 15.01 15.10 15.29 14.12 13.68
An % 84.85 84.82 84.78 84.65 85.88 86.20

*FeOT expressed as FeO; b.d.l: below detection limit
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Pyroxenes were classified using the diagram of Morimoto et al. (1988) (Fig. C5_13A). All pyroxenes plot
in the quadrangular field that represents calcic-ferro-magnesian pyroxenes (Fig. C5_13B). Clinopyroxene

has diopside and augite compositions (Wo En Fs,,,) and orthopyroxene is enstatite (Wo, , En

37-49 45-53 78-79

Fs.4,0)- Clinopyroxene compositions indicate primary clinopyroxene (augite, 1000-8002C; Fig. C5_13B)
and metamorphic compositions (diopside, 500-6009C, Fig. C5_13B). Orthopyroxene composition is

magmatic in the same temperature range as magmatic clinopyroxene.
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Figure. C5_13 Pyroxene composition of the plutonic unit. A) Classification diagram of Morimoto et al. (1988).
B) Quadrangular pyroxene classification diagram. En: Enstatite; Wo: Wollastonite; Fs: Ferrosilite. Isotherms of

pyroxene solvus at 5 kbar from Lindsley (1983).
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Table C5_11. Representative analyses of pyroxene from plutonic unit.

Sample 08-VC-23 08-vC-24  09-LV-8B  09-LV-8A  09-LV-8A 09-Lv-8B  09-LV-8B
Rock type Cumulate gabbro Cumulate Ol-gabbro

Unit Plutonic

Mineral Clinopyroxene Orthopyroxene
Classification Augite Diopside Enstatite

Major elements (wt%)

SiO, 52.41 52.87 53.14 54.90 54.83 55.29 55.47
TiO, 0.56 0.33 0.35 0.19 0.11 0.23 0.22
Al,O3 2.36 2.15 2.28 1.08 0.66 1.36 1.40
Cr203 0.18 0.12 0.22 0.28 0.26 0.13 0.15
V,0; 0.03 0.04 0.07 0.05 0.03 0.04 0.05
FeOT* 5.58 6.75 5.88 4.05 4.38 12.34 12.20
MnO 0.19 0.15 0.21 0.15 0.12 0.28 0.30
MgO 16.99 17.65 17.07 16.46 16.43 30.10 29.84
Ca0o 21.70 21.04 20.88 23.94 24.24 1.51 1.47
Na,O 0.26 0.19 0.21 0.18 0.22 0.03 b.d.l
Total 100.28 101.30 100.33 101.30 101.34 101.33 101.14
Formula based 6 oxygens

Si 1.91 1.91 1.94 1.98 1.98 1.93 1.95
Al 0.10 0.09 0.10 0.05 0.03 0.06 0.06
Fe3+ 0.06 0.08 0.01 0.00 0.01 0.06 0.03
Ti 0.02 0.01 0.01 0.01 0.00 0.01 0.01
Cr 0.01 0.00 0.01 0.01 0.01 0.00 0.00
Vv 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Mg 0.92 0.95 0.93 0.89 0.89 1.57 1.56
Mn 0.01 0.00 0.01 0.00 0.00 0.01 0.01
Fe2+ 0.11 0.12 0.17 0.12 0.12 0.30 0.32
Ca 0.85 0.81 0.82 0.93 0.94 0.06 0.06
Na 0.02 0.01 0.01 0.01 0.02 0.00 -
Wo % 43.53 41.27 42.28 47.76 47.89 2.84 2.79
En % 47.43 48.17 48.09 45.69 45.17 78.66 78.72
Fs % 9.04 10.57 9.63 6.55 6.94 18.50 18.50

*FeOT expressed as FeO; b.d.l: below detection limit

Olivine exhibit a forsterite (Fo) content of c¢. 0.82 with variable 0.08 to 0.17 wt% NiO (Table C5_12).

The oxides present in the plutonic unit are magnetite (Figure C5_14; Table C5_13).
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Table C5_12. Representative analyses of olivine of the plutonic unit.

Sample 08-SCB-34-D3-1 08-SCB-34-D3-1 08-SCB-34-D3-1 08-SCB-34-D3-1 08-SCB-34-D3-1
Rock type Cumulate Ol-gabbro

Unit Plutonic

Mineral Olivine

Major elements (wt%)

Sio, 38.77 38.71 39.64 39.51 39.45
TiO, 0.09 0.02 b.d.l b.d.l 0.01
AlL,O4 b.d.l 0.03 b.d.l 0.01 0.01
cr,03 b.d.l 0.06 0.01 0.01 b.d.l
V,0; b.d.l b.d.l b.d.l 0.02 b.d.l
FeO* 17.40 17.40 16.94 17.19 17.28
MnO 0.26 0.24 0.27 0.23 0.26
ZnO 0.04 b.d.l b.d.l 0.01 b.d.l
MgO 42.23 42.30 43.12 43.44 44.25
NiO 0.08 0.14 0.15 0.15 0.16
Ca0 0.12 0.11 b.d.l b.d.l b.d.l
Total 99.00 99.01 100.13 100.57 101.41
Formula based 4 oxygens

Si 0.99 0.99 1.00 1.00 0.98
Ti 0.00 0.00 - - 0.00
Al - 0.00 - 0.00 -
Cr - - - 0.00 -
\Y - - - 0.00 -
Fe+3 0.01 0.01 0.00 0.01 0.03
Fe+2 0.36 0.36 0.36 0.36 0.33
Mn 0.01 0.01 0.01 0.00 0.01
Zn 0.00 - - 0.00 -
Mg 1.62 1.62 1.63 1.63 1.65
Ni 0.00 0.00 0.00 0.00 0.00
Ca 0.00 0.00 - - -
Fo 0.82 0.82 0.82 0.82 0.83

*FeOT expressed as FeO, Fo=Mg/(Mg+Fe+2); b.d.I: below detection limit.

Ti** Rutile,
(anatase, brookite)

FeTi,O,
Ferro-
pseudobrookite,

FeTiO,
limenite

Fe? %0 70 50 30 10 Fe®*
Fe?*Fe®*. 0 Hematites
24
Magnetite Maghemite

Figure. C5_14 Fe-Ti oxide classification based on Ti**-Fe*-Fe** calculated by atoms per formula unit (a.p.f.u) of

plutonic unit.
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Table C5_13. Representative analyses of magnetite of the plutonic unit.

Sample 08-SCB-34-D3-1

Rock type Cumulate Ol-gabbro

Unit Plutonic

Mineral Magnetite

SiO, 0.79 2.08 1.60
TiO, b.d.l 0.00 b.d.l
Al,O; b.d.l b.d.l 0.01
Cr,05 b.d.l 0.01 0.02
V,04 b.d.l b.d.l b.d.l
FeOT* 96.70 96.33 96.78
MnO 0.01 0.01 0.01
Zn0 0.02 0.01 0.04
MgO 1.80 1.56 2.27
NiO 0.02 0.01 0.03
Co 0.18 0.15 0.15
Total 99.52 100.16 100.91
Formula based 3 ¢ Formula based 4 oxygens

Si 0.03 0.07 0.06
Ti - 0.00 -
Al 0.00 - 0.00
Cr 0.00 0.00 0.00
Fe' 1.94 1.85 1.89
Fe** 0.93 0.99 0.93
V - - -
Mn 0.00 0.00 0.00
Mg 0.10 0.08 0.12
Zn 0.00 0.00 0.00
Ni 0.00 0.00 0.00
Cr# 0.49 1.00 0.50
Mg# 0.09 0.08 0.11
Fe " # 1.00 1.00 1.00

*FeOT expressed as FeO; b.d.l: below detection limit

5.3.2.2. Minerals of the metamorphic assemblage

Amphibole displays large crystals whith easily discernible core and rim, and replacements after
clinopyroxenein pseudomorphictexturesthat show no zoning. Colourless prismatic crystals of amphiboles
are also present. Thus, three types of amphibole can be distinguished in terms of petrography. Amphibole
1, with green to colourless large crystals, is pargasite to magnesio-hornblende (Fig. C5_15; Table C5_14).
Pale green to colourless amphibole 2 replacing clinopyroxene is magnesio-hornblende. Amphibole 3

appearing in the matrix as colourless prismatic crystals is magnesio-hornblende to tremolite (Fig. C5_15).
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Figure. C5_15 Amphibole composition of cumulate gabbro and ol-gabbro. A) Classification diagram of calcic
amphiboles by Hawthorne et al. (2012). B) Al+Fe**+Ti a.p.f.u vs Al"Y a.p.f.u. C) Na® a.p.f.u vs AlV'+Fe3*+2-Ti +Cr
a.p.f.u. D) Cl a.p.f.u vs AlV'+Fe**+Ti a.p.f.u. Fields of medium-high, medium, and low pressure from Laird and Albee
(1981) and Laird et al. (1984).

Amphiboles in cumulate gabbro and ol-gabbro appear to have formed at low to medium pressure
conditions. Ti in site C has low values in amphibole 1 (0.01-0.28 a.p.f.u), 2 (<0.25 a.p.f.u) and 3 (<0.07
a.p.f.u), indicating low temperature conditions (Spear, 1993). The high AlY content in amphibole
1 (0.97-1.56 to 1.11-1.58 a.p.f.u, core and rim, respectively; Table C5_14) to low AlY in amphibole 2
(0.07-1.51 a.p.f.u) and amphibole 3 (0.02-1.36 a.p.f.u) indicates a change in pressure conditions (Fig.
C5_15B). Contents of Na in site B indicate medium-low pressure for amphibole 1 (0.05-0.22 a.p.f.u),
while amphibole 2 (0.01-0.20) and 3 (<0.08) most likely formed at lower pressure (Figs. C5_15B and
15C; Laird and Albee, 1981; Laird et al., 1984). The temperature conditions can be estimated by (Na+K)
, and Ti¢ site (Spear, 1993). Amphibole 1 bears similar (Na+K), core and rim (0.32-0.60 and 0.39-0.63,
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respectively), whereas (Na+K), in amphiboles 2 (0.02-0.49 a.p.f.u) and 3 (<0.46) indicates decreasing

temperature conditions.

The correlation of Cl with AV'+Fe**+Ti¢ (a.p.f.u) may be attributed to changing pressure/temperature
conditions during fluid infiltration (Fig. C5_15D; e.g., Vanko, 1986; Kendrick et al., 2015 and references
therein). The Cl content in the core of amphibole 1 is higher than in the rim, which indicates a higher
temperature amphibole in the former. Late amphiboles 2 and 3 display low chlorine content, confirming

decreasing temperature conditions.

Table C5_14. Representative analyses of amphibole of the plutonic unit.

Sample 09-LV-8B 09-LV-8B  09-LV-8B 09-LV-8B 09-LV-8A 09-LV-8A  09-LV-8A
Rock type Cumulate Ol-gabbro

Unit Plutonic

Amphibole Type Amp 1 Amp 1 Amp 1 Amp 1 Amp 2 Amp 3 Amp 3
Textural position Core Rim Cpx replacement Matrix
Classification Pg Mg-Hbl Pg Mg-Hbl Mg-Hbl Tr Mg-Hbl
Major elements (wt%)

Sio, 45.71 45.45 45.52 45.75 50.20 57.49 52.79
TiO, 2.07 2.33 2.38 241 0.80 0.01 0.05
Al, O3 10.16 10.15 10.46 10.40 7.79 0.50 4.30
Cr,0, 0.39 0.45 0.38 0.42 0.31 0.02 0.00
V,0; 0.27 0.26 0.25 0.27 0.10 b.d.l b.d.l
FeOT* 9.34 9.45 9.24 9.30 7.39 2.80 5.70
MnO 0.15 0.11 0.10 0.12 0.10 0.09 0.09
Zn0O 0.03 0.05 0.01 0.00 0.05 b.d.l b.d.l
MgO 16.35 16.31 16.28 16.28 18.50 22.98 20.96
NiO 0.05 0.07 0.04 0.03 0.03 0.07 0.02
Ca0 11.23 11.33 11.20 11.21 12.44 13.03 12.25
Na,O 2.58 2.18 2.49 231 1.42 0.09 0.73
K,0 0.31 0.34 0.31 0.34 0.00 0.01 0.04
F 0.00 0.19 0.10 0.12 0.00 0.03 0.13
cl b.d.l b.d.l b.d.l b.d.l b.d.l 0.00 0.04
Total 98.64 98.67 98.76 98.96 99.12 97.10 97.09
Formula based 23 oxygens

Sir 6.51 6.48 6.47 6.49 6.97 7.92 7.36
Al; 1.49 1.52 1.53 1.51 1.03 0.08 0.64
Ale 0.21 0.18 0.23 0.23 0.25 0.00 0.07
Tic 0.22 0.25 0.25 0.26 0.08 0.00 0.01
Cre¢ 0.04 0.05 0.04 0.05 0.03 0.00 0.00
Fe*c 0.32 0.36 0.32 0.33 0.33 0.06 0.48
Mg ¢ 3.47 3.47 3.45 3.44 3.83 4.72 4.36
Ni ¢ 0.01 0.01 0.00 0.00 0.00 0.01 0.00
Zn ¢ 0.00 0.01 0.00 0.00 0.01 - -
Fe®'. 0.72 0.67 0.70 0.69 0.47 0.21 0.09
Fe™, 0.07 0.09 0.08 0.08 0.06 0.06 0.10
Mn g 0.02 0.01 0.01 0.01 0.01 0.01 0.01
Cag 1.71 1.73 1.71 1.70 1.85 1.92 1.83
Na g 0.20 0.17 0.20 0.20 0.08 0.01 0.06
Na 5 0.52 0.44 0.49 0.43 0.30 0.01 0.14
K a 0.06 0.06 0.06 0.06 0.00 0.00 0.01
A-vacancy 0.43 0.50 0.46 0.50 0.70 0.98 0.86

*FeOT expressed as FeO; b.d.I: below detection limit
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Chlorite displays high Mg (7.94 to 8.25 a.p.f.u) and low Fe (1.08 to 1.22 a.p.f.u.) with compositions of

clinochlore-chamosite series (see Table C5_15).

Table C5_15. Representative analyses of chlorite of the plutonic unit.

Sample 09-LV-8A 09-LV-8A 09-LV-8A (09-LV-8A
Rock type Cumulate gabbro

Unit Plutonic

Mineral Chlorite

Major elements (wt%)

Sio, 34.48 29.46 29.92 29.85
TiO, b.d.l b.d.l 0.01 b.d.l
Al,O, 16.25 22.12 21.08 21.40
Cr,0, 0.01 b.d.l b.d.l 0.02
FeOT* 7.69 6.97 6.98 6.78
MnO 0.12 0.06 0.05 0.02
MgO 27.90 28.07 28.72 28.98
NiO 0.22 0.08 0.08 0.08
Ca0 0.49 0.02 0.02 0.06
F 0.05 0.09 0.07 0.05
Total 87.22 86.85 86.92 87.25
Formula based 28 oxygens

Sir 6.59 5.66 5.74 5.70
Al 1.41 2.34 2.26 2.30
Aly 2.24 2.66 2.51 2.52
Tiy - - 0.00 -
Crm 0.00 - - 0.00
Mgy 7.94 8.03 8.22 8.25
Fe*y, 1.23 1.12 1.12 1.08
Mny, 0.02 0.01 0.01 0.00
Nip 0.03 0.01 0.01 0.01
Cap 0.10 0.00 0.00 0.01
F 0.03 0.05 0.04 0.03
Mgt 0.87 0.88 0.88 0.88

*FeOT expressed as FeO; b.d.l: below detection limit; Mg#=(Fe/Fe+Mg)

Serpentine has low Al (<0.11 a.p.f.u) and Fe? (0.13-0.41 a.p.f.u; Table C5_16). Epidote replacing
plagioclase has a composition of clinozoizite with low Fe# (<0.12; Table C5_17). Prehnite shows minor

substitution of Fe®*- Al (<0.01 of Fe#= [Fe3*/(Fe3*+Al**)]; Table C5_18).
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Table C5_16. Representative analyses of serpentine of the plutonic unit.

Sample 08-SCB-34-D3-1

08-SCB-34-D3-1

08-SCB-34-D3-1

08-SCB-34-D3-1

Rock type

Cumulate Ol-Gabbro

Unit

Mineral

Major elements (wt%)

Sio, 43.14 42.98 41.40 43.44
TiO, 0.01 b.d.| 0.01 0.00
Al,O4 0.02 0.28 0.97 0.04
Cr,04 0.01 0.01 0.01 0.02
V5,0, b.d.l b.d.l b.d.l b.d.l
FeO* 3.45 2.46 5.25 1.65
MnO 0.03 0.01 0.03 0.01
ZnO b.d.l b.d.l b.d.l b.d.l
MgO 39.46 40.53 39.97 40.96
NiO 0.01 0.02 0.02 0.04
Ca0o 0.03 0.02 0.03 0.01
Na,O 0.01 0.01 0.02 0.01
K;,0 0.03 0.02 0.02 0.01
cl 0.16 0.12 0.12 0.07
Total 86.37 86.46 87.83 86.28
Formula based 14 oxygens

Si 4.08 4.04 3.90 4.07
Ti 0.00 0.00 0.00 0.00
Al 0.00 0.03 0.11 0.00
Cr 0.00 0.00 0.00 0.00
V - - - -
Fe'? 0.27 0.19 0.41 0.13
Mn 0.00 0.00 0.00 0.00
Zn - - - -
Mg 5.56 5.68 5.61 5.72
Ni 0.00 0.00 0.00 0.00
Ca 0.00 0.00 0.00 0.00
Na 0.00 0.00 0.00 0.00
K 0.00 0.00 0.00 0.00
cl 0.03 0.02 0.02 0.01
Mg# 0.95 0.97 0.93 0.98
Mg+Fe+Mn+Ni 5.83 5.87 6.03 5.85

*FeOT expressed as FeO, MgH#=Mg/(Mg+Fe2+); b.d.l: below detection limit.
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Table C5_17. Representative analyses of epidote of the plutonic unit.

Sample 09-LV-8B 09-LV-8B 09-LV-8B
Rock type Cumulate Ol-gabbro

Unit Plutonic

Mineral Epidote

Major elements (wt%)

Sio, 39.63 40.83 40.25
Tio, 0.05 0.01 b.d.I
Al,0, 29.71 33.06 32.27
Cr,0, 0.00 b.d.I b.d.I
V,0;3 b.d.l 0.03 0.03
FeOT* 4.75 0.32 1.80
MnO 0.04 0.03 0.05
Zn0 0.01 b.d.I b.d.I
MgO b.d.I 0.03 b.d.I
NiO 0.02 0.00 b.d.|
Ca0 23.89 24.08 24.10
Sro 0.09 b.d.I 0.07
BaO b.d.I 0.02 b.d.I
Na,O 0.02 0.19 0.01
K,0 b.d.I b.d.I b.d.I
Total 98.20 98.60 98.58
Formula based 12.5 oxygens

Sir 3.03 3.06 3.04
Al; - - _
Alyy 1.00 1.00 1.00
Aly, 1.00 1.00 1.00
Al 0.68 0.92 0.87
Fe®' s 0.30 0.02 0.11
Mnys 0.00 0.00 0.00
Fe”" s 0.00 0.00 0.00
Cryis 0.00 0.00 0.00
Vs 0.00 0.00 0.00
Zny3 0.00 0.00 0.00
Mg i3 0.00 0.00 0.00
Ti w3 0.00 0.00 0.00
Cap 1.00 1.00 1.00
Cap; 0.96 0.94 0.95
Sr a2 0.00 0.00 0.00
Ba 0.00 0.00 0.00
Na p, 0.00 0.03 0.00
Ka2 0.00 0.00 0.00

*FeOT expressed as FeO; b.d.l: below detection limit; n.a: not analyzed
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Table C5_18. Representative analyses of prehnite of the plutonic unit.

Sample 09-LV-8A 09-LV-8A 09-LV-8A 09-LV-8A 09-LV-8A
Rock type Cumulated Ol-gabbro

Unit Plutonic

Mineral Prehnite

Major elements (wt%)

Sio, 44.56 44.27 44.45 44.44 44.29
Tio, b.d.l 0.03 0.05 0.01 0.03
Al,0, 24.17 24.27 23.97 23.93 24.46
FeOT* 0.09 0.09 0.11 0.18 0.09
MnO 0.01 b.d.l 0.01 0.02 b.d.l
MgO b.d.l b.d.l b.d.l b.d.l 0.03
Ca0 26.80 26.66 26.47 26.83 26.88
Na,O 0.04 0.01 0.10 0.04 0.04
K,0 0.01 b.d.l 0.01 b.d.l 0.01
Total 95.68 95.33 95.17 95.45 95.82
Formula based 11 oxygens

Siy 3.05 3.04 3.06 3.05 3.03
Aly 0.95 0.96 0.94 0.95 0.97
Aly 1.00 1.00 1.00 0.99 1.00
Fe’'y 0.01 0.01 0.01 0.01 0.00
Mn, 0.00 - 0.00 0.00 -
Mg - - - - 0.00
Cap 1.96 1.96 1.95 1.97 1.97
Naj, 0.01 0.00 0.01 0.01 0.00
Ka 0.00 - 0.00 - 0.00

*FeOT expressed as FeO; b.d.I: below detection limit
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5.3.3. Whole-rock chemistry

Major, trace element data, and isotopic data of rocks of the plutonic unit are given in Table C5_19 and
Table C5_20.

5.2.3.1. Major elements

Rocks of the plutonic unit display high Mg# (c. 80 %) and CaO wt% (c. >12 wt%, anhydrous basis) with
low TiO, (c. <0.23 wt%). High Mg# and CaO contents indicate accumulation of ferromagnesian minerals
(clinopyroxene, orthopyroxene and olivine) and plagioclase (high CaO, (Fig. C5_16). The presence of

clinopyroxene, orthopyroxene and olivine indicates quartz-normative affinity.
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Figure. C5_16 CaO vs Mg# diagram for whole-rock and mineral composition of the magmatic assemblage of
the plutonic unit. The spread of whole-rock data of cumulate gabbros and ol-gabbros show a spreading in CaO
composition which can be attributed to the fractionation effect of pyroxene, olivine and plagioclase. Mg# was
calculated using molar proportions of MgO and FeOtotal, considering 90 % FeO and 10 % Fe 0, (Gill, 2010).
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Table C5_19. Whole-rock and trace element composition of samples of the plutonic unit of the mafic crust in the
VCSM.

Sample 08-VC-23 08-VC-25 14-SC-3 08-VC-24 09-LV-8A 09-LV-8B 08-SCB-34-D3-1
Latitude 22°19'44.20"N  22°19'44.20"N  22°27'9.60"N 22°19'44.20"N  22°19'44.20"N  22°19'44.20"N 22°19'44.20"N
Longitude 78°17'6.90"W  78°17'6.90"W  79°52'22.20"W 78°17'6.90"W 79°42'53.10"W  79°42'53.10"W 79°42'53.10"W
Unit Plutonic

Rock type Cumulate Gabbro Cumulate Ol-Gabbro

Major elements (wt%)

Sio, 43.04 47.03 47.46 43.83 43.89 46.85 45.85
TiO, 0.08 0.15 0.12 0.08 0.13 0.22 0.11
AlL,O4 19.97 20.56 21.56 24.11 16.01 6.92 16.43
Fe,05T 6.01 4.42 2.83 2.77 5.65 9.78 5.98
MnO 0.09 0.09 0.06 0.07 0.10 0.16 0.11
MgO 13.38 8.80 7.25 5.89 14.74 17.92 14.01
Ca0 10.95 14.59 17.98 15.31 13.72 14.07 15.31
Na,O 0.94 0.75 1.09 1.32 0.63 0.27 0.64
K,O 0.08 0.67 b.d.l 0.46 b.d.l b.d.l b.d.l
P,0s 0.01 0.01 0.01 0.01 0.01 0.02 0.01
LOI 5.45 2.41 1.54 5.35 4.69 3.42 1.44
Total 100.00 99.48 99.90 99.20 99.57 99.63 99.89
Trace elements (ppm)

Li 1.669 12.352 0.383 11.906 6.205 3.552 0.929
Rb 2.224 16.800 0.324 10.671 0.320 0.791 0.277
Cs 0.791 2.415 0.044 1.930 0.091 0.084 0.063
Be b.d.| 0.111 0.039 b.d.l 0.039 0.039 0.032
Sr 237.936 198.067 135.964 572.508 153.449 45.037 102.482
Ba 20.330 54.921 9.102 75.281 13.918 9.046 5.726
Sc 5.431 23.040 41.676 9.001 33.782 62.613 37.635
\Y 46.822 123.255 117.963 54.880 90.438 181.809 103.637
Cr 149.517 145.941 461.915 119.587 847.186 1556.888 787.055
Co 64.934 49.881 68.067 23.812 52.440 92.645 56.703
Ni 210.678 87.292 86.276 61.097 310.828 318.168 278.937
Cu 8.987 92.922 29.549 21.757 122.234 124.267 68.335
Zn 0.000 11.789 19.091 0.000 29.411 51.471 33.343
Ga 9.466 12.219 10.938 11.332 7.889 6.191 9.007

Total Fe as Fe,0;T; b.d.I: below detection limit
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Table C5_19. Continued.

Sample 08-VC-23 08-VC-24 08-VC-25B 09-LV-8A 09-LV-8B 08-SCB-34-D3-1 14-SC-3

Trace elements (ppm)

Y 1.892 1.968 4.628 3.659 6.957 3.779 3.872
Nb 0.108 0.054 0.196 0.101 0.386 0.076 0.137
Zr 5.5 2.6 7.7 2.072 3 1.943 1.6

Mo 3.263 1.372 3.265 2.227 3.049 1.812 4.919
Sn 0.295 0.193 0.226 0.333 0.406 0.312 0.326
Tl b.d.l 0.016 0.018 0.008 0.02 0.002 0.001
Pb b.d.l b.d.l b.d.I 0.233 0.43 0.23 0.387
u 0.005 0.005 0.003 0.01 0.024 0.013 0.021
Th 0.024 0.012 0.03 0.008 0.175 0.01 0.008
La 0.262 0.223 0.211 0.155 0.289 0.152 0.166
Ce 0.482 0.379 0.641 0.507 0.886 0.43 0.477
Pr 0.112 0.099 0.128 0.096 0.178 0.09 0.096
Nd 0.579 0.499 0.833 0.644 1.115 0.561 0.591
Sm 0.236 0.223 0.388 0.317 0.536 0.276 0.280
Eu 0.189 0.198 0.233 0.233 0.261 0.21 0.223
Gd 0.343 0.362 0.597 0.487 0.887 0.486 0.496
Tb 0.05 0.056 0.112 0.086 0.163 0.089 0.091
Dy 0.362 0.388 0.788 0.581 1.111 0.607 0.609
Ho 0.087 0.083 0.167 0.134 0.253 0.14 0.143
Er 0.226 0.217 0.472 0.36 0.698 0.369 0.393
Tm 0.032 0.034 0.068 0.056 0.109 0.059 0.062
Yb 0.211 0.218 0.379 0.329 0.656 0.341 0.363
Lu 0.032 0.03 0.053 0.05 0.098 0.053 0.056
Hf 0.089 0.08 0.182 0.01 0.05 0.01 0.01

5.2.3.2. Trace elements

Trace element compositions of the plutonic unit samples display depletion in LREE (La/Sm . =0.31-

0.69), with nearly flat MREE to HREE (Sm/Lu =0.83-1.24) in the chondrite-normalized REE pattern

N CI95

(Fig. C5_17A). The marked positive Eu anomaly (Eu/Eu"=1.15 to 2.12) is characteristic of cumulate
gabbros and ol-gabbros. The N-MORB normalized patterns are depleted relative to N-MORB (Fig.

C5_17B), with marked negative anomalies in Nb (Nb/La =0.26 to 0.89, with the exception of two

N N-MORB89

samples (08-VC-25B and 09-LV-8B) and Zr (Zr/Nd =0.26 t0 0.94). Th is enriched in comparison to

N N-MORB89

other trace elements.
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Figure. C5_17 Normalized trace element composition of the plutonic unit. A) Chondrite-normalized whole-rock REE.
B) N-MORB-normalized whole-rock trace element composition. Chondrite- and N-MORB-normalization values are
from McDonough and Sun (1995) for Cl chondrite and Sun and McDonough (1989) for N-MORB.

5.2.3.4. Nd-Sr isotope systematics

The Sr and Nd isotopic compositions of the plutonic unit are measured #Sr/®Sr ratio range 0.70303-

0.70346 and “*Nd/***Nd ratio range of 0.51277-0.51300 (see Table C5_20).

Table C5_20. Isotopic composition of samples of the plutonic unit of the mafic crust from the VCSM.

Sample 08-VC-25 09-LV-8B 08-SCB-34-D3-1 14-SC-3
Unit Plutonic

Sr (ppm) 223.340 45.020 102.439 135.910
Nd (ppm) 0.553 1.115 0.561 0.591

¥7sr/%sr 0.70346 0.70337 0.70303 0.70330
#Sr/**sr error 0.0040 0.0020 0.0030 0.0010
"sm/"Nd 0.2927 0.2904 0.2975 0.2863
“INd/**Nd 0.51277 0.51300 0.51293 0.51290
"“3Nd/**Nd error 0.0050 0.0040 0.0060 0.0040
¥sr/®sr 0.70334 0.70328 0.70301 0.70328
"INd/MNd, 0.51253 0.51276 0.51268 0.51266

T= 125Ma; Eclogitic metamorphic peak event in Santa Clara serpentinitic mélange that
indicates pre-Aptian subduction (125Ma, Garcia-Casco et al., 2002)
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5

.4. Discussion of mafic crust of the VCSM

The mafic crust of the Villa Clara serpentinitic mélange comprises sub-volcanic and plutonic units. This

discussion is divided in two parts: sub-volcanic unit and plutonic unit.

136

5.4.1. Sub-volcanic unit of the VCSM

5.4.1.1. Element behaviour and metamorphism of the sub-volcanic unit

The diabase and microgabbro underwent low pressure metamorphism that has partly to completely
transformed the primary mineral assemblages. The effect of metamorphism is evidenced by petrography
(presence of amphibole, epidote and prehnite) and mineral and whole-rock chemistry. The LOI values
(1.66 to 4.04 wt%), major elements (such as Si, K and Na) and LILE attest to protolith alteration (e.g.,
Kelley et al., 2003; Ribeiro et al., 2013; Hirahara et al., 2015).

The alkali elements were used as tracers of alteration (Fig. C5_18A, Miyashiro, 1975). In figure
C5_18A, group 1 rocks fit with weakly to strongly altered, whereas group 2 appear to be weakly altered.
Large ion lithophile elements (LILE, Rb, Sr, Ba) were plotted against an immobile element (Yb) in order to
track element mobility (Fig. C5_18B to C5_18D). Enriched compositions in groups 1 and 2 indicate post
magmatic processes that mobilize such elements (e.g. seawater alteration, Pearce, 1982; Delacour et al.,
2008; Ribeiro et al., 2013; Hirahara et al., 2015). Therefore, the mobile character of alkali elements and
LILE cannot be used to track magmatic processes that would allow one to characterize the protolith and

its provenance.
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Figure. C5_18 Major and trace element diagrams for the mafic crust of the VCSM. A) Na,0/K,0 vs Na,0+ K,0
(wt%) anhydrous. Lines and fields from Miyashiro (1975). B) Rb vs Yb,. C) Sr vs Yb,. D) Ba vs Yb,. Yb normalized to
chondrite after McDonough and Sun (1995).

The study of isotopic systems (Nd and Sr) sheds light on which isotopic reservoirs are associated

with element enrichment during metamorphism. We recalculated isotopic ratios of samples and

endmember reservoirs to the timing of subduction initiation of the Proto-Caribbean plate at c¢. 125

Ma (Garcia-Casco et al., 2002). The sub-volcanic unit displays similar Nd and Sr compositions, showing

143Nd/**Nd depletion and high values of 8Sr/%Sr, with a trend that fits the mixing line of depleted mantle

- Cretaceous seawater (with low W/R ratio= <1-10), according to oceanic crust alteration (e.g. Hart et al.,

1999; Kelley et al., 2003; Boschi et al., 2008; Delacour et al., 2008; Vils et al., 2008 and 2009; Fig. C5_19).
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Figure. C5_19 **Nd/***Nd, vs ¥Sr/*Sr, isotope systematics of the mafic crust of the VCSM. Mantle array of samples
compiled from Stracke et al. (2003a) and (2003b), depleted mantle (DM from Rehkdmper and Hofmann, 1997), and
global subducting sediment fluid/melt (GLOSSF and GLOSSM: Plank, 2014, Johnson and Plank, 1999). Seawater-DM
mixing lines were calculated following the equations of McCulloch et al. (1981). DM-GLOSSF and DM-GLOSSM were
calculated using the equation of isotopic mixture from Faure and Mensing (2005). All mixing lines, endmembers
and samples were age-corrected at c. 125 Ma (Garcia-Casco et al., 2002), with the exception of actual seawater
and altered abyssal samples (Boschi et al., 2008; Delacour et al., 2008; Vils et al., 2008 and 2009). More information
on endmembers and mixing lines in chapter 3.10.

The metamorphic mineral assemblages (diopside + plagioclase + amphibole: pargasite to tremolite +
epidote + prehnite) indicate low pressure/low-medium temperature metamorphism. The low pressure
metamorphism is evidenced by low Ti¢, Na® and high AI" (Fig. C5_7). The relatively constant values of Na®
in core and rim indicate rim growth at constant pressure. The high values of (Na+K), in amphibole cores,
which decrease progressively to the rims (Fig. C5_7A), indicate retrograde zoning that took place during
cooling. The high chlorine content in high temperature amphiboles is comparable to amphiboles found
in present-day oceanic environments, offering additional evidence of ocean floor metamorphism (Fig.
C5_7D; e.g., Laird and Albee, 1981; Laird et al., 1984; Vanko, 1986; Kendrick et al., 2015 and references

therein).

5.4.1.2. Petrogenesis of sub-volcanic unit of the VCSM

Hereinafter, immobile elements are used to characterize magmatic processes of the sub-volcanic
unit. We use high field strength elements (HFSE, Hf, Zr, Ti, Nb), rare earth elements (REE) and some
transitional elements (i.e., V) that are considered immobile (e.g., Pearce and Cann, 1971; Shervais, 1982;

Pearce et al., 2014; Saccani et al., 2015 and references therein). The HFSE/HREE ratios (e.g., Th/Yb,
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Nb/Yb) were used to track magma provenance and subduction-derived fluid interactions (e.g., Pearce,
2008 and 2014). Different element behaviours point to the processes behind enrichment/depletion. As
Zr concentrations are useful to track magma differentiation (Duggen et al., 2008) in metamorphosed
rocks, Zr and TiO, contents are plotted in Figure C5_20. Group 1 rocks are depleted in HFSE (Zr=31 to
82 ppm), whereas group 2 is seen to have higher concentrations (Zr= 107 to 111 ppm; Fig. C5_20). Such

enrichment in Zr in group 2 rocks indicates that these rocks are differentiated magmas.
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Figure. C5_20 TiO, wt% anhydrous vs Zr (ppm) of sub-volcanic rocks of the VCSM. Fields of forearc basalt (FAB) are
from Reagan et al. (2010) and Ishizuka et al. (2011); Island arc tholeiites (IAT) from Kerr et al. (1999), Jolly et al.
(2002), Diaz de Villalvila et al. (2003), Escuder et al. (2006, 2007, 2011, 2014), Marchesi et al. (2007), Lidiak et al.
(2011) and Cintron Franqui et al. (2017). Boninites from Pearce et al. (1992), Bonev and Stampli (2008) and Reagan
etal. (2010).

Group 1 of the sub-volcanic unit shows REE and N-MORB normalized patterns similar to tholeiitic mid-
ocean ridge basalts (MORB), while group 2 shows more enriched compositions (Fig. C5_10). However,
all types of sub-volcanic rocks display positive Th and negative Nb anomalies in comparison to N-MORB
compositions (Fig. C5_10B and C5_10D), and both display high Th/Nb ratios and low to medium Ti/V
ratios (low Ti/V ratios for group 1 and medium Ti/V ratio group 2; Fig. C5_21). Furthermore, their
compositions do not fall in the MORB-0IB mantle array, and they appear to have a subduction-related
imprint (Fig. C5_21A). The compositions of group 1 rocks, plotted in figures C5_10, C5_20 and C5_21,
resemble those of forearc basalts (FAB) from Izu Bonin (Reagan et al., 2010 and Ishizuka et al., 2011);
group 2 displays compositions of island arc tholeiites (IAT) that crop out along the Caribbean realm
(Kerr et al.,1999; Jolly et al., 2002; Diaz de Villalvila et al., 2003; Escuder et al., 2006, 2007, 2011, 2014;
Proenza et al., 2006; Marchesi et al.,2007; Lidiak et al., 2011; Cintron Franqui et al., 2017; Torré et al.,
2017). Both groups of the sub-volcanic unit are related to a suprasubduction zone setting, where group

1, with FAB affinity, may be the first melts produced once subduction started, as suggested by Reagan
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et al. (2010). Group 2, having IAT affinity, is expected to have formed after group 1, since it represents

more differentiated melts.
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Figure. C5_21 A) Th/Yb vs Nb/Yb and B) V vs Ti (ppm)/1000 from Pearce (2008) and Shervais (1982). Fields of
forearc basalt (FAB) are from Reagan et al. (2010) and Ishizuka et al. (2011) and Island arc tholeiites (IAT) from Kerr
et al. (1999), Jolly et al. (2002), Diaz de Villalvila et al. (2003), Escuder et al. (2006, 2007, 2011, 2014), Marchesi et
al. (2007), Lidiak et al. (2011) and Cintron Franqui et al. (2017). Boninites are from Pearce et al. (1992), Bonev and
Stampli (2008) and Reagan et al. (2010). N-MORB, E-MORB and OIB from Sun and McDonough (1989) are plotted

for reference. Suprasubduction zone enrichment is indicated as SSZ in the diagrams.

Positive Th and negative Nb anomalies, as well as low to medium Ti/V ratios, attest to a mantle source
that has an additional subduction-related component (e.g., Kelemen et al., 2003; Reagan et al., 2010;
Stern et al., 2012). The most incompatible elements (LILE; Fig.C5_18) appear enriched in both groups 1
and 2. It is generally accepted (e.g. Schmidt and Jagoutz, 2017 and references therein) that LILE derive
from the slab, which is in line with HFSE and REE.

Here, we use Nd and Sr isotopes to identify possible mantle reservoirs, due to the fact that radiogenic
isotopes do not fraction during magmatic differentiation. Sub-volcanic rocks show comparable isotopic
composition, indicating the same mantle source. The mantle source may have experienced a small slab
input (<2%; Fig.C5_19, DM-GLOSSF and DM-GLOSSM mixing lines; global subducting sediment fluid/
melt, GLOSSF and GLOSSM, respectively), which decreased the **Nd/'*Nd ratio to less radiogenic Nd.
Unfortunately, the ®’Sr/%Sr ratio was modified by seawater infiltration; the more radiogenic Sr fits with

seawater mixing line (Fig.C5_19).

To sum up, group 1 sub-volcanic unit rocks display compositions of forearc basalts, and group 2 of
island arc tholeiite affinity, with more differentiated compositions. The presence of a small subduction-
related signature may be explained by slab fluids/melts (GLOSSF/GLOSSM). All these evidences point to

a subduction zone geodynamic setting.
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5.4.1.3. Melting modelling of sub volcanic unit of the VCSM and their link with peridotites of
VCSM

The scientific community agrees that basalts, diabases and microgabbros in abyssal/suprasubduction
zone setting have most likely have undergone some degree of fractional crystallization during their
ascent (e.g., Sobolev and Chaussidon, 1996; Allan et al., 1999; Reagan et al., 2017; Schmidt and Jagoutz,
2017). Therefore, in order to avoid effects of magmatic differentiation, we consider only primitive melt
compositions using Mg# (definition: magma that has undergone minimal magmatic differentiation; e.g.
Sobolev and Chaussidon, 1996; Gill, 2010 and references therein). Primitive melts display Mg# > 65%
(e.g. Gill, 2010 and references therein), only three samples of group 1 meeting this requirement. In
addition, it is important to take into account processes such as fractional crystallization of plagioclase,
which could yield positive or negative Eu anomalies. We only use samples that show slight deviations
from Eu/Eu’= 1. Two samples of group 1 (samples 08-VC-1 and 08-VC-9) were selected as potentially

representative of primary melt.
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Figure. C5_22 Eu/Eu* vs Mg# values of samples from the sub-volcanic in rocks of the VCSM. See text for explanations.

The primary melts of the sub-volcanic unit were modelled using hydrous fractional non-modal
melting of depleted mantle (see chapter 3.9 and table C3_2 for procedure). Here, we use the same
parameters (partition coefficients, mineral source modes, mineral melt modes, degree of melting and
source rock composition) and the non-modal fractional melting equation of Shaw (2000) applied in

modelling peridotite melting in the VCSM (chapter 4.5.3).

The melting modelling considers two possibilities: Case X) First batch of melt from a depleted mantle
at the garnet-peridotite facies, and case Y) first batch of melt from a depleted mantle at the spinel-

peridotite facies. Both cases consider diverse options in terms of one step melting (Figs. C5_23A.1 and
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C5_23B.1), two step melting (Figs. C5_23A.2 and C5_23B.2) and Case X that have three step melting
(case X only; Fig. C5_23A.3).

The one step melting curves of case X modelling (Fig. C5_23A.1) do not fit with sub-volcanic group 1
rock compositions, as there is a change of slope from low to high melting degrees (high LREE to low HREE
at small melting degrees vs. low LREE to high HREE). This effect is produced by garnet, which retains
HREE. The two step melting with a first 4% melting at garnet-peridotite facies and a second step in the
spinel-peridotite facies could not account for the sub-volcanic rock compositions, owing to the higher
HREE compositions of the melting curves (Fig. C5_23A.2). The three step melting (4% melting of DM grt-
peridotite, followed by 6% melting of DM spl-peridotite and melting of DM in the spl-peridotite facies)
likewise cannot explain sub-volcanic rock composition (Fig. C5_23A.3), in this case because of the low

MREE and HREE composition of the melting curves.

Meanwhile, case Y (at spinel-peridotite facies, Fig. C5_23B), entailing one and two steps, reproduces
the compositions of the sub-volcanic rocks. For one step melting the sub-volcanic unit may have been
produced after c. 6-8% melting of DM (Fig. C5_23B.1), whereas c. 8-10 % applies to two-step melting
(Fig. C5_23B.2). Two step melting considers a depleted mantle source that underwent a first step of
melting (c. 4% DM) and a second step of melting of c. 4% to 6%. Both options are feasible. Yet considering
that group 1 of the sub-volcanic unit is constituted by forearc basalts, they should have formed after
melting of an already depleted mantle source that re-melts in a second step. The two step modelling in
the spinel peridotite field is consistent with the geochemistry of the sub-volcanic unit and subduction

initiation geodynamic setting envisaged for the Caribbean realm at 125 Ma.
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Figure. C5_23 Non-modal fractional melting modelling of group 1 (FAB-like) of the sub-volcanic unit. Chondrite-
normalized REE patterns. A) Initial melting at the garnet facies (case X). B) Initial melting at the spinel facies (case
Y). A.1) One step melting at garnet-peridotite facies, A.2) Two step melting, first 4% DM at garnet-peridotite (grt-
per) facies and second at the spinel-peridotite facies, A.3) Three step melting, first at 4% DM (grt-per), second at
6% DM (spl-per) and third step melting at spinel-peridotite facies. B.1) One step melting at spinel-peridotite facies
(spl-per), B.2) Two step melting, first at 4% DM (spl-per) facies and second at spinel-peridotite facies. Dashed lines
are calculated melt composition. Source of melting is depleted mantle (DM) composition, from Salters and Stracke
(2004). Melting modelling calculated using equation of Shaw (2000). Source and melting modes and partition
coefficients are indicated in chapter 3.9 and Table C3_2. Percentages indicate degree of melting.
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5.4.1.4. Correlations of sub-volcanic unit of the VCSM with other crustal sections of the
Caribbean.

In the previous chapters we characterize the sub-volcanic unit in terms of its composition, origin,
associated processes of enrichment and geodynamic setting of formation. In this chapter we aim to
place the sub-volcanic unit of VCSM in the geodynamic setting of the Caribbean realm. The sub-volcanic
unit is part of the Early Cretaceous Caribbean Island arc, which can be tracked along Cuba, Dominican
Republic, Puerto Rico and Virgin Islands. Here, we understand the Early Cretaceous Caribbean Island Arc
as the volcanic and sub-volcanic rocks that have been classified as part of an ophiolite section formed
during the first stages of subduction and onset of arc formation. Some ophiolite classification schemes
distinguish subduction-related and subduction-unrelated ophiolites (e.g. Dilek and Furnes, 2011; 2014;
Furnes and Dilek, 2017 and references therein). This classification is based on complexes of ultramafic
to felsic rocks that are temporally and spatially associated, and that may have undergone melting and
magmatic differentiation in an oceanic context (Dilek and Furnes, 2011). This means that the creation
of oceanic crust in a supra-subduction setting is nowadays considered as typical of ophiolites. In the

Caribbean realm, many sections of supra subduction zone ophiolites occur.

The generation of oceanic crust in the Caribbean realm was continuous from Early Cretaceous to
Tertiary (e.g. Lidiak et al., 2015 and references therein). The tectonics of the Caribbean realm started
with the breakup of Pangea and creation of the Inter-American transform, which allowed for the drift of
North America and favoured opening of the Proto-Caribbean oceanic basin at Jurassic times (of Atlantic
lithosphere origin, e.g. Pindell et al., 2012; Rojas-Agramonte et al., 2016). At this stage, creation of the
Proto-Caribbean oceanic crust resulted in geochemical compositions of typical mid-ocean ridge basalts
(e.g. Stracke et al., 2003a; 2003b and references therein). Remnants of such lithosphere can be found in
amphibolites and basalts of Sierra Bermeja and Water Island formations, respectively in Puerto Rico and
Virgin Islands (Jolly et al., 2002, 2007; Jolly and Lidiak et al., 2006; Lidiak et al., 2011; Cintron Franqui et
al., 2017; Fig. C5_24). The Early Cretaceous convergence of the Proto-Caribbean and Caribbean plates
entailed westward subduction of the Proto-Caribbean basin below the Pacific plate (Boschman et al.,
2014 and references therein). Subduction inception can be tracked along the Caribbean realm by the
presence of forearc basalts (FAB). Evidence of subduction initiation is presented here by the group 1
sub-volcanic unit of VCSM in Central Cuba, which displays FAB signatures. Other studies in Eastern Cuba
(La Tinta mélange; Lazaro et al., 2016), Dominican Republic (Maimdn formation; Torré et al., 2017) and
Puerto Rico (Rio Majada and Lower Cajul formations; Jolly et al., 2002; Lidiak et al., 2011) describe
forearc basalts (Fig. C5_24). This implies that subduction initiation can be tracked over more than
1600 km, along Cuba, Dominican Republic and Puerto Rico. Forearc basalts were defined by Reagan
et al. (2010) as basalts generated by mantle decompression at a trench-related spreading center. Their
compositions are similar to MORB (see Fig. C5_24), but they may display a small or no slab imput.

The slab input is reflected by a characteristic Nb negative anomaly and Th enrichment (e.g. Kelemen
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et al., 2003) in comparison to normal MORB compositions. In some cases, subsequent melting of a
more depleted mantle source with more subducted components due to subduction progression creates
melts of boninitic affinity (high MgO, low alkalis and TiO,; Kelemen et al., 2003; Pearce, 2014). Such
compositions have been found in Cuba (La Havana, Holguin and Mayari Cristal complexes; Kerr et al.,
1999; Proenza et al., 2006; Marchesi et al., 2007), Dominican Republic (Rio San Juan and Puerto Plata
complexes, Maimén and Los Ranchos formation; Escuder et al., 2006, 2011 and 2014; Torrd et al., 2017)
and Virgin Islands (Water Island formation; Jolly and Lidiak, 2006). As subduction evolved, island arc
tholeiites (IAT) were formed, displaying a marked subduction-related signature such as enrichment in
LREE with positive Th and negative Nb anomalies, and LILE enriched compositions. Group 2 of the sub-
volcanic unit of the VCSM displays such compositions, more evolved than group 1 of FAB affinity (see
Fig. C5_24). In Central and Eastern Cuba (Central: Sagua la Chica and Los Pasos formations; Kerr et al.,
1999; Diaz de Villalvila et al., 2003; Eastern Cuba: Guamuta, Loma de la Bandera, Téneme, Quivijan and
Estrella de Mayari formations; Kerr et al., 1999; Proenza et al., 2006; Marchesi et al., 2007), primitive
island arc tholeiites of Early Cretaceous record SW subduction of the Proto-Caribbean basin, as well as in
Puerto Rico (Lower Cajul and Rio Majada formation; Jolly et al., 2002; Lidiak et al., 2011; Cintron Franqui
et al., 2017). During the Late Cretaceous to Tertiary, active subduction created volcanic arc (IAT and
calcalkaline basalts; Kerr et al., 1999; Jolly et al., 2002; Diaz de Villalvila et al., 2003; Lidiak et al., 2011;
Lidiak and Anderson, 2015; Cintron Franqui et al., 2017 and references therein), backarc (Fig. C5_24;
Marchesi et al., 2007) and forearc basalts (Kerr et al., 1999; Diaz de Villalvila et al., 2003; Escuder et al.,
2014; Lazaro et al., 2016; Torrd et al., 2017) in the Caribbean plate.
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Figure. C5_24 Trace element diagrams of Early Cretaceous Caribbean Island Arc. A) TiO, (wt%) vs Zr (ppm). B) TiO,
(wt%) vs V (ppm). C) Nb/Zr vs La/Nb. D) Zr/Sm vs La/Sm. Plotted samples of Cuba (Kerr et al., 1999; Diaz de Villalvila
et al., 2003; Marchesi et al., 2007; Ldazaro et al., 2016), Dominican Republic ( Escuder et al., 2006, 2007, 2011 and
2014; Torré et al., 2017), Puerto Rico (Jolly et al., 2002, 2007; Lidiak et al., 2011; Cintron Franqui et al., 2017) and
Virgin Islands (Jolly and Lidiak et al., 2006).

5.4.2. Plutonic unit of the VCSM

The plutonic unit is composed of rocks with variable proportions of plagioclase, clinopyroxene,
orthopyroxene and olivine. These proportions and adcumulate textures indicate that the plutonic
unit is constituted by cumulate gabbro and ol-gabbro. The preferential orientation of plagioclase and
clinopyroxene evidence accumulation (Fig. C5_2). The whole-rock composition of major elements shows
high Mg# with a progressive increase of CaO, which depend on preferential mineral proportions due to

accumulation processes (Fig. C5_16). Trace element compositions are depleted with respect to N-MORB
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compositions with LREE-depleted and positive Eu anomalies and variable HREE. The REE patterns and Eu
anomaly (Fig. C5_17) indicate that the plutonic unit was the result of crystal fractionation, not allowing

the petrogenesis of the corresponding magmas to be constrained.

In the previous work of Rutten et al. (1938), Kanchev et al. (1978), Alvarez et al. (1991) and Garcia et
al. (1998), the plutonic unit appears in contact with the sub-volcanic unit. Due to tropical weathering, it
is difficult to determine if there is a genetic contact between the two units. In the map by Garcia et al.

(1998), a tectonic contact between them is depicted.

The isotopic composition may help to understand if there is a genetic relationship between the mantle
source that originated sub-volcanic and plutonic units. The isotopic signatures of the sub-volcanic and
plutonic units are slightly different, with high depletion of ***Nd/**Nd in the plutonic unit (Fig. C5_19;
0.51252 to 0.51276 at c. 125Ma). This indicates a heterogeneous mantle source. As argued above, the
mantle source of the sub-volcanic unit is affected by a small slab signature (see chapter 5.4.1.2). Together
with the low **Nd/***Nd of the plutonic unit, this would indicate a clear slab signature most likely related
to global subducting sediment melt (c. 0.8 % of GLOSSM, Fig. C5_19), after melting of slab sediments in a
context of subduction initiation. The different slab input may result in a heterogeneous enrichment of the

magma source, perhaps giving rise to the sub-volcanic and plutonic unit in the VCSM.

The isotopic Nd and Sr signature of the plutonic unit does not record high values of ®Sr/®6Sr.
Nevertheless, the plutonic unit bears evidence of ocean floor metamorphism (e.g. Kelley et al., 2003;

Ribeiro et al., 2013; Hirahara et al., 2015), although it is not generalized.
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6. An exotic ultramafic block in the Villa Clara serpentintic mélange

6.1. Field relations

The Villa Clara serpentinitic mélange includes exotic blocks of eclogite, garnet-amphibolite, blueschist
facies rocks and antigorite-serpentinite (Atg-serpentinite; Fig. C6_1). Here we focus on Atg-serpentinite,

well exposed in the Pelo Malo megablock, to the East of Santa Clara city (Fig. C6_1).
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Figure. C6_1 Geological map of Las Villas 1:100000, with the main geologic features and sample location of Atg-
serpentinite Pelo Malo block from VCSM (modified from Kanchev et al., 1978; Alvarez et al., 1991 and Garcia et al.,
1998).

The surface area of the megablock is 55150 m? and consists of bluish to greenish massive and strongly
foliated Atg-serpentinite (Figs. C6_2A and C6_2B). The surrounding rocks, enclosing the megablock, consist
of low-T brecciated serpentinite that constitute much of the serpentinite matrix of the mélange (see chapter
4 for further details; cf. Kanchev et al., 1978). Locally, centimetre-scale tremolite veins (2 cm to 15 cm width)

occur within Atg-serpentinite, and zoned blackwalls occur at the vein-rock contact (Figs. C6_2C to C6_2F).
151
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The whole vein-wall rock structure can be described as formed by four domains: i) Atg-serpentinite host
rock, ii) antigorite + chlorite + tremolite (Atg + Chl + Tr) blackwall outer band; iii) chlorite + tremolite (Chl +
Tr) blackwall inner band; and iv) tremolite vein (Tr-vein) (Figs. C6_2E and C6_2F). Notably, similar veins are
absent in nearby low-T brecciated serpentinite rock surrounding the Pelo Malo megablock, attesting to its

tectonic nature.

Atg-serpentinite

Atg- serp +ChI i

@ Atg-serpentinite
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Figure. C6_2 A) Field view of the Pelo Malo serpentinite megablock. B) Quarry pieces of Pelo Malo serpentinite. C)
Detail of vein structure within Atg-serpentinite; sample 08-VC-31 was taken from this piece. D) Schematic drawing
of the vein structure. Zoom inside the vein structure showing different domains: Atg + Chl + Tr zone, Chl + Tr zone
and tremolite vein. E) Hand-specimen view of the vein and domains; note the sharp contact between the tremolite
vein and the inner chlorite + tremolite domain.
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6.2. Petrography

The Pelo Malo Atg-serpentinite has a massive structure and strongly foliated fabric denoting significant
strain during and after serpentinization. Atg-serpentinites can be divided in two groups depending on
dolomite content (Fig. C6_3A and C6_3B). Dolomite-bearing Atg-serpentinites have antigorite and minor
dolomite, chlorite and ferrian chromite, magnetite, with occasional ilmenite and Fe-Ni sulphide. Antigorite
and dolomite appear intergrown in replacement textures of former chromian spinel (Fig. C6_3A), indicating
infiltration of a CO,-H,0 fluid during serpentinization. On the other hand, Atg-serpentinites bear antigorite,
plus chlorite, magnetite and ferrian chromite as transformation products of former chromian spinel. Relicts

of high-T olivine, pyroxenes and spinel are lacking.

The antigorite is the most abundant mineral in dolomite-bearing Atg-serpentinites and Atg-serpentinites.
Both rock types have non-pseudomorphic interpenetrating texture (c.f. O’Hanley, 1996). Antigorite blades
have variable size, from 1 mm to 20 um in length (Fig. C6_3B). Neither lizardite nor chrysotile was found in
Raman spectra (Fig.- C6_3C). Chromian spinel was completely transformed into ferrian chromite, magnetite

and chlorite. Chlorite also appears dispersed in the matrix.

The outer Atg + Chl + Tr blackwall domain is characterized by unoriented blades of antigorite (0.1 to
0.5 mm in length) intergrown with chlorite and dispersed euhedral crystals of tremolite that are 0.5 to 1
mm in length (Fig. C6_4). The abundance of antigorite decreases towards the Chl + Tr domain (it appears
as small blades of 0.05-0.2 mm; Fig. C6_4), while tremolite abundance increases. The interface between
the Chl + Tr blackwall domain and the Tr-vein is sharp, denoting that the latter corresponds to the locus
of direct crystallization from fluid in an open fracture (Figs. C6_2, C6_3 and C6_4). The Tr-vein domain has
dispersed euhedral shaped tremolite (c. 0.5-0.8mm) within fibrous aggregates arranged in areas of variable
orientation (Fig. C6_3F). Common textures include fan-shaped tremolite clusters (1 mm to up to 1 cm in
length; Fig. C6_3E). The tremolite changes in orientation (Figs. C6_3E and C6_3F) indicate that the vein and
the adjacent Chl + Tr domain are deformed, though deformation is concentrated in the vein, suggesting
shear deformation during and after fluid infiltration and crystallization. Dispersed chlorite-rich clusters

within the vein are interpreted as mechanically detached fragments of the Chl + Tr domain.
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Figure. C6_3. Cross-polarized light photomicrographs and BSE image of Atg-serpentinite and vein domains. A)
Dolomite-bearing Atg-serpentinite showing antigorite-dolomite intergrowths; B) Atg-serpentinite showing
interpenetrating texture and chlorite blasts; C) Backscattered electron image of the area indicated in A showing
blades of antigorite. The point indicates the area analyzed with micro-Raman spectroscopy. The Raman spectrum
shows the characteristic peaks of antigorite (e.g., Groppo et al., 2006, for comparison). D) Chlorite + tremolite
domain with abundant euhedral crystals of tremolite in a matrix of chlorite. E) Sharp contact between chlorite
+ tremolite domain and tremolite vein; note intense deformation. F) Tremolite vein showing deformed fibrous

crystals of tremolite with variable crystal orientation and local euhedral crystals of greater size.
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6.3. Mineral chemistry

Representative mineral compositions of spinel group minerals, serpentine group minerals, chlorite,
amphibole and carbonates are displayed below. The mineral formula was normalized to certain oxygens
depending on each mineral as elements per formula unit (p.f.u.): spinel group minerals (4 oxygens),
serpentine (14 oxygens), chlorite (28 oxygens), amphibole (23 oxygens) and carbonates (2 cations p.f.u)

(more details in chapter 3).

Antigorite from dolomite-bearing Atg-serpentinite has Mg = 5.37-5.58 and Al = 0.08-0.25 a.p.f.u. and
Mg#=[Mg/(Mg+Fe*)] = 0.96-0.97 (see Table C6_1). Textural relations and antigorite composition change
along the cross-section from the Atg + Chl + Tr to the Chl + Tr domains, as illustrated in the X-ray images of
Fig. C6_4. They show an increase of Al in antigorite across the Atg + Chl + Tr domain and a corresponding
decrease in Fe, Mg and Si, denoting the tschermak exchange vector (Si(Mg, Fe)Al_) (Fig. C6_4). In this
domain, antigorite has Mg = 4.93-5.26 and Al = 0.04-0.44 a.p.f.u (Figs. C6_5A to C6_5C). Antigorite from the
Atg + Chl +Tr and scarce relicts within the Chl + Tr domains show negative Fe-Mg correlation, with higher
Fe and lower Mg# (0.90-0.92) towards the vein, indicating FeMg-1 exchange (Fig. C6_5C). The distribution

of Cris irregular and related to the replacement of chromian spinel (top right of the Cr image, Fig. C6_4).

Table C6_1. Representative analyses of antigorite from exotic ultramafic block of the VCSM.

Sample 09-LV-11A 08-VC-31 08-VC-31
Rock type dolomite-bearing Atg-serpentinite Atg-serpentinite

Vein domains None Atg + Chl+Tr Chl +Tr
Mineral Serpentine Serpentine Serpentine

Major elements (wt%)

Sio, 42.44 43.75 42.62 42.49 43.26 43.07
Tio, 0.02 b.d.l b.d.l b.d.l b.d.l 0.02
ALO, 2.25 117 2.19 153 0.53 0.89
Cr,0, 0.89 0.16 0.50 0.42 0.14 0.22
FeO; 2.74 2.07 7.05 6.59 6.17 6.14
MnO 0.06 0.09 0.15 0.21 0.11 0.08
MgO 38.65 39.65 35.65 35.77 36.63 36.46
NiO 0.20 0.19 0.25 031 0.19 0.19
Ca0 b.d.l b.d.l 0.01 b.d.l b.d.l 0.01
Na,O 0.03 b.d.l b.d.l 0.03 b.d.l b.d.l
K,0 b.d.l b.d.l 0.01 b.d.l 0.01 0.01
Total 87.28 87.08 88.43 87.35 87.04 87.09
Formula based 14 oxygens

Si 3.96 4.06 4.00 4.03 4.10 4.08
Ti 0.00 - - - - 0.00
Al 0.25 0.13 0.24 0.17 0.06 0.10
cr 0.07 0.01 0.04 0.03 0.01 0.02
Fe?* 0.21 0.16 0.55 0.52 0.49 0.49
Mn 0.00 0.01 0.01 0.02 0.01 0.01
Mg 5.37 5.49 4.99 5.06 5.18 5.15
Ni 0.02 0.01 0.02 0.02 0.01 0.01
Ca - - 0.00 - - 0.00
Na 0.01 - - 0.01 - -

K - - 0.00 - 0.00 0.00
VE 0.96 0.97 0.90 0.91 0.91 0.91
Mg+Fe+Mn+Ni 5.61 5.67 5.57 5.63 5.69 5.66

b.d.I= below detection limit. *FeOT= total iron as FeO. **Mg#= [Mg/(Mg+Fe2+)]
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Figure C6_4. Composite X-ray images corresponding to a cross-section across the vein structure (top is wallrock
and bottom is the centre of the vein). The images were processed to show Al,O, Cr,0,, FeO, MgO and CaO wt%
(see chapter 3.3), and masked to show antigorite only, set on top of backscattered electron images that show the
basic textural features across the vein structure. Left side images correspond to optical photomicrographs (crossed

polars) of the scanned vein domains. Labels as in Fig. C6_3.
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Figure C6_5. Composition of antigorite in dolomite-bearing Atg-serpentinite and Atg-serpentinite. Colours of

symbols represent vein domains.

The chlorite appears in blackwall domains and in serpentinites as mantles surrounding magnetite
crystals. Chlorite in Atg-serpentinite, blackwall domains and vein has Si ranging 6.32 - 6.64, Mg = 8.83 -9.44
a.p.f.uand Mg# = 0.90 - 0.91 (Figs. C6_6A to C6_6C and Table C6_2), typical of clinochlore. Two contrasted
chemical compositions are observed on the basis of textural position. In the Atg + Chl + Tr and Chl + Tr
domains, chlorite is poorer in Cr (0.02-0.15 a.p.f.u) than chlorite with high Cr (0.19-0.62 a.p.f.u) related to
small crystals of magnetite which evidence the former local presence of chromian spinel (Fig. C6_7). In the
Atg + Chl + Tr domain chlorite has lower Al content (3.09-3.18 a.p.f.u) than in the Chl + Tr domain (up to 3.30

a.p.f.u, Fig. C6_6B). In all domains Al and Cr show a negative correlation (Fig. C6_7).
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Table C6_2. Representative analyses of chlorite from exotic ultramafic block of VCSM.

Sample 08-VC-31 08-VC-31 08-VC-31 08-VC-31
Rock type Atg-Serpentinite

Vein domains None Atg + Chl +Tr Chl+Tr Tr-Vein
Mineral Chlorite Chlorite Chlorite Chlorite
Major elements (wt%)

Sio, 33.67 33.37 34.61 34.63 33.98 34.58 33.43 34.03
TiO, b.d.l b.d.l 0.01 0.04 b.d.l b.d.l b.d.l b.d.l
Al,0,4 11.67 11.67 14.14 14.11 14.32 14.39 13.92 13.77
Cr,0; 4.66 4.85 0.40 0.98 0.28 0.45 0.40 0.31
FeOT* 5.83 5.78 6.11 6.14 6.02 5.97 5.97 5.88
MnO 0.07 0.04 0.06 0.05 0.05 0.09 0.03 0.06
MgO 32.25 32.56 32.69 32.77 33.50 3351 31.59 31.28
NiO 0.22 0.28 0.35 0.31 0.32 0.34 0.26 0.28
Cao b.d.l 0.01 0.02 0.02 0.01 0.04 0.03 0.22
Na,O b.d.l b.d.I 0.01 0.02 0.05 0.02 0.01 0.02
K,O b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l 0.01 0.02
Total 88.37 88.56 88.40 89.07 88.53 89.39 85.64 85.86
Formula based on 28 oxygens

Si 6.43 6.37 6.51 6.47 6.39 6.43 6.49 6.58
Ti - - 0.00 0.01 - - - -
Al 2.63 2.62 3.13 3.11 3.17 3.16 3.18 3.14
Cr 0.70 0.73 0.06 0.15 0.04 0.07 0.06 0.05
Fe®* 0.93 0.92 0.96 0.96 0.95 0.93 0.97 0.95
Mn 0.01 0.01 0.01 0.01 0.01 0.01 0.00 0.01
Mg 9.18 9.26 9.16 9.13 9.39 9.29 9.14 9.01
Ni 0.03 0.04 0.05 0.05 0.05 0.05 0.04 0.04
Ca - 0.00 0.00 0.00 0.00 0.01 0.01 0.05
Na - - 0.00 0.01 0.02 0.01 0.01 0.01
K - - - - - - 0.00 0.00
Mgit** 0.91 0.91 0.91 0.90 0.91 0.91 0.90 0.90

b.d.I= below detection limit. *FeOT= total iron as FeO. **Mgt= [Mg/(Mg+Fe2+)]
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Figure C6_6 Composition of chlorite in dolomite-bearing Atg-serpentinite and Atg-serpentinite. Colours of symbols

represent vein domains.
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Figure C6_7 Composite X-ray images corresponding to a cross-section across the vein structure (top is wallrock
and bottom is the centre of the vein). The images were processed to show Al,O,, Cr,0,, FeO, MgO and CaO wt %
(see chapter 3.3), and masked to show chlorite only, set on top of the backscattered electron images that show the
basic textural features across the vein structure. Left side images correspond to optical photomicrographs (crossed

polars) of the scanned vein domains. Labels as in Fig. C6_3.
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The amphibole appears in the vein structure displays a calcic composition typical of tremolite (Fig.

C6_8). Tremolite in all domains and vein has a similar composition, with Si ranging from 7.97 to 8.00 a.p.f.u

and Mg# = 0.90 - 0.94 (see Table C6_3). In addition, tremolite has minor amounts of Na® (<0.19 a.p.f.u) and

(Na+K), = 0.03 to 0.22 a.p.f.u. A subtle zoning, with slightly Al-enriched and Fe-poorer cores, is seen in the

corresponding X-ray images (Fig. C6_9).
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Figure C6_8 Classification of calcic amphiboles after Hawthorne et al. (2012). Colour symbols show different vein

domains.
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Table C6_3. Representative analyses of amphibole from exotic ultramafic block of VCSM.

Sample 08-VC-31

Rock type Atg-serpentinite

Vein domains Atg + Chl + Tr Chl +Tr Tr-vein
Mineral Tremolite Tremolite Tremolite
Major elements (wt%)

Sio, 58.27 57.55 58.64 57.55 56.15 57.88
TiO, 0.03 0.03 0.03 0.03 0.03 b.d.l
Al,O, 0.09 0.14 0.12 0.18 0.37 0.05
Cr,0, 0.03 0.01 0.01 0.10 0.55 0.02
FeOT* 2.88 2.98 2.80 3.17 3.84 2.61
MnO 0.09 0.09 0.11 0.11 0.16 0.08
MgO 22.80 22.44 23.44 22.31 21.21 22.64
NiO 0.06 0.10 0.10 0.10 0.07 0.09
Cao 12.83 12.72 13.14 12.62 12.24 13.19
Na,O 0.66 0.72 0.37 0.70 0.86 0.30
K,0 0.08 0.16 0.03 0.12 0.13 0.05
Sum 97.82 97.03 98.79 97.14 95.72 96.99
Formula based 23 oxygens

Sir 7.99 7.98 7.96 7.97 7.94 8.00
Aly 0.01 0.02 0.02 0.03 0.06 0.00
Alc 0.00 0.00 0.00 0.00 0.00 0.01
Tic 0.00 0.00 0.00 0.00 0.00 -
Cre 0.00 0.00 0.00 0.01 0.06 0.00
Fe*'. 0.01 0.00 0.00 0.02 0.00 0.00
Mg 4.66 4.64 4.74 4.61 4.47 4.66
Nic 0.01 0.01 0.01 0.01 0.01 0.01
Fe™. 0.31 0.35 0.24 0.35 0.45 0.30
Mnc 0.00 0.00 0.00 0.00 0.00 0.01
Fe™s 0.00 0.00 0.08 0.00 0.00 0.00
Mng 0.01 0.01 0.01 0.01 0.02 0.00
Cag 1.88 1.89 191 1.87 1.85 1.95
Nag 0.10 0.10 0.00 0.11 0.13 0.05
Cap 0.00 0.00 0.00 0.00 0.00 0.00
Naj, 0.07 0.09 0.10 0.08 0.10 0.03
Ka 0.01 0.03 0.01 0.02 0.02 0.01

b.d.lI= below detection limit. *FeOT= total iron as FeO.
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Figure C6_9 Composite X-ray images corresponding to a cross-section across the vein structure. The images were
processed to show ALO, Cr,0, FeO, MgO and CaO wt% (see chapter 3.3), and masked to show amphibole only,
set on top of backscattered electron images that show the basic textural features across the vein structure. Left
side images correspond to optical photomicrographs (crossed polars) of the scanned vein domains. Labels as in Fig.
C6_3.
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The spinel group minerals are composed of magnetite and ferrian chromite. Magnetite has Cr = 0.02 -
0.03 a.p.f.u., Ti= 0.01 a.p.f.u and Ni = 0.02 - 0.03 a.p.f.u (Fig. C6_10A and Table C6_4). Ferrian chromite has
Cr=1.24-1.73 a.p.f.u, Ti=0.01-0.10 a.p.f.u and Fe*'# = 0.11 - 0.34, and small amount of Al = 0.01 - 0.02
a.p.f.u (Fig. C6_10B). The alteration trend shows the progressive enrichment in Fe** and strong depletion in
Al and Mg that characterize ferrian chromite (Fig. C6_10B). High values of Cr# and Fe*'# and Ti indicate that
spinel is strongly transformed to ferrian chromite and magnetite (e.g. Colas et al., 2014). Its composition
does not correspond to primary spinel, making it useless for deciphering the plate tectonic setting of the

ultramafic protolith of the studied rocks (e.g. Parkinson and Pearce., 1988; Parkinson et al., 1992; Pearce et

al., 2000; Proenza et al., 2004; Choi et al., 2008; Saka et al., 2014; Cao et al., 2016).
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Figure C6_10 Mineral composition of spinel group minerals in dolomite-bearing Atg-serpentinites.




Chapter 6 Exotic ultramafic block in the VCSM

Table C6_4. Representative analyses of spinel group from exotic ultramafic block of VCSM.

Sample 09-LV-11A 08-VC-31

Rock type dolomite-bearing Atg-serpentinite Atg-serpentinite

Vein domains None Atg + Chl + Tr

Mineral Magnetite Ferrian-chromite

Major elements (wt%)

Sio, b.d.l b.d.I 0.04 0.28 0.03 0.06
TiO, 0.20 0.20 0.15 1.15 0.90 1.82
Al,O5 - - - 0.32 0.34 0.20
Cr,05 0.76 0.95 0.88 48.50 50.43 41.71
V,0,4 0.06 0.06 0.06 - - -
FeO; 90.47 88.83 89.95 41.68 40.95 47.98
MnO 0.21 0.30 0.10 2.02 2.36 2.59
ZnO 0.11 0.06 0.05 - - -
MgO 0.71 0.76 0.35 0.61 0.61 0.53
NiO 0.85 0.90 0.69 0.09 0.08 0.13
Ca0 b.d.l b.d.l b.d.l 0.01 b.d.l b.d.l
Total 93.37 92.06 92.27 94.67 95.70 95.02
Formula based 4 oxygens

Si 0.00 0.00 0.00 0.01 0.00 0.00
Ti 0.01 0.01 0.00 0.03 0.03 0.05
Al - - - 0.01 0.02 0.01
Cr 0.02 0.03 0.03 1.49 1.53 1.27
\% 0.00 0.00 0.00 - - -
Mn 0.01 0.01 0.00 0.07 0.08 0.08
Zn 0.00 0.00 0.00 - - -
Mg 0.04 0.04 0.02 0.04 0.04 0.03
Ni 0.03 0.03 0.02 0.00 0.00 0.00
Fe** 1.96 1.96 1.96 0.41 0.40 0.61
Fe* 0.93 0.92 0.96 0.94 0.91 0.94
Mgt 0.04 0.05 0.02 0.04 0.04 0.03
Cr#t - - - 0.99 0.99 0.99
Fe’'# - - - 0.21 0.21 0.32

FeO,= total iron as FeO. Mg#= [Mg/ (Mg + Fe®")]. Cr#t= [Cr/ (Cr + Al)]. Fe**#= [Fe®*/ (Fe** + Cr + Al)]. b.d.I=

below detection limit.

Dolomite has Ca ranging from 0.99 to 1.13 a.p.f.u and Mg = 0.86 - 0.96 a.p.f.u (Table C6_5). Other

carbonate species were not detected by means of EMPA.
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Table C6_5. Representative analyses of carbonates from exotic ultramafic block of VCSM.

Sample 09-LV-11A
Rock type dolomite-bearing Atg-serpentinite
Mineral Dolomite

Major elements (wt%)

FeO; 0.22 1.14 1.25 0.60 0.91
MnO 0.16 0.95 1.07 0.54 0.83
MgO 18.53 18.76 19.06 18.62 19.24
Cao 33.98 31.82 31.58 32.61 31.12
SrO 0.12 0.03 b.d.l. 0.08 0.03
Na,O 0.01 0.01 b.d.l. 0.05 0.03
C 12.88 12.76 12.83 12.74 12.80
Total 100.22 99.45 99.99 99.19 99.06
Formula based 2 cations

Mn 0.00 0.03 0.03 0.01 0.02
Mg 0.86 0.88 0.89 0.87 0.89
Ca 1.13 1.07 1.05 1.10 1.06
Sr 0.00 0.00 - 0.00 0.00
Na 0.00 0.00 - 0.00 0.00
C 2.00 2.00 2.00 2.00 2.00
Fe** 0.01 0.03 0.03 0.02 0.02

FeO;= total iron as FeO. All Fe cation calculated as Fe*. b.d.l.= below detection limit.

6.4. Whole-rock chemistry

6.4.1. Major elements

Major element composition makes it possible to discriminate between dolomite-bearing Atg-
serpentinite and Atg-serpentinite (Figs. C6_11A to C6_11D and Table C6_6). Dolomite-bearing Atg-
serpentinite has SiO, = 45.44- 46.47, Al,O, =1.20- 2.04, CaO = 0.57- 1.05 and TiO, = 0.03- 0.05 wt%
(anhydrous basis; Fig. C6_11). In addition, MgO/SiO2 and AI203/SiO2 range from 0.92 to 0.95 and from
0.03 to 0.05, respectively (Fig. C6_11B). In contrast, Atg-serpentinite has a higher concentration in SiO,
(47.44- 49.69 wt%) and a lower proportion of MgO (41.74- 42.46 wt%), with lower MgO/SiO, (0.85-0.88)
and CaO (0.01-0.03 wt%).

The major element composition of blackwall domains and Tr-vein are relatively rich in SiO, (51.23-59.63
wt%) and CaO (4.81-12.31 wt%), but lower in Mg0O/SiO, (0.39-0.68) than the host rock Atg-serpentinites
(Figs. C6_11B and C6_11C). The AlO, content in the blackwall is higher in Atg + Chl + Tr and Chl + Tr

domains than the Tr-vein.
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Figure. C6_11 Whole-rock composition of dolomite-bearing Atg-serpentinite and Atg-serpentinite from the VCSM.
A) Oxi-equivalent OI-Cpx-Opx diagram. Note that dolomite-bearing Atg-serpentinite samples fall away from the
OI-Opx tie-line due to the presence of dolomite. B) MgO/SiO, vs. Al,0/SiO, wt%. C) CaO wt% vs SiO, wt%. D) TiO,
wt% vs. Al,O, wt%. Pelo Malo serpentinites (samples from this study and Kanchev et al., 1978). Other peridotites
and serpentinites for comparision: central Cuba (abyssal and forearc-related serpentinites from VCSM: Hattori and
Guillot, 2007; Deschamps et al., 2012), eastern Cuba (backarc-related, Moa-Baracoa and forearc-related Mayari-
Cristal Massif, Marchesi et al., 2006, subduction-related serpentinites of Sierra del Convento and La Corea mélanges,
Blanco et al., 2011c). Dominican Republic peridotites and serpentinites (forearc-related from Loma Caribe, Camu
fault zone and Septentrional fault zone; subduction-related from Puerto Plata and Rio San Juan; Saumur et al.,
2010; Escuder et al., 2014; Marchesi et al., 2016), Puerto Rico (abyssal-related from Monte del Estado, Marchesi et
al., 2011), Alps (subduction-related from Erro Tobbio-Voltri Massif, Scambelluri and Tonarini, 2012; Cannao et al.,
2016), mid-ocean ridge (abyssal-related in solid line, Mid Atlantic Ridge and Hess Deep: Kodoldnyi et al., 2012; Mid
Atlantic Ridge, Paulick et al., 2006; Southwest Indian Ridge, American Antartic Ridge, Central Indian Ridge, Pacific
Antartic Ridge, Niu, 2004) and Mariana forearc (forearc-related in dotted line, Ishii et al., 1992; Savov et al., 2005;
Kodoldnyi et al., 2012). Subduction-related rocks are in green fields. The composition of depleted mantle (DM) is
from Salters and Stracke (2004). All data are in an anhydrous basis. Oxi-equivalent OI-Cpx-Opx diagrams performed
with CSpace software (Torres-Rolddn et al., 2000).
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Table C6_6. Whole-rock, trace element and isotopic composition of dolomite-bearing Atg-serpentinites and Atg-
serpentinites of the VCSM.

Sample 09-LV-11A 15-LV-11 15-LVv-1C 15-LV-1B  15-LV-1E  15-LV-1H 08-VC-31
Rock type Dolomite-bearing Atg-serpentinite Atg-serpentinite Atg + Chl + Tr Chl+Tr  Trvein

Major elements (wt%)

Sio, 39.28 40.21 39.89 43.26 41.6 41.21 46.42 51.97 57.65
TiO, 0.04 0.03 0.03 0.02 0.03 0.03 0.02 0.02 0.03
Al,05 1.76 1.04 1.43 0.54 1.73 2.33 3.73 3.63 0.72
FeZO3T* 8.02 7.11 7.96 6.79 7.98 7.6 6.02 4.19 3.44
MnO 0.12 0.109 0.132 0.125 0.121 0.115 0.12 0.1 0.1

MgO 37.31 38.24 36.87 36.97 36.32 36.32 30.52 24.99 22.54
Cao 0.71 0.49 0.91 0.02 0.03 0.01 4.36 9.33 11.9
Na,O b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l 0.51 0.48
K,0 b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l 0.02 0.14 0.15
P,0s 0.01 0.01 0.01 0.02 0.01 0.01 0.01 0.01 0.01
LOI 12.16 12.09 12.01 11.58 11.45 11.71 8.09 4.63 2.44
Total 99.41 99.33 99.24 99.33 99.27 99.34 99.31 99.52 99.46
Trace elements (ppm)

Li 0.07 0.044 0.074 0.647 0.105 0.133 0.16 0.11 0.16
Be 0.03 0.016 0.023 0.015 0.019 0.02 0.69 1.11 2.46
Co 95.2 67.9 96.5 89.9 78.0 80.2 72.4 59.8 40.9
Ni 1887 1433 2037 1927 2033 2361 1489 1389 813

Zn 29.6 40.2 40.9 34.8 55.4 61.3 44.8 29.3 21.2
Cr 1946 2532 2259 1477 2371 2733 1610 1170 715

Cu 8.01 11.93 28.38 68.87 14.68 12.62 2.42 72.30 7.38
Rb 0.15 0.57 0.36 1.08 0.43 0.40 0.71 0.91 3.22
Sr 47.72 6.65 11.30 85.18 0.79 1.00 20.49 35.45 39.53
Y 0.83 0.43 0.93 2.00 0.73 0.73 1.37 1.32 4.32
bind 6.8 b.d.l b.d.l b.d.l b.d.l b.d.l 5.1 3.6 3.7

Nb 0.06 0.10 0.07 0.06 0.07 0.10 0.04 0.08 0.34
Cs 0.01 0.02 0.02 0.03 0.03 0.03 0.03 0.06 0.02
Ba 10.83 1.10 4.21 4.45 1.19 1.03 2.07 2.22 1.37
La 0.026 0.067 0.048 0.435 0.267 0.237 0.037 0.050 0.149
Ce 0.072 0.103 0.082 0.381 0.361 0.381 0.112 0.193 0.499
Pr 0.012 0.014 0.011 0.077 0.064 0.064 0.034 0.047 0.119
Nd 0.061 0.069 0.055 0.312 0.302 0.299 0.211 0.386 0.745
Sm 0.025 0.024 0.036 0.099 0.084 0.085 0.085 0.154 0.301
Eu 0.012 0.006 0.011 0.041 0.024 0.026 0.015 0.022 0.074
Gd 0.074 0.035 0.073 0.144 0.106 0.107 0.134 0.152 0.413
Tb 0.013 0.007 0.015 0.029 0.019 0.019 0.024 0.031 0.076
Dy 0.118 0.058 0.128 0.226 0.130 0.132 0.166 0.198 0.539
Ho 0.030 0.015 0.035 0.058 0.029 0.029 0.043 0.044 0.135
Er 0.095 0.043 0.105 0.177 0.082 0.085 0.118 0.119 0.417
Tm 0.018 0.008 0.020 0.029 0.015 0.015 0.024 0.023 0.083
Yb 0.102 0.057 0.150 0.195 0.105 0.100 0.124 0.131 0.555
Lu 0.017 0.011 0.026 0.029 0.019 0.020 0.021 0.022 0.108
Hf 0.010 0.148 0.129 0.045 0.114 0.187 b.d.l 0.059 0.121
Pb 0.328 0.733 0.603 2.364 0.721 0.423 0.248 0.502 0.473

*Fe203T= total iron as Fe,0;.
SZr=12ris analyzed by FRX.

b.d.l.=below detection limit.
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Table C6_6. Continued.

Sample 09-LV-11A  15-LV-1I 15-LV-1C 15-LV-1B  15-LV-1E  15-LV-1H 08-VC-31

Rock type Dolomite-bearing Atg-serpentinite Atg-serpentinite Atg + Chl +Tr Chl+Tr Trvein
Th 0.013 0.036 0.029 0.029 0.037 0.044 0.011 0.093 0479

U 0.013 0.008 0.005 0.085 0.013 0.009 0.008 0.011  0.024
v 41.2 328 52.1 15.8 53.9 50.6 321 34.7 221

Ga 1.533 1.643 1.696 1.070 1.916 2.329 4.246 4719  0.703

Mo 1.09 0.06 0.11 0.49 0.35 0.08 0.10 0.08 0.10

Sc 9.25 7.24 10.35 2.76 12.73 12.31 3.29 2.38 3.50

Sn 0.22 b.d.l 0.01 0.82 b.d.l b.d.l 0.65 0.42 0.64

Tl b.d.l 0.004 0.004 0.005 0.003 0.004 b.d.l 0.005  0.007

sr/%sr 0.70456 - - - - - - 0.70507 0.70502
&sr/%sr (2s int. Error %) 0.002 - - - - - - 0.003  0.002

¥sr/%sr 0.70448 - - - - - - 0.70494 0.70460
*sm/***Nd 0.2601 - - - - - - 0.2402  0.2445
BNd/M*Nd 0.51267 - - - - - - 0.51262 0.51262
3Nd/™Nd (25 int. Error %) 0.005 - - - - - - 0.004  0.003

SNd/MNd 0.51246 - - - - - - 0.51242 0.51240

Sr and Nd isotopic ratios are age corrected in all samples to eclogitic peak event in serpentinitic mélange in central Cuba, that indicates subduction
at c. 125Ma (Garcia-Casco et al., 2002, 2006).

6.4.2. Trace elements and Nd-Sr isotope systematics

Chondrite-normalized Rare Earth Element (REE) patterns of dolomite-bearing Atg-serpentinites are
depleted in light-REE (LREE) and progressively enriched in heavy-REE (HREE), with La /Sm = 0.64- 1.74
and Sm, /Lu, ~0.23- 0.36 (Fig. C6_12A). A negative Eu-anomaly is characteristic of dolomite-bearing Atg-
serpentinite (Eu/Eu” = 0.63- 0.85) (Fig. C6_12A). On the other hand, Atg-serpentinite is enriched in LREE
(La,/Sm =1.74- 2.74; Fig. C6_12A) relative to dolomite bearing Atg-serpentinite. Atg-serpentinite has flat
patterns and shows slightly negative to absent Eu-anomaly (Eu/Eu” = 0.78-1.04). Blackwall domains Atg +
Chl + Tr and Chl + Tr and the Tr-vein are depleted in LREE and enriched in MREE and HREE (LaN/SmN= 0.26;
Sm/Lu= 0.76) with a marked negative Eu anomaly (Eu/Eu’= 0.50; Fig. C6_12B).

In the silicate Earth-normalized diagram, the patterns of dolomite-bearing Atg-serpentinites, Atg-
serpentinites and vein domains are similar, with positive anomalies in Cs, Th, U, Pb and Ti, and negative
anomalies in Nb, Ce and Sm (Figs. C6_12C and C6_12D). Large lon Litophile Elements (LILE) are highly
enriched in blackwall domains and vein, in particular Cs and Rb, while Pb is almost constant in all
samples (Fig. C6_12D). High Field Strength Elements (HFSE), such as Zr, Nb and Ti, have a narrow range
of compositions in all rock types. Notably, Th, U, Nb, Ce and HREE concentrations decrease from the
Tr-vein through the blackwall domains to the Atg-serpentinite host-rock. Serpeninites have restricted
composition in HFSE elements with high contents of Ti and Yb comparable to abyssal and subducted

serpentinites (Fig. C6_12E). The same relations appear in the La/Sm vs Lu diagram (Fig. C6_12F).
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Figure. C6_12 Trace element composition of dolomite-bearing Atg-serpentinite and Atg-serpentinite of the VCSM.
A) and C) Chondrite-normalized REE patterns. B) and D) Trace element patterns normalized to silicate earth. E)
Ti vs Yb diagram. F) La/Sm vs Lu diagram. Pale grey area/solid line, dark grey area/dotted line and green area
define fields of abyssal, forearc and subduction-related peridotites and serpentinites, respectively (data sources as
in Fig. C6_11). REE and trace element composition of metasomatic rinds are from Samand Peninsula (Dominican
Republic, Sorensen et al., 1997), Alps (Angiboust et al., 2014), Santa Catalina Island (Sorensen, 1988; Sorensen and
Grossman, 1989; Penniston-Dorland et al., 2014), Franciscan Complex (Sorensen et al., 1997; Saha et al., 2005;
Ukar and Cloos, 2013) and New Caledonia (Taetz et al., 2016). Bulk-Earth and CI-Chondrite normalizing values are
after MicDonough and Sun (1995).
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The Nd and Sr isotope systematic of dolomite-bearing Atg-serpentinite, blackwall domains and
vein show quite restricted ranges of *3Nd/***Nd (0.51262-0.51267) and ®’Sr/%Sr (0.70456-0.70507)
compositions (Fig. C6_13 and Table C6_6). The low contents of Sr and Nd in these serpentinites make it

difficult to obtain Nd and Sr isotopic ratios.
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Figure. C6_13 “>*Nd/*Nd vs #Sr/*¢Sr of dolomite-bearing Atg-serpentinite, Chl + Tr domain and Tr-vein. The
endmember compositions used for the isotopic mixing line modelling are DM (Depleted Mantle), AOCF (altered
oceanic crust fluid), GLOSSF (global subducting sediment fluid), TERF (terrigenous fluid), SW (seawater) and SPER
(serpentinized peridotite). More information on endmembers source in chapter 3.10 and Table C3_3. Seawater-
DM mixing line was calculated following the equations of McCulloch et al. (1981) at 125Ma and 0 Ma (actual
seawater). AOCF-GLOSSF, TERF-GLOSSF, TERF-AOCF and SPER-slab fluid 1 to 5 were calculated using the equation
of isotopic mixture from Faure and Mensing (2005). The endmember proportions of slab fluids are slab fluid 1: 90%
AOCF, 3% GLOSSF, 7% TERF; slab fluid 2: 80% AOCF, 8% GLOSSF, 12% TERF; slab fluid 3: 60% AOCF, 24% GLOSSF,
16% TERF; slab fluid 4: 10% AOCF, 75% GLOSSF, 15% TERF; and slab fluid 5: 10% AOCF, 15% GLOSSF, 75% TERF.
All mixing lines, endmembers and samples were age-corrected at c. 125 Ma eclogitic metamorphic peak event
in VCSM that indicates pre-Aptian subduction (Garcia-Casco et al., 2002), with the exception of abyssal samples
(small yellow squares by Delacour et al., 2008) and actual seawater endmember. Also indicated are the interval of
87Sr/%Sr in abyssal serpentinites from central Cuba (data after Hattori and Guillot, 2007) and the field of Mariana
forearc serpentinites (from Savov et al., 2005). Note that samples from this study fall in the field of Hattori and
Guillot (2007).
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6.5. P-T Conditions

Due to the lack of suitable thermobarometric equilibria in the serpentinites, metamorphic conditions
were constrained by means of pseudosection approach, with the system CFMASH, using the calculated
bulk composition of the Atg + Chl + Tr blackwall domain (see chapter 3.8). The selection of this blackwall
domain for thermodynamic modelling is based on its lower thermodynamic variance, as compared to other
types of rock studied. In an open system, the larger number of coexisting phases warrants a lesser number
of freely variable chemical potentials at constant P-T (Korzhinskii, 1959); hence, the selected domain offers
the possibility to constrain P-T conditions with higher precision (more details in chapter 3.8). In addition,
this procedure is correct only if the Atg + Chl + Tr domain reached local equilibrium upon development,
a scenario that may apply only to the final stage of development of the blackwall upon arrest of fluid
infiltration. For all these reasons, the results should be considered approximate. The calculated isopleths
corresponding to the observed Mg# in Tr and Chl do not crosscut in the P-T field of the corresponding
assemblage, a likely consequence of unconstrained chemical potentials of components, variable fluid
composition, the lack of equilibrium, the limitations of the solution models of minerals considered and/or
the simple system considered (lacking Fe**, for example). However, it is possible to tentatively propose P-T
conditions of vein formation. We used the subducting oceanic crust geotherm and P-T path of associated
eclogite blocks (c. 20 kbar and c. 5702C; Garcia-Casco et al., 2002) surrounded by Atg-serpentinite mantles
(Auzende et al., 2002) in the VCSM, as well as pseudosection modelling of Atg + Chl + Tr domain as guides

for P-T conditions. This results on vein structure formation at c. 4502C and c. 10 kbar (Fig. C6_14).
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Figure. C6_14 Calculated P-T equilibrium phase diagram (pseudosection) for the Atg + Chl + Tr metasomatic domain

in the system CFMASH (4.13 CaO wt%, 5.49 FeO wt%, 29.13

MgO wt%, 9.31 ALO, wt%, 41.00 Si0, wt%, H.,0

in excess). Brown solid line represents P-T path of an eclogite block from the VCSM (Garcia-Casco et al., 2002;

2006); small brown spot represents peak conditions. Red dashed red line represents the top of subducting oceanic

crust in a warm subduction environment (Peacock and Wang, 1999). Blue dotted line indicates limit of antigorite

stability field. Green star is the approximate PT conditions of Atg + Chl + Tr. Phases: Chl, Chlorite; Atg, Antigorite; Tr,

Tremolite; Tlc, Talc; Ol, Olivine; Cpx, Clinopyroxene; Opx, Orthopyroxene; Anth, Anthophyllite. The highest variance

(F= 4) is represented by the darkest grey field assemblages and the lowest variance (F=2) by white fields. More

details in chapter 3.8.

173



Chapter 6 Exotic ultramafic block in the VCSM

6.6. Discussion of exotic ultramafic block of theVCSM

174

6.6.1. Nature of the dolomite-bearing Atg-serpentinite and Atg-serpentinite protolith

The dolomite-bearing Atg-serpentinites and Atg-serpentinites are completely serpentinized (100%
antigorite). Hence, element enrichment/depletion is related to alteration/refertilization processes that
modify the protolith composition. Major element compositions in dolomite-bearing and Atg-serpentinites
may have been mobilized by late serpentinitzation processes such as MgO loss and/or SiO, enrichment in
an abyssal/subduction zone setting (e.g. Niu, 2004; Malvoisin, 2015). The CaO enrichment in the dolomite-
bearing Atg-serpentinites may be traced to two possibilities: A) former presence of clinopyroxene in the
primary mineral assemblage; B) CaO + H,0-CO, enriched fluid that interacted with the peridotite. The
interpenetrating textures between dolomite and antigorite demonstrate that dolomite and antigorite
were formed during serpentinization (Fig. C6_3A; see Martin et al., 2016). The coexistence of antigorite +
dolomite constrains the composition of the infiltrating fluid to X __, < 0.2; higher values of X, would have
formedtalc/olivine-magnesite assemblages (cf., Trommsdorff and Evans, 1997). Thus, fluid slightly enriched
in CO, was present during serpentinization. However, Atg-serpentinites do not display dolomite/calcite.
Therefore, if such serpentinizing fluid carried Ca, the Atg-serpentinites should contain dolomite in their
mineral assemblage (note that they crop out in the same area as dolomite-bearing Atg-serpentinites). As
aresult, the most likely option is to assume a difference in the primary mineral assemblage: clinopyroxene
absent and clinopyroxene-bearing protoliths that were transformed into dolomite-bearing rocks after
reaction with an infiltrating H,0-CO, fluid. Unfortunately, it is not possible to estimate the amount of
clinopyroxene of the peridotite protolith due to the uncertain CO, amount added to the dolomite-bearing

Atg-serpentinites.

The fluid mobile elements (such as Cs, Ba, Pb, U and Sr; except two samples depleted in Ba and Sr)
evidence positive anomalies in dolomite-bearing and Atg-serpentinites which indicate the presence
of a fluid-enriched protolith (Fig. C6_12C). Because HFSE and REE are considered immobile, they are
used to track magmatic processes (You et al., 1996; Kogiso et al., 1997). In figures C6_12E and C6_12F,
dolomite-bearing Atg-serpentinites and Atg-serpentinites display compositions that plot in the abyssal
and subduction-related field, having fertile compositions. Deschamps et al. (2013) used the term
subduction-related serpentinites to encompass serpentinites formed in a subduction zone and exhumed
in accretionary complexes or suture zones. This group of serpentinites include protoliths of subducted
oceanic peridotites of abyssal origin and extended continental margin peridotites exhumed and hydrated
during rifting. Significantly, the Pelo Malo Atg-serpentinites have major and trace element compositions
similar to this group of serpentinites (Figs. C6_11 and C6_12; note high ALO,/SiO, and TiO, and HREE, HFSE
and LILE patterns). The LREE enrichment compositions displayed in Atg-serpentinites may be attributed
to post melting refertilization of basaltic melts (as described by other authors, e.g. Niu, 2004; Marchesi et

al., 2016 and references therein).
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In view of the above, we propose that the Pelo Malo Atg-serpentinite megablock formed after
serpentinization of subducted peridotite. This is in agreement with calculated pressures of c. 10 kbar
for blackwall formation (Fig. C6_14) and the facts that: a) serpentinites are strongly sheared, b) the
tremolite vein and blackwalls crosscut the Atg-serpentinite foliation, and c) the veins are not present in
nearby low-T brecciated serpentinite that envelopes the Pelo Malo megablock. In this context, infiltration
of a H,0-CO, fluid during subduction into peridotite protoliths with relatively higher amounts of CaO
triggered the formation of dolomite-bearing Atg-serpentinites, while Atg-serpentinites formed from
CaO-poor protoliths. The temperature of transformation was c. 450 eC (at c¢. 10 kbar; Fig. C6_14), and
any case higher than 350 2C, which marks the consumption of lizardite (Evans, 2004). Indeed, similar
rocks occur in high pressure subduction-related mélanges and tectonic units from the Caribbean region
(Cuba and Dominican Republic, Saumur et al., 2010; Escuder et al., 2014; Cuba, Blanco-Quintero et al.,
2011d; Cardenas-Parraga et al., 2017) and the Alps (e.g. Scambelluri et al., 2001a and 2001b; Scambelluri
and Tonarini, 2012; Cannao et al., 2016). Yet, serpentinization previous to subduction in the oceanic

environment is also a potential process that may have affected the Pelo Malo protoliths.

6.6.2. Origin of the serpentinizing- and vein-forming fluid

Pelo Malo protolith has been modified by serpentinization processes that could have taken place in

abyssal and subduction zone settings. Here we evaluate both possibilities.

Seawater penetrates into the thin oceanic crust along transform and normal faults, promoting
serpentinization in the oceanic environment (Cannat, 1993; Miranda and Dilek, 2010). The effects of
seawater infiltration during abyssal serpentinization drastically change Sr and, to a lesser extent, Nd
isotopic composition as a function of the water/rock ratio (cf. McCulloch et al., 1981), as is commonly
observed in mid-ocean ridge peridotites (e.g., Delacour et al., 2008; see Fig. C6_13). The Nd and Sr
isotopic compositions of the vein, metasomatic domains and dolomite-bearing Atg-serpentinite from
Pelo Malo megablock display the same isotopic signature (Fig. C6_13), implying that the same type of
fluid reservoir interacted with all types of rock. Their composition does not correspond to the isotopic
composition of depleted mantle (Fig. C6_13), nor does the seawater serpentinization account for the
observed depletion of *Nd/***Nd and #Sr/®Sr enrichment. Note that, because of the high Sr content in
seawater and the relatively high mobility of Sr in rocks, even quite a limited interaction with seawater is
enough to reset the Sr isotope value to that of seawater. Thus, given that the Nd isotopic ratio of the Pelo
Malo serpentinite, blackwall and tremolite vein are well below 125 Ma seawater values, seawater is not
the main agent associated with serpentinization of the studied samples (Fig. C6_13). It does, nonetheless,
indicate a contribution of different isotopic reservoirs. Fluids evolved from subducted sediment, altered
oceanic crust and likely seawater serpentinized mantle, or a mixture thereof, are feasible agents of
serpentinization/carbonation (c.f. Bebout, 1991, 2007, 2014; Bebout and Barton, 2002; King et al.,
2006 and 2007; Penniston-Dorland et al., 2012; Bebout and Penniston-Dorland, 2016). Actual examples
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of serpentinites affected by subduction-derived fluids are located in the Mariana forearc (yellow field
by Savov et al., 2005; Fig. C6_13). The ®Sr/®*Sr compositions of Mariana forearc serpentinites display
compositions similar to the dolomite-bearing Atg-serpentinites and vein domains, thereby pointing to

interaction with the slab-derived fluid.

Three fluid endmembers were selected for isotopic modeling (Fig. C6_13): altered oceanic crust fluid
(AOCF; Kelley et al., 2003), global subducting sediment (GLOSSF; Plank, 2014) and terrigenous fluid (TERF;
unaltered crustal sediments from Poli and Schmidt, 2002 and Rudnick and Gao, 2003; see chapter 3.10
for supplementary information on elemental and isotopic ratios of these reservoirs). A more extensive
discussion of endmember reservoirs can be found in chapter 4.5.2 regarding the serpentinitic matrix of
the VCSM. The slab fluid is made up of different proportions of AOCF, GLOSSF and TERF (Fig. C6_13). The
different slab fluids may interact with a previous seawater serpentinized peridotite (SPER; Fig. C6_13).
The peridotite may be completely or partially serpentinized, with a wide range of water/rock ratios (in
this case the #’Sr/®°Sr ratio was selected for a water/rock ratio close to 1). Slab fluids that contain a high
component of AOCF and TERF describe the isotopic signature of these rocks and vein domains better (slab
fluid 3 and 5 in Fig. C6_13). Only a small input of slab fluid (c. 0.4 %) is needed to account for the isotopic
composition of dolomite-bearing Atg-serpentinites and vein domains. Some authors (e.g. Canna¢ et al.,
2016 and references therein) evidence the effect of slab fluid masking the primary isotopic signature of

seawater serpentinized peridotite/depleted mantle source.

Given the mixed isotopic nature of the slab fluid, we conclude that Pelo Malo serpentinites formed
by infiltration of fluids evolved from the slab as a combination of AOCF, GLOSSF and TERF. Furthermore,
similar isotopic and trace element composition (Figs. C6_12 and C6_13) of vein domains, Tr-vein and
dolomite-bearing Atg-serpentinites suggest that a very similar fluid formed the vein, most likely during
the same infiltration event. We envisage a LILE-enriched slab fluid produced by slab devolatilization (c.f.
Bebout and Penniston-Dorland, 2016 and references therein) at depth in the subduction environment,

liberated in the subduction channel/slab and transferred upwards along the channel/slab.

Our proposal of a subduction zone slab derived fluid fluxing through subducted Pelo Malo peridotite
comes to complement the proposition by Hattori and Guillot (2007) of merely sedimentary contribution
to lizardite-antigorite-bearing serpentinites from the central Cuba mélange (based on elemental and Sr
isotope systematics). The presence of vein structure in high temperature Atg-serpentinites evidences a
path for fluids in a subduction channel mélange acting as a fluid channelway (e.g., Zack and John, 2007;

Angiboust et al., 2012 and 2014; Bebout and Penniston-Dorland, 2016).
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6.6.3. Blackwall formation model

Deformation of Pelo Malo peridotite during serpentinization most likely favoured a porous flow of
fluid that was locally channelled along fractures (c.f. Plumper et al., 2017). The chemical and isotopic
composition of the Tr-vein and associated blackwall offer insight into the nature of the infiltrating fluids.
The fluid contained dissolved Si, Ca, Al, Mg and Fe, for all these elements form part of the tremolite vein and
adjacent blackwall. The reaction of such a fluid with the Ca-poor (dolomite-free) Atg-serpentinite wallrock
formed two distinct metasomatic domains at the blackwall. The mineral assemblages and composition of
antigorite and chlorite (with progressive compositional changes across the composite vein structure, Figs.
C6_2,C6_4to C6_7 and C6_15) of these two domains clearly point to changes in bulk rock composition
of the wallrock upon the progress of metasomatic reactions. A model of domain formation in the CaO-
FeO0-MgO-ALO,-Si0,-H,0 system is illustrated in the MASH phase-diagram of Fig. C6_15A. This diagram is
constructed in molar proportions of the indicated species after projection from tremolite (average) and
exchange vectors as indicated in the figure. Note that this projection implies that all the depicted phase
assemblages contain tremolite. The projection is therefore not valid for the Atg-serpentinite wallrock, but
this is only a minor violation of thermodynamic rules compared with unconstrained complexities of the
natural process. Among these, the unknown composition of the fluid is the most important. Henceforth,

the phase relations involving the Si-Al-Mg-Fe-Ca fluid illustrated in Fig. C6_15A are only schematic.

We first consider a “static” model for blackwall formation in which the composition of the Si-Al-Mg-Fe-
Ca fluid is constant upon reaction progress. In the MASH diagram of Fig. C6_15A, this scenarioisillustrated
by the line that joins the bulk composition of Atg-serpentinite (in the Atg-Chl tie-line, close to Atg) with
the external Si-Al-Mg-Fe-Ca fluid. The topology illustrated in the diagram shows that along this line, i.e.,
as a function of rock/fluid ratio, two assemblages are possible — Chl + Tr + Fluid and Atg + Chl +Tr + Fluid,
respectively at lower and higher rock/fluid ratios. This conceptual model fits with observations, as both
theoretical assemblages correspond to the observed metasomatic domains, Chl + Tr adjacent to the vein
and Atg + Chl + Tr closer to the wallrock. Furthermore, for mass-balance (i.e., reaction progress consumes
fluid) and geometrical (distance from fluid source) reasons, lower rock/fluid ratios are expected in the
former. In other words, metasomatic zones may form as a function of the amount of infiltrated fluid by

means of a reaction of the form:

Antigorite + Fluid - Chlorite + Tremolite

with the inner zone extensively infiltrated up to the point of reaching total consumption of antigorite,
as observed (except for some relic grains; Fig. C6_4). Even if this “static” model of a fluid of constant
composition qualitatively describes the formation of two metasomatic zones adjacent to the vein, it is

probably not correct because the progress of metasomatic reactions should change fluid composition.
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A more “dynamic” scenario is described as follows. Upon onset of fluid infiltration, a large amount of
fluid infiltrated into the region adjacent to the fracture (t,, Fig. C6_15B), triggering large compositional
changes in the system up to the point of reaching total consumption of antigorite by means of a reaction

such as:
Antigorite + Fluid 1 = Chlorite + Tremolite + Fluid 2.

This represents formation of the metasomatic domain Chl + Tr. Because part of Al dissolved in the
fluid is incorporated in newly formed chlorite in this domain, the reaction drives the composition of the
remaining fluid (Fluid 2) towards Al-poorer composition. In the MASH diagram, this translates into the
displacement of the composition of the remaining fluid away from the A apex within the fluid saturation
surface (Fig. C6_15A, green triangles: fluid coexisting with Chl + Tr domain). For similar arguments involving
Ca and tremolite, Fluid 2 would be poorer in Ca (not shown). Upon infiltration further into the wallrock of

such a remaining Ca-Al-poorer fluid, fluid-consuming metasomatic reactions such as:
Antigorite + Fluid 2 = Chlorite + Tremolite + Fluid 3

would form an outer rim of Atg + Chl + Tr, as expected owing to topological relations (Fig. C6_15A). This
process would drive the composition of fluid towards still poorer Ca-Al-compositions (Fluid 3, Fig. C6_15A
orange triangles: fluid coexisting with Atg + Chl + Tr). As long as Fluid 3 is saturated in Atg + Chl + Tr, this
assemblage does not depend on the rock/fluid ratio. However, for mass-balance and geometrical reasons
a higher rock/fluid ratio is expected in the Chl + Tr domain (i.e., system composition would be closer to
the Atg-Chl tie-line in Fig. C6_15A), as described in the “static” model above. The progressive decrease
in Ca and Al in the fluid upon reaction progress would eventually reach compositions in equilibrium with
antigorite and chlorite only (i.e., with Atg-serpentinite at the reaction front), preventing further formation
of tremolite and arresting metasomatic transformations irrespective of the rock/fluid ratio (though lower

ratios are expected).

The “static” and “dynamic” scenarios described above involve a single instantaneous batch of infiltrated
fluid. Yet in an even more dynamic scenario, continuous progress of infiltration of the external Ca-Fe-Mg-
Al-Si fluid would trigger progressive consumption of antigorite from the earlier formed Atg + Chl +Tr
domain and displacement of the reaction front away the vein, in all cases causing widening of the two
metasomatic domains until cessation of fluid infiltration (t, in Fig. C6_15B). Finally, tremolite precipitation
formed the vein, while the remaining fluid infiltrated the rock or flowed upwards along fractures in the

subduction channel (t,, in Fig. C6_15B)
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6.6.4. Exchange of matter

In the described model of blackwall formation, a continuous fluid phase is distributed from the wallrock
to the vein via interconnected grain boundaries and brittle (micro-) fractures (c.f. Plumper et al., 2017).
This transport allows not only the transfer of matter from the vein fluid towards the wallrock by means of
fluid advection, but also the potential transfer of matter from the blackwall to the vein fluid by means of

diffusion in the pore fluid.

Figure C6_16 shows the composition of the metasomatic zones normalized to Atg-serpentinite
wallrock. As would be expected, metasomatic domain Atg + Chl + Tr is less influenced by the fluid than
the inner and more intensely fluxed Chl + Tr domain. Both domains, however, are strongly enriched in CaO
and Sr, as a consequence of tremolite crystallization. Subtler enrichments are observed in AlLO, (chlorite
formation), while FeO and MgO are slightly depleted. LILE show variable behaviour; while Rb, Cs and Ba
are slightly enriched, U and Pb are depleted (Th is uncertain). A similar contrasted behaviour is observed
in HFSE, with enrichment in Y and depletion in Ti, Hf and Nb (the latter observed in one domain). LREE
are depleted (La, Ce, Pr), while MREE and HREE are moderately to slightly enriched (except Lu, which
appears unchanged, and Eu, which shows modest depletion). This contrasting behaviour indicates that
the fluid was rich in LILE and perhaps also in REE, but in any case it further enriched in LREE and some
HFSE after blackwall formation (Fig. C6_15B), pointing to both advection of matter from fluid to the
wallrock and pore fluid diffusion of the latter elements towards the vein fluid. The contrasted behaviour
of elements is controlled, mostly, by the compatible/incompatible behaviour in blackwall minerals and
fluid at the temperature and pressure conditions of blackwall formation and fluid composition. Available
experimental data for element fractionation and transport in hydrous fluids (Adam et al., 2014) indicate
that LREE in amphibole are incompatible and tend to be fractionated in the fluid, while LILE are compatible

and are incorporated into amphibole, in agreement with our observations and inferences.

The observed concentration of elements in the blackwall contrasts with the strong enrichments in LILE,
HFSE and REE observed in metasomatic blackwalls associated with blueschist and eclogite in subduction
zone environments around the world, which typically contain HFSE-rich minerals (e.g. rutile, titanite,
apatite) not present in the studied metasomatic domains (Figs. C6_12B and C6_12D; e.g. Sorensen, 1988;
Sorensen et al., 1997; Sorensen and Grossman, 1989; Saha et al., 2005; John et al., 2008; Penniston-
Dorland et al., 2012; Ukar and Cloos, 2013; Angiboust et al., 2014; Penniston-Dorland et al., 2014; Taetz et
al., 2016). These distinctive characteristics are explained by the contrasted source of fluids and chemical
composition of wallrocks. In blueschist and eclogite fluids derived from nearby subducted sediments
and/or altered oceanic crust interacted with subducted metabasaltic rocks. Very strong enrichment in
fluid-mobile lithophile elements in these fluids trigger their fractionation into newly formed minerals of
metasomatic rinds. Again, the composition of the studied blackwall and vein poorer in LILE, HFSE and REE,

would indicate a slab fluid mixture as the main factor responsible for serpentinization and metasomatism.
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7. General discussion

This PhD thesis is focused on the serpentinitic matrix, mafic crust and exotic blocks of ultramafic sub-oceanic
lithospheric mantle of the Villa Clara serpentinitic mélange in central Cuba. The results obtained from field
relations, mineral assemblages, mineral chemistry, whole-rock composition and isotope systematics allowed
us to track slab-mantle interactions and melting and post-melting metasomatic and alteration processes that
took place during the evolution from mid-ocean ridge to subduction zone settings. These observations and
inferences can be conceptualized within the framework of the petrogenesis of ophiolites and the geodynamic

evolution of the Caribbean realm.

The general discussion of this PhD thesis is constituted by three main parts: 1) Petrogenesis of serpentinitic
matrix and mafic crust of the VCSM, 2) Post melting processes of ultramafic and mafic rocks and 3) Geodynamic

evolution of Villa Clara serpentinitic mélange in the context of the Caribbean realm evolution.
7.1. Petrogenesis of serpentinitic matrix and mafic crust rocks of the VCSM

The sub-volcanic rocks of tholeiitic affinity of the VCSM may be traced to melts generated after partial
melting of a depleted mantle source that corresponds to the protolith of serpentinized peridotite and

serpentinite.

The serpentinitic matrix of the VCSM displays a heterogeneous composition that allows two different
groups of peridotites to be defined (A and B). The groups are genetically related (see full explanation in
chapter 4.5.3). Group A displays a fertile composition (e.g., low Cr# in Cr-spinel, Al-rich pyroxenes and
depleted mantle REE pattern) similar to fertile MORB-like abyssal/fracture zone peridotites (Figs. C4_6 to
C4_8;C4_11toC4_13 and C4_15). In contrast, group B shows a refractory composition (e.g., high Cr# in Cr-
spinel, low Al in pyroxenes and depleted REE pattern) that fits with forearc peridotites (Figs. C4_6 to C4_8;
C4_11 to C4_13 and C4_15). These compositions evidence heterogeneous partial melting process: Group
A constitutes the first melting step of a depleted mantle source, while group B resulted from re-melting
group A peridotites (chapter 4.5.3). The sub-volcanic unit of the mafic crust also has a heterogeneous
composition: Group 1 is basaltic in composition and displays a typical forearc basalt signature, whereas
group 2 is basaltic-andesite in composition, displaying an evolved island arc tholeiite signature. Both groups

are related to a subduction zone setting (see chapter 5.4.1.2).

All melting models converge in 4-8% of partial melting of a depleted mantle in group A peridotites and
14-22% melting in group B peridotites (chapter 4.5.3). Here we evaluate two melting models in order to
genetically link the protolith of serpentinitic matrix and mafic crust: A) three-step melting in the spinel and
garnet facies in the first step, and B) two-step melting in the spinel facies. These models were discussed

independently for ultramafic and mafic rocks in the respective chapters 4.5.3 and 5.4.1.3.

185



Chapter 7 General discussion

Case X melting explains group A peridotite compositions in the second step of melting and group B
peridotite composition in the third step of melting (Fig. C7_1A). The P-T diagram of figure C7_2A shows that
the first step of case X melting (1-light blue star in Fig. C7_2A) should take place at c. 1500 2C in a mid-ocean
ridge (MOR) geotherm (1 Ma MOR-geotherm; Dumitru, 1991), in order to allow adiabatic melting in the
garnet lherzolite stability field, and the second step of melting in the spinel Iherzolite field (2-light blue star
in Fig. C7_2A). The second step of melting accounts for group A peridotite compositions upon crossing the
dry solidus Iherzolite (Fig. C7_1A). However, as expected, the resulting melts do not fit with the primitive
composition of the forearc basalts of the sub-volcanic unit (Fig.C7_1A). A third step of melting, related to
subduction initiation, would be needed to account for group B peridotites (Fig. C7_1A). Nonetheless, the

melts modelled fail to explain composition of the sub-volcanic unit. Hence, case X modelling is rejected.

On the other hand, two step case Y model at the spinel-peridotite facies (Fig. C7_1B) allows for explaining
the compositions of group A peridotites in the first step (c. 4-8% melting of depleted spinel lherzolite) and
group B peridotite compositions in the second step (c. 14-22% total melting, first 4% melting and second 10-
18% melting, Fig. C7_1B). Moreover, sub-volcanic unit compositions can be accounted for by this model in
the second step (c. 8-10% total melting, 4% melting in the first step and 4-6% in the second one, Fig. C7_1B).
Hence, this model allows one to conclude that group B peridotites and the sub-volcanic unit are genetically
related: group B harzburgites are the residue of forearc basalts. Further, evidence such as marked LREE
enrichment in group B peridotites indicates melt/rock interaction with basaltic liquid, which is most likely

represented by the forearc basalts. This model is illustrated in the P-T diagram of Fig. C7_2A.

In our two step case Y model, the second step of melting affected group A harzburgite. This implies
that the P-T phase diagram of Iherzolite composition (Fig. C7_2A) is not suitable for describing the process,
as long as changes in bulk composition affect the P-T distribution of stable mineral assemblages. For the
harzburgitic composition used to calculate the mineral assemblages of Fig. C7_2B, a plagioclase-bearing
field is not stable and the spinel-harzburgite field expands. For the harzburgitic composition with only a
small quantity of calcium, all Ca is diluted in orthopyroxene and clinopyroxene is not formed (see more
details of pseudosection calculation in chapter 3.1.5). Group A peridotites (2-dark blue star, Fig. C7_2B)
cooled down isobarically after melt extraction in a mid-ocean ridge because mantle flows laterally away
from the spreading center, crossing colder isotherms (green line in Fig. C7_2B). Later, upon subduction
initiation, peridotites are exhumed to shallower levels in the upper plate mantle, decreasing pressure and
increasing temperature as asthenospheric mantle flows to fill the gap left by the downgoing plate (see
below). Subduction initiation triggers devolatilization of the downgoing slab, decreasing the solidus of upper
plate harzburgite A (HZ in Fig. C7_2B). The intersection of hydrated group A harzburgite solidus along the
subduction initiation geotherm triggers a second melting event in the field spinel-harzburgite facies, forming
group B harzburgite (residue, 4-red star in Fig.C7_2B) and group 1 sub-volcanic unit (melt). Sequential melt

extraction (open system behaviour) cannot be modelled in Fig. C7_2B, but it would yield higher melting
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degrees in the residue (group B peridotites), while group 1 (sub-volcanic unit) would represent the first melt

to be extracted (lower degrees of melting).
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Figure. C7_1 Non-modal fractional melting modelling of serpentinitic matrix and sub-volcanic unit from VCSM.
Chondrite-normalized REE patterns of primitive melts of sub-volcanic unit and fields of peridotites of the serpentinitic
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and partition coefficients are as in chapter 3.9 and Table C3_2. Percentages indicate degree of melting.
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Green (2015) is modified in consonance with dry harzburgite solidus. Theoretical subduction initiation geotherm is

displayed with a slope lower than 8 Ma MOR geotherm. See text for further explanation.
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7.2. Ocean-floor metamorphism and supra-subduction zone metasomatism in
VCSM

In this section we will discuss the effects of post-melting ocean-floor metamorphism and supra-
subduction zone metasomatism in the chemical composition of the serpentinitic matrix and mafic crust of
the VCSM using trace elements, stable and radiogenic isotopes. Moreover, subduction-related ultramafic
blocks of VCSM are considered in order to decipher the influence of fluids in the subduction channel-supra

and subduction zone contexts.

In slow spreading ridges and fracture zones, a limited amount of oceanic crust is formed and, during
amagmatic episodes, extensional tectonic forces favour the formation of oceanic core complexes (Cannat,
1993; Tucholke et al., 1998; lldefonse et al., 2007; Escartin et al., 2017 and references therein). These
complexes expose portions of the lower crust and upper mantle due to the effects of detachment faults,
which favour, in turn, fluid flow and fluid/rock interaction in the oceanic crust and shallow mantle. Ocean
floor metamorphism near ridges involves cooling and hydration that transform primary metamorphic/
magmatic minerals in the mantle and crust (olivine, pyroxenes, plagioclase, spinel) into low to medium
temperature metamorphic assemblages that include prehnite, chlorite, amphibole, serpentine group
minerals, talc, epidote, etc. Evidence of such transformations occurs in the mafic crust of the VCSM (chapter
5.2.1and 5.4.1.1). The sub-volcanic unit records changes in mineral composition, such as plagioclase, which
become more albitic (from bytownite to albite) and the formation of new minerals, such as epidote (mostly,
after plagioclase), amphibole (after pyroxenes) with retrograde zoning (pargasite cores and magnesio-
hornblende/tremolite rims) and prehnite, which typically occurs in late veins that crosscut primary and
medium-low metamorphic mineral assemblages (chapter 5.2). Taken together, these assemblages and
textures indicate a retrograde path and hydration at relatively low P from amphibolite to greenschists facies
(chapters 5.4.1.1 and 5.4.2). High fluid/rock ratios are inferred from samples completely transformed into
amphibolite. The plutonic unit, on the other hand, displays similar changes in mineral composition but
they are less intensely transformed, with only local small areas that record ocean-floor metamorphism as
a likely consequence of lower fluid/rock ratios (chapter 5.3). The effects of seawater are clearly indicated
by the chlorine-rich composition in the higher-T cores of amphibole (chapter 5.2.2.2). In addition, Nd and
Sr isotopes can be used to quantitatively track the effects of seawater. The isotopic signature of the sub-
volcanic unit attest to **Nd/***Nd depletion and high values of Sr/#Sr, which support seawater contribution

to low fluid/rock ratios (c. <1-10, Fig. C7_4).

These inferences cannot be readily applied to serpentinites, for the serpentinization events probably likely
took place at different settings, including a low-P ocean-floor and higher-P subduction channel. In fact, the
isotopic signature of the serpentinitic matrix does not display typical signatures of peridotites serpentinized
by seawater (e.g. Delacour et al., 2008; Fig. C4_16A chapter 4.4.4), clearly pointing to additional reservoirs

and complexities in the serpentinization process. Partial melting of the ultramafic rocks of the VCSM in a
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forearc setting suggests supra-subduction zone metasomatism as a potential process that affected these
rocks. Various source reservoirs are implied in a subduction zone setting, including slab devolatilization
(e.g. Riipke et al., 2004 and references therein), which is controlled by the thermal state of the subduction
zone (e.g. Syracuse et al., 2010 and references therein), the age and velocity of subduction, different types
and amounts of lithologies, and key devolatilization reactions (e.g. Atg-out, phengite-out, chlorite-out, and
amphibole-out). Diverse authors have studied slab fluids and water recycling in subduction zones (Schmidt
and Poli, 1998 and 2003; Wallmann, 2001; Riipke et al., 2002 and 2004; Jarrard, 2003; Zack and John,
2007; Cannao et al., 2016; Bebout and Penniston-Dorland, 2016 and references therein). Three main fluid
sources are responsible for slab signature: hydrated mantle, igneous crust and sedimentary rocks. Hacker
(2008) estimated that major fluid release takes place at shallow levels where pore fluid is expelled while the

amount of evolved fluid decreases with depth (Fig. C7_3).
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Figure. C7_3 Fluid release from shallow forearc to arc depths of oceanic lithosphere from Hacker (2008). Numbers
are fluid flux of different lithologies during subduction given in Tg/Ma.

Self-organization of flow patterns in the subduction channel favours physical and geochemical mixture
of slab fluids (Baitsch-Ghirardello et al., 2014; Bebout and Penniston-Dorland, 2016). In chapters 4.5.2
and 6.6.2 we concluded that the main types of rock involved in the generation of fluid at the subduction
environment are altered oceanic crust (AOC; Kelley et al., 2003), global subducting sediment (GLOSS:

pelagic, altered sediments, see Plank, 2014) and terrigenous sediment (TER from unaltered crustal
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sediments; Poli and Schmidt, 2002; Rudnick and Gao, 2003), which mix in variable extent to form a
heterogeneous slab fluid reservoir. This reservoir interacted with already slightly/completely serpentinized
mantle (seawater serpentinization), resulting in the resetting of the primary signature of serpentinized
mantle. Enrichments in LILE, U and Pb and similar isotopic signature in exotic ultramafic blocks (Pelo Malo
Atg-serpentinite megablock) and the serpentinitic matrix evidence supra-subduction zone metasomatism
(chapters 4.5.1 and 6) and indicate that the serpentinitic matrix and exotic ultramafic blocks were mixed
together at the subduction channel (i.e., subduction channel mélange; chapter 6.6.2). Slab fluids that
interacted with the ultramafic blocks are represented by tremolite veins; associated metasomatic domains
with the same isotopic compositions as the Atg-serpentinites and serpentinitic matrix (Fig C7_4), however
evidence variable proportions of AOCF-GLOSSF-TERF in the supra-subduction metasomatic agent. Vein
and metasomatic domains in Atg-serpentinites represent discrete fluid paths in the subduction channel

mélange (e.g. Peacock, 2001; Gerya et al., 2002; Van Keken et al., 2011).
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Figure. C7_4 '*Nd/"**Nd, vs ¥’Sr/**Sr, of the serpentinitic matrix, mafic crust and exotic ultramafic block and vein

domains of the VCSM. Endmember compositions used for the isotopic mixing lines modelling are DM (Depleted
Mantle), AOCF (altered oceanic crust fluid), GLOSSF (global subducting sediment fluid), TERF (terrigenous fluid), SW

(seawater) and SPER (serpentinized peridotite). For more information on endmembers see chapter 3.10 and Table

C3_3. Seawater-DM mixing line was calculated following the equations of McCulloch et al. (1981) at 125 Ma (pre-
Aptian subduction Garcia-Casco et al., 2002). AOCF-GLOSSF, TERF-GLOSSF, TERF-AOCF and SPER-Slab fluids 1 to 5
were calculated using the equation of isotopic mixture of Faure and Mensing (2005). The endmember proportions

of slab fluids as in Fig. C6_13 in chapter 6.4.2.
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7.3. Geodynamic setting evolution of VCSM: from fracture zone to subduction
zone setting

Above, we have discussed the petrogenesis of the serpentinitic matrix and mafic crust of the mélange
and the post melting processes (ocean floor metamorphism and supra-subduction zone metasomatism)
that affected primary bulk compositions. Here we offer a time-integrated model that combines petrogenetic
processes in the context of the geodynamic evolution of the Caribbean realm. This model puts together

mineral assemblages and whole-rock geochemical and isotopic data from all units studied in this PhD.

The formation of the Caribbean realm started upon the breakup of Pangea in Jurassic times and the
development of the Proto-Caribbean basin in between the Americas (e.g. Pindell and Kennan, 2009 and
references therein). During the late Jurassic and Early Cretaceous, this basin was most likely separated
from the Pacific (Farallon) plate by the Inter-American transform (Fig. C7_5A e.g., Pindell et al., 2012). The
transform fault juxtaposed older (colder lithosphere) vs younger (hotter lithosphere) as a consequence of
the activity of the Proto-Caribbean ridge. Partial melting degrees indicated by the geochemical composition
of fracture zone peridotites are similar to abyssal peridotites (Figs. C4 11 to C4_13; e.g. Warren, 2016).
The geochemical composition of group A peridotites, the calculated 4-8% melting of a depleted mantle
source (chapter 7.1; Fig. C7_1B) for this type of rock, and serpentinization and high #Sr/%¢Sr values (see
SPER endmember in Fig C7_6A) may be related to the development of Proto-Caribbean oceanic lithosphere
in a fracture zone. A similar scenario was envisaged by Cardenas-Parraga et al. (2017) for the eastern Cuba

Sierra del Convento serpentinitic mélange.
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Figure C7_5 Geodynamic model and palaeogeographic reconstructions of the Caribbean domain addressing the
formation of the VCSM, based on Pindell and Kennan (2009) and Pindell et al. (2012). A) At 141 Ma, initial stage
of development of the Proto-Caribbean and the Inter-American transform between Farallon plate and Proto-
Caribbean basin. Group A peridotites (blue star) constitute the residue of partial melting of depleted mantle which
formed the Proto-Caribbean lithosphere in a ridge-fracture zone setting. B) At 135 Ma, subduction initiation of the
Proto-Caribbean under the Farallon plate and creation of a forearc. Extension in the forearc triggered re-melting
of group A peridotites in the mantle wedge and formation of group B peridotites (red star) and group 1-FAB of
the mafic crust (yellow circle). Seawater infiltrated shortly after intrusion (during cooling) and triggered ocean-
floor metamorphism in the sub-volcanic unit. C) At 130 Ma, subsequent melting in the mantle at sub-arc depths
triggered the formation of a volcanic arc and the formation of group 2-IAT of the mafic crust (red circle). Also at this
stage, ocean-floor metamorphism affected these rocks and a subduction channel mélange (shades of blue) started
to form as trench retreat progressed towards the Northeast. D) At 125 Ma, shift of the subduction zone towards

the Northeast expanded the volcanic arc. The subduction channel expanded and slab fluids metasomatized the
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mantle wedge, creating a wide serpentinized region (purple area). Slab fluids/melts influenced the formation of the
plutonic section of the mafic crust at this stage. E) At 100 Ma, widening of the subduction channel reached group A
and B peridotites, forming the serpentinitic matrix of the mélange in a relatively shallow region within the lizardite
stability field. At this time slab-derived fluids produced by devolatilization reactions were channelized along the
subduction channel matrix and the mantle wedge, while exotic blocks of Atg-serpentinites were serpentinized
in the antigorite stability field. Partial melting field, mantle solidus and subduction channel are from modelling
by Baitsch-Ghirardello et al. (2014) and Gerya et al. (2008). The antigorite- and lizardite-out surfaces are from
Ulmer and Trommsdorff (1995) and Bonatti et al. (1984). Blue arrows in paleogeographic sketches show sources
of terrigenous sediment of the Proto-Caribbean basin and white lines indicate cross-section locations at 141, 135,
130, 125 and 100 Ma. The whole oceanic ensemble collided with the Caribeana terrane and the Bahamas Platform

during the latest Cretaceous-Eocene (not shown; Garcia-Casco et al., 2008a; Iturralde-Vinent et al., 2008).

The onset of SW-directed subduction of the Proto-Caribbean below the Caribbean (Farallon) plate at
¢. 135-130 Ma (Figs. C7_5B and C7_5C; e.g. Garcia-Casco et al., 2006; Pindell and Kennan, 2009; Rojas-
Agramonte et al.,, 2011, 2016; Pindell et al., 2012; Boschman et al., 2014) triggered creation of the
Caribbean forearc, which underwent extension, partial melting of peridotite group A, and related basaltic
magmatism as a result of trench-retreat. Subduction zone numerical modelling (e.g. Blanco-Quintero et al.,
2011b; Baitsch-Ghirardello et al., 2014) predicts intense devolatilization and partial melting events during
the first stages of subduction (Fig. C7_5B) as a result of partial distortion of stable oceanic geothermal
gradient. The initial anhydrous mantle wedge started to hydrate upon slab-fluid fluxing, triggering partial
melting a temperature slightly above the hydrated solidus of harzburgite (Fig.C7_2B), which formed group B
peridotites of the serpentinitic matrix (refractory residue, red star, Fig. C7_5C and chapter 4.5.3) and group
1-FAB of the mafic crust (melt, red circle, Fig C7_5C and chapter 5.4.1.2).

Upon approaching a dynamic and thermal steady state subduction zone (135-125 Ma, Fig. C7_5C and
5D), slab devolatilization/melting triggered mantle wedge melting and the formation of IAT melts (group
2 sub-volcanic unit with Th-Nb anomalies and medium Ti/V ratios; Fig. C7_6B and Fig. C7_6C; see chapter
5.4.1.2). The isotopic signature of the plutonic unit indicates a slab signature involving melt-GLOSS and/
or fluid GLOSS (Fig. C7_6B; chapter 5.4.2), pointing to formation of this unit at this stage. At 100 Ma (Fig.
C7_5E), progressive development of the subduction zone allowed for the progressive release of slab-derived
fluids (see chapter 4.5.2 and Fig. C7_6C) into the subduction channel mélange and the mantle wedge (inset
in Fig. C7_5E purple area of serpentinization, from Baitsch-Ghirardello et al., 2014) and the incorporation
of mantle wedge group A and B peridotites into the subduction channel. The original isotopic signature
of the seawater-altered serpentinitic matrix (i.e., depleted mantle/serpentinized mantle; blue/green circle
in Fig. C7_6C) shifted to lower **Nd/**Nd and higher #Sr/®Sr ratios following SPER-slab fluid mixing line
(Fig. C7_6C). During this period, the sub-volcanic and plutonic units were affected by seawater interaction,
which resulted in increasing ®Sr/®Sr ratios (orange circle; Fig. C7_6C) and formation of amphibolite and
greenschist facies mineral assemblages typical of ocean floor metamorphism (see chapter 5). Tectonic blocks

of the crustal section of the Cajalbana ophiolite within serpentinite (western Cuba) attest to amphibolite
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facies metamorphism at 129.8 Ma (“°Ar/3**Ar plateau ages on amphiboles; Garcia-Casco et al., 2003b), which

is in line with observations in the VCSM.
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Figure C7_6 Theoretical Nd and Sr isotopic evolution of serpentinitic matrix, mafic crust and exotic ultramafic
blocks in the VCSM. A) Ocean floor metamorphism of the serpentinitic matrix at 140 Ma. The isotopic compositions
of the mantle rocks change along the depleted mantle-Creteceous seaweater (DM-SW) mixing line reaching
SPER endmember. B) At 135-125 Ma, subduction initiation formed the forearc sub-volcanic and plutonic units
with isotopic compositions along the DM-GLOSSF or DM-GLOSSM (global subducting sediment fluid and global
subducting sediment melt, respectively) mixing lines. C) At 125-70 Ma, steady state subduction of the Proto-
Caribbean formed slab fluids after devolatilization of altered oceanic crust (AOCF), global subducting sediment
(GLOSSF) and terrigenous sediments (TERF) that interacted with ultramafic rocks. At 135-125 Ma the mafic crust of
the VCSM experienced sea floor metamorphism that modified its isotopic composition (DM-SW mixing line). Note
the change in composition of the serpentinitic matrix (blue circle) and exotic ultramafic block (dark green), reaching

similar isotopic composition. All endmember and mixing lines as in Fig. C7_3.
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Long lasting subduction (c. 135-75 Ma; Fig. C7_5, e.g. Iturralde-Vinent et al., 1996¢c; Rojas-Agramonte
et al., 2011 and 2016) led to the expansion of the subduction channel and the shift of the trench towards
the Northeast (Fig. C7_5E). During this stage, the subduction channel mélange included blocks of eclogite,
garnet amphibolite and blueschist, as well as the Pelo Malo Atg-serpentinite megablock within the
serpentinitic matrix. The protolith of the Atg-serpentinites was serpentinized by slab fluids at temperatures
higher than 3502C (consumption of lizardite; lizardite-out area in Fig. C7_5E; Evans, 2004). Tremolite veins
and associated metasomatic domains within the Atg-serpentinite megablock represent the path of the slab
fluid fluxing along the subducting plate and overriding subduction channel (e.g. Peacock, 2001; Gerya et al.,
2002; Van Keken et al., 2011). At this stage, group A and B peridotites from the upper plate mix together

with exotic blocks in a shallow channel mélange.

The serpentinitic mélange was finally constituted after a long period, c. 75-40 Ma, during collision of the
arc-trench system with the subducting Caribeana terrane first (c. 75-60 Ma, Escambray complex in central
Cuba; Garcia-Casco et al., 2008a; Despaigne-Diaz et al., 2016 and references therein), followed by collision
with the Bahamas Platform (lturralde-Vinent et al., 2008; van Hinsbergen et al., 2009). The Cretaceous
volcanic activity ended by the latest Cretaceous (lturralde-Vinent, 1994; Hall et al., 2004; Kesler et al., 2004)
as a result of subduction/accretion of the Caribeana metasedimentary terrane (Garcia-Casco et al., 2008).
The collision of the Caribbean plate with the North American passive margin sequences (Bahamas platform)
continued until c. 40 Ma (van Hinsbergen et al., 2009). During this stage, the overriding subduction channel
mélange incorporated non-metamorphosed blocks of the passive margin and the volcanic arc, reworking
pre-existent blocks and the serpentinitic matrix. During collision, synorogenic basins were formed and filled
with volcanic arc, passive margin and subduction channel-related material. Since the late Eocene the Cuban
sector of the Caribbean orogen is wedged to the North American plate and only local subsidence formed

post-orogenic basins (Meyerhoff and Hatten, 1968; Knipper and Cabrera, 1974).

The ophiolitic bodies and serpentinitic mélanges of the Caribbean realm are excellent examples on
fracture zone-subduction initiation processes (e.g. Cardenas-Parraga et al., 2017). The dynamic setting
described above is the result of magmatic and post-melting geochemical and geodynamic processes that
resulted in the complex geochemical and isotopic signatures of the studied rock bodies. A progressive
change from fracture zone to subduction is documented in other regions, such as the Franciscan Complex
(Coast Range ophiolite, Choi et al., 2008; Wakabayashi, 2011), Kings-Kaweah ophiolite belt (California,
Saleeby, 2011), Turkey ophiolite complexes (Dilek et al., 2007; Aldanmaz et al., 2012; Uysal et al., 2016),
Loma Caribe peridotite (Marchesi et al., 2016) and South Albanian ophiolites (Hoeck et al., 2002). This PhD
Thesis documents a significant new case of the dynamic evolution of an intra-oceanic convergent/fracture-

zone active margin.
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8. Conclusions

The Villa Clara serpentinitic mélange (VCSM), central Cuba, is formed by a serpentinitic matrix representing
hydrated oceanic mantle, mafic crust and exotic high-pressure blocks of antigorite-serpentinite. Geochemical
fingerprints preserved in the relict mantle phases, whole rock major and trace element compositions evidence
fertile (group A) and refractory (group B) peridotites in the serpentinized matrix. Melting models converge in
4-8 % of partial melting of a depleted mantle in group A peridotites and 14-22% melting in group B peridotites,
which is in line with the composition of relict phases. The field relations and geochemical signatures of both

groups point to a genetic relation between them, being group B the result of melting of group A peridotites.

Late enrichment processes attested by whole rock compositions (major and trace elements) and isotopic
data (stable and radiogenic) overprinted the primary geochemical signature of both peridotite protoliths and

evidence:

1. Post-melting refertilization of group B peridotite by basaltic melts (i.e., LREE enrichment) and

2. Repeated serpentinization events in group A and B peridotites by seawater and slab fluids in a context
of abyssal/fracture zone and subduction settings, respectively. Isotope modelling points to slab fluids
in the subduction channel as the main serpentinization agent, formed by a mixture of altered oceanic

crust fluid (AOCF), global subducting sediment fluid (GLOSSF) and terrigenous fluid (TERF).

The mafic crust in the VCSM includes sub-volcanic (diabase and microgabbro) and plutonic (cumulate
gabbro and Ol-gabbro) units. The sub-volcanic unit can be separated in two rock types: group 1 with basaltic
compositions typical of forearc basalt and group 2 of basaltic andesite composition characteristic of island
arc tholeiite. All types of rock show greenschist to amphibolite facies assemblages developed at low pressure
during low to medium temperature ocean floor metamorphism. The sub-volcanic and plutonic units have a
subduction-related signature (<2%; slab fluids/melts) as evidenced by radiogenic isotopes. Variable slab input

likely resulted in heterogeneous enrichment of suprasubduction magma source(s).

Melting modelling evidence a genetic relationship between group B peridotites of the serpentinitic
matrix and sub-volcanic crust group 1 rocks, produced after c. 8-10 % melting leaving a residue of group B
peridotites. Additional evidence such as the marked LREE enrichment of group B peridotites indicates melt/

rock interaction with basaltic liquid, which is most likely represented by forearc basalts (group 1).

The protolith of exotic ultramafic blocks of the VCSM represents subducted peridotite that developed
heterogeneous composition (CaO-enriched and Ca-poor compositions) during interaction with a H,0-CO,
fluid mixture, forming dolomite-bearing Atg-serpentinites and Atg-serpentinites. Thermodynamic calculations
indicate infiltration of a H,0-rich H,0-CO, fluid at c. 450 2Cand c. 10 kbar. The fluid channelized along fractures,

favouring fluid/rock interaction that developed blackwall domains (Atg + Chl + Tr and Chl + Tr) Atg-serpentinite
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wall rock adjacent to tremolite veins. Upon infiltration, the rock/fluid ratios varied across the metasomatic
blackwall and the fluid changed composition towards Al- and Ca-poorer compositions outward the vein. The
observed exchange of matter from the Atg-serpentinite wallrock through the blackwall domains towards the
tremolite vein allows characterizing the metasomatic fluid as rich in Ca, Al and LILE (mostly Sr, Rb, Cs and Ba).
Because the serpentinized matrix and exotic ultramafic block of VCSM display similar isotopic signatures, the
main responsible of serpentinization and blackwall formation are slab fluids formed by variable proportion

of altered oceanic crust fluid (AOCF), global subducting sediment fluid (GLOSSF) and terrigenous fluid (TERF).

Data and models presented in this PhD suggest the involvement of abyssal/fracture zone and subduction
zone settings in the generation of the ultramafic protoliths of serpentinites, the mafic crust and exotic high-
pressure ultramafic block of the VCSM. Abyssal/fracture zone setting where group A peridotites were formed
is consistent with break up of Pangea and continental drift (i.e., formation of the Proto-Caribbean oceanic
lithosphere in between the Americas) during Upper Jurassic-Lower Cretaceous times. SW-directed subduction
initiation of the Proto-Caribbean likely started along the inter-American fracture zone (c. 135 Ma), creating
of a forearc where subduction-initiation related extension triggered re-melting of group A peridotites in the
mantle wedge and formation of group B peridotite and group 1-FAB of the mafic crust. Seawater infiltrated
after intrusion, triggering ocean-floor metamorphism in the sub-volcanic unit and, to some extent, in
peridotites. Continuous devolatilization of the slab during Cretaceous time allowed subsequent melting that
formed group 2 (1AT-like) sub-volcanic and plutonic rocks. The subsequent development of the subduction zone
involved the incorporation of group A and B peridotites in a widening subduction channel after the continued
infiltration of slab-derived fluids produced by devolatilization reactions, forming the serpentinitic matrix in
a relatively shallow region within the stability field of lizardite, while exotic blocks of Atg-serpentinites were
serpentinized in the antigorite stability field. The final constitution of the VCSM took place during c. 75-40
Ma, when collision of the arc-trench system took place, first with the subducting Caribeana terrane followed

by collision with the Bahamas Platform.
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