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ABSTRACT

Ophiolitic rocks associated with high pressure kdooccur in serpentinite matrix
mélanges in the north-western Antilles (northermt pd Cuba and Hispaniola).

These mélanges represent fragments of a well pexb@iceanic subduction channel
related to subduction of the Protocaribbean (Aitantithosphere below the

Caribbean plate during the Cretaceous. The mélangesr in three tectonic

domains of the north-western Antilles: western aettral Cuba occupying the
western portion, eastern Cuba (east of the Nipec@hayabo fault) in the center,
and Hispaniola representing the eastern portion.

The high pressure blocks from mélanges of the wested eastern portions of the
north-western Antilles indicate cold subductionresgented by eclogite, blueschist
as well as lawsonite-eclogite/blueschist as thenrtiliologies. On the other hand,
the high pressure blocks from mélanges of the akrmgortion (eastern Cuba)

indicate hot and cold subduction, with epidote-aiplite rocks containing the

tonalitic-trondhjemitic products of partial meltiraf the slab, and blueschists. The
Sierra del Convento and La Corea mélanges, begadd in the central portion, are
geologically similar and provide a good example &wdying hot subduction

processes and, in particular, partial melting oé tlab. Partial melting of a

subducted young oceanic lithosphere in eastern @Gulaique in the Caribbean

realm (and probably in the world). This scenaria caly be compared with the

Catalina schist (a fragment of the Franciscan ng&lpim south western USA and
has significant consequences for the plate teciotécpretation of the region. This

is the focus of this PhD thesis in the La Coreaamg.

The La Corea mélange is located in the Sierra dstal mountain range. It occurs
as a tectonic window between the Mayari-Cristali@fh massif, on top, and the
Cretaceous Santo Domingo volcanic arc formatiolgvineExotic blocks, mainly of
garnet-amphibolite, blueschist and greenschisturoéo the mélange within a
serpentinite-matrix. The metamorphism is relatedstdoduction processes and
evolved under medium to high-pressure and highlototemperature. A unique
characteristic of the mélange, shared by the SidgetaConvento mélange, is the
presence of dikes and veins of intermediate to @oithlitic-trondhjemitic-granitic)
composition which occur intimately associated wiith amphibolites.

The integrated field, petrological, and geochemstatly of the amphibolite blocks
and the associated tonalitic-trondhjemitic materiatlicate that the latter formed by
partial melting of the former under water-saturatexhditions. The main (peak)
mineral assemblage of the amphibolite blocks iggsitic amphibole + epidote +
quartz + rutile + titanite £ garnet + phengite,kisg primary (peak) plagioclase.
The amphibolites have variable grain size and aegfeleformation. The magmatic
mineral assemblage of the tonalite-trondhjemiteksois plagioclase + quartz +
phengite + epidote + paragonite + pargasite. Thiesks show variable grain size
and a mild deformation. The leucocratic bodies appassociated with the
amphibolites and do not crosscut other types otiexmsocks or the serpentinitic
matrix.

Major and trace element geochemistry of the ampitiiso show a basaltic
composition within the subalkaline series and deihiw low-K affinity. The REE
patterns indicate N-MORB composition. N-MORB signat are locally modified



by infiltrating fluids evolved from dehydration dhe subducting Protocaribbean
lithosphere. Therefore the mafic protoliths (amplites) represent subducted
Protocaribbean lithosphere exhumed in the subductibannel. The tonalitic-
trondhjemitic-granitic rocks are of andesitic toyahtic composition in the TAS
diagram, have a peraluminous character, and disjiaiyctive REE patterns with a
negative slopes and positive Eu anomalies. Theipedtu anomalies suggest an
important contribution of plagioclase to the pdrti@elting processes, consistent
with the lack of peak plagioclase in the amphileslit

Thermobarometric determinations by means of the tiegulilibrium and
pseudosection approaches indicate that partialingetif the amphibolites took
place at. 700°C and 14-16 kbar during subductiahantretion to the upper plate
mantle, while crystallization of the tonalitic-trdimemitic melts occurred within the
blocks at similar depths but during cooling in thmper plate (ca. 680-700°C and 13-
15 kbar). At these conditions (ca. 50 km depth;08 8C), antigorite is not stable,
preventing the formation of the serpentinitic sutithn channel.

Upon further cooling of the subduction system doecbntinued subduction,
antigoritite formed due to hydration of the uppdate peridotite, allowing the
formation of the subduction channel and, hencefahi blocks started exhumation.
The retrograde overprints in the amphibolites armhdhjemites are made of
combinations of actinolite + glaucophane + trengolit paragonite + lawsonite +
albite + clino-zoisite + chlorite + phengite, fordheduring retrograde
blueschist/greenschist facies conditions. Calcdlate-T conditions indicate
counterclockwise P-T paths (i.e., “hot Francisogret exhumation). Occasionally,
the blocks indicate large-scale convective cir¢oiatin the channel, which is
consistent with predictions of thermo-mechanicaldeis. This finding constitutes
the first report of large-scale convective circaat of tectonic blocks in a
subduction channel in the literature.

Formation of amphibolite-trondhjemite rocks at higtessure - high temperature
conditions documents high thermal gradient at tteb-wedge interface. The
counterclockwise P-T paths followed by these rdokigcate, in turn, cooling of the
subduction system upon continued subduction. Thesntal history suggests onset
of subduction of a young oceanic lithosphere, atast with predictions of thermo-
mechanical models. However, a similar thermal enmhu is possible after
subduction of young lithosphere followed by subdarctof older lithosphere,
whether or not onset of subduction is involvedmyoblique subduction of a ridge.
The thermo-mechanical models permit also considéregartial melting process in
eastern Cuba as a cold plume aborted and crystliiz the slab-mantle wedge
interface.

Ba-rich phengite-bearing rocks, including amphitegltrondhjemite, pegmatite and
Qtz+Ms rocks, have major and trace elements coriipoghat indicates circulation
of Ba-rich fluids and melts in the subduction chelnrFFluid infiltration at high
temperature of Ba-rich fluids, likely evolved fromubducting sediments,
transformed subducted/accreted MORB material (abgbites). This process led to
the formation of Ba-rich trondhjemites with adakisignature during fluid-fluxed
melting of amphibolite. The partial melts represpristine slab melts that did not
react with the upper mantle. The pegmatites aerpntted as magmatic products
after differentiation of trondhjemitic melts, whil@tz-Ms rocks probably represent



material crystallized from a primary sediment-dedvfluid. The chemistry of
phengite is primarily governed by the celadonisetfermak) ((Mg,Fe)SitAI'v Al) ;)
and celsian (AIBa(SiKj)) exchange vectors. The preservation of zoninghiengite
indicates sluggish diffusion. This finding is impemt because crystallization of
phengite at depth makes the behaviour of Ba (arahd other LILE) compatible,
preventing the transfer of these elements to thetimavedge and reinforcing the
importance of phengite stability in the subductarannel for the transference of
elements from the slab to the arc environment.

Two main groups of ultramafic material appear ia thélange associated with the
high pressure blocks: antigorite- and antigoritedidite-serpentinites. The strong
alteration (i.e., serpentinization, Cr-spinel tfansation) of ultramafic protholiths

indicate pervasive fluid flow, best explained ifetmocks experienced hydration
during infiltration of fluids evolved from the subcted slab. Antigorite serpentinites
have harzburgitic protolith and most likely format depth after hydration of the
mantle wedge (Caribbean lithosphere) by fluids \@ti from the SW-dipping

subducted slab (Protocaribbean lithosphere). Anteytizardite serpentinites are of
harzburgitic-lherzolitic composition and are bestxplained as abyssal

(meta)peridotites (Protocaribbean lithosphere) etedr to the subduction channel
developed in the Caribbean-Protocaribbean plagrfade. Antigorite-serpentinites
document large-scale hydration of the Caribbearieplaantle wedge and the
formation of a thick subduction channel which akalvexhumation of accreted
subducted material during Cretaceous times.

U-Pb SHRIMP and Ar-Ar dating constrain the evoluatiof the subduction zone.

Zircon from trondhjemitic rocks provided U-Pb cigiization ages ranging 105-110
Ma. Ar-Ar phengite data from the same trondhjenstienples yielded cooling ages
of 83-86 Ma (interpreted as the closure-cooling gerature of phengite). These
data, combined with the calculated counterclock#AsE paths indicate a very slow
syn-subduction exhumation history in the channéh{m/yr). The leucocratic rocks
and the host amphibolite slowly cooled and exhuffinech 700 °C and 15 kbar to
350 °C and 8 kbar during 25 My. Final exhumatiothi@ mélange occurred during
the late Cretaceous (70-65 Ma) obduction of therssspbduction ophiolitic and

volcanic arc rocks as determined by the presensgrofectonic deposits.






RESUMEN

Rocas ofioliticas asociadas con bloques de alsiqreparecen en las mélanges de
matriz serpentinitica del noroeste de las Antil{gsrte norte de Cuba y La
Espafiola). Estas mélanges representan un ejengiopbéservado de un canal de
subduccion oceanico. El canal se formé con la sttidin durante el Cretécico de la
litésfera del Protocaribe (Atlantica) bajo la Plagel Caribe. Las mélanges se
encuentran en los bloques tectdnicos del noroestasdAntillas: Cuba occidental y
central ocupando la porcidon oeste, Cuba orientale¢te de la falla de Nipe-
Guacanayabo) en el centro y La Espafiola ocupanuurézin oriental.

Los bloques de alta presion (eclogitas y esquiaindes con epidota, eclogitas y
esquistos azules con lawsonita) de las mélangeksalominios occidental y
oriental indican una subduccion fria. Por otro |dds blogues de alta presion de las
mélanges de Cuba Oriental indican una subduccitbenta y fria, con rocas de la
facies de anfibolitas con epidota que contienedyxtos de fusion parcial formados
durante la subduccion/accrecion (tonalitas-trondfiges), y esquistos azules. Las
mélanges de La Sierra del Convento y La Coreaadstsi en el dominio central
(Cuba oriental), son muy similares geol6gicamenpeoporcionan un buen ejemplo
para estudiar los procesos de subduccion caliegligsonados con la fusion parcial
de la placa subduccente. La fusion parcial de itmsféra ocednica joven subducida
en Cuba oriental es Unica en el area del Carilpealyablemente en el mundo). Este
escenario se puede comparar solamente con el sdei€atalina (un fragmento de
la mélange Franciscana) en la costa suroeste delod.U. y tiene consecuencias
significativas para la interpretacion tectonicalae placas en la region. El nucleo
principal de esta tesis doctoral es la mélangead€drea.

La mélange de La Corea se encuentra en el sistemng&aiinso de la Sierra del
Cristal. Esta mélange aparece como una ventandntegtpor debajo del macizo
ofiolitico de Mayari-Cristal y encima de la forméagivolcanica Santo Domingo del
Cretacico. Los bloques exoticos (principalmentdbatifas con granate, esquistos
azules y esquistos verdes) aparecen dentro de élamge de matriz serpentinitica.
El metamorfismo se relaciona con procesos de sghitug se desarrolla bajo unas
condiciones de presion de media a alta y temperatir alta a baja. Una
caracteristica Unica de esta mélange, compartidd_adSierra del Convento, es la
presencia de diques y de venas de composiciénniatka a acida (tonalitica-
trondhjemitica-granitica) que aparecen intimameasteiadas a las anfibolitas.

El estudio integrado de campo, petrolégico y gemipd de los bloques de

anfibolitas y de los materiales tonaliticos-tromathjticos asociados indican que
estos ultimas se formaron por la fusion parcialageanfibolitas en condiciones de
saturacion en agua. La asociacion mineral princigel pico de los bloques

anfiboliticos es: anfibol pargasitico + epidotauarnzo + rutilo + titanita + granate +
fengita, con plagioclasa primaria (de pico metaimo)fausente. Las anfibolitas
tienen variable tamafio de grano y grado de defaémata asociacion mineral

magmatica de las rocas tonaliticas-trondhjemitsaglagioclasa + cuarzo + fengita
* epidota + paragonita + pargasita. Estas rocastraretamafio de grano variable y
una leve deformacién. Los cuerpos leucocraticosregpa asociados con las
anfibolitas y no cortan otros tipos de bloques ierétni la matriz serpentinitica.



La geoquimica de los elementos mayores y trazatosiédloques anfiboliticos
indican una composicion basaltica dentro de laesstbalcalina y de afinidad
toleitica baja en potasio. Los patrones de tieraeas indican una composicién N-
MORB. La signatura N-MORB esta localmente modifecgubr la infiltracion de
fluidos producidos por la deshidratacion de lasfigoa del Protocaribe. Por lo tanto
los protolitos maficos (anfibolitas) representat@ale la litosfera Protocaribefia
exhumada en el canal de subduccion. Las rocas dedimas tienen una
composicién en el rango de andesita hasta riatibe, caracter peraluminoso, y
exhiben patrones distintivos de tierras raras camdigntes negativas y anomalias
positivas de Eu. Las anomalias positivas de Eleseigiuna contribucion importante
de plagioclasa a los procesos de fusion parcialsistente con la ausencia de
plagioclasa primaria en las anfibolitas.

Los célculos termobarométricos usando los métodek rdultiequilibrio y
seudosecciones indican que la fusion parcial danéibolitas ocurrié a 700°C y 14-
16 kbar durante la subduccién y acrecion al margolad placa suprayacente,
mientras la cristalizacién de las trondhjemitas roéudentro de estos mismos
bloques a profundidades similares pero durantafelaeiento en la placa superior
(ca. 680-700°C y 13-15 kbar). En estas condicigoas50 km de profundidad; >
600 °C) la antigorita no es estable, imposibilitadd formacién del canal de
subduccion serpentinitico.

Al continuar el enfriamiento del sistema de la sudwithn debido a la subduccion
continua, se forma antigorita por la hidrataciénalperidotita de la placa superior,
permitiendo la formacién del canal de la subduccynsubsiguientemente, la
exhumacion de los bloques. El metamorfismo sobre@sto en las anfibolitas y las
trondhjemitas se representa por la combinacion ag¢inolita + glaucofana +
tremolita + paragonita + lawsonita + albita + climisita + clorita + fengita,
formados durante condiciones retrogradas de laedade esquistos azules y
esquistos verdes. Las condiciones de presion yeenpa calculadas indican
trayectorias antihorarias (exhumacion caliente déipo“ Franciscana”).
Ocasionalmente, algunos bloques denotan circulaoidwectiva en el canal que
confirma la prediccion de los modelos termo-mea@i&Esto constituye el primer
reporte en la literatura de circulacion convectvgran escala de blogues en un
canal de subduccion.

La formacién de rocas anfiboliticas-trondhjemitieascondiciones de alta presién y
alta temperatura documentan altos gradientes tésnea la interfase de la placa
subducente y la placa suprayacente. Las trayestantahorarias seguidas por estas
rocas indican que el enfriamiento del sistema awrante la subduccién. Esta

historia térmica sugiere el inicio de la subducadilenuna litosfera oceéanica joven,

gue confirma las predicciones de modelos termo-nmegd Sin embargo, una

evolucion térmica similar es posible después dritmluccién de una litosfera joven

seguida por la subduccién de una litosfera vieganacesariamente implicando el

inicio de la subduccién, durante la subducciénonialide una dorsal. Los modelos
termo-mecénicos permiten también considerar losgsms de funcidon parcial en

Cuba oriental como una pluma fria abortada y didstda en la interfase de la placa
subducente y suprayacente.

Rocas con fengita rica en Ba (incluyendo anfibglitsondhjemitas, pegmatitas y
rocas de Qtz+Ms) tienen composiciones de elemenéy®res y trazas que indican



circulacion de fundidos y fluidos ricos en Ba encahal de subduccion. La
infiltracién de fluidos ricos en Ba a alta temparat indica que se formaron
probablemente a partir de los sedimentos subdyctdasssformando el material
MORB subducido y acrecionado (anfibolitas). Estecpso llevé a la formacion de
trondhjemitas ricas en Ba con signatura adakiticarde la fusion de las anfibolitas.
Los fundidos parciales representan fundidos primsadte la placa subducente que no
reaccionaron con el manto superior. Las pegmasgitaimiterpretan como productos
magmaticos diferenciados de los fundidos trondhjead, mientras que las rocas de
Qtz-Ms representan probablemente materiales dzisthils de un fluido primario
derivado de los sedimentos subducidos. La quimiceenad de las fengitas esta
gobernada sobre todo por los vectores de intercambladonita (tschermak;
((Mg,Fe)Sil"AI'VAI) .,) y celsiana (AIBa(SiK)). La preservacion de zonacion en la
fengita indica una difusibn lenta. Esto es un puimgortante porque la
cristalizacion de la fengita en profundidad hace guBa (K y otros LILE) sean
compatibles, previniendo la transferencia de estementos al manto superior;
reforzando la importancia de la estabilidad declzgita en el canal de subduccion
para la transferencia de elementos de la placausehte al contexto del arco.

Dos grupos principales de material ultraméfico epan en la mélange asociados a
los bloques de alta presion: serpentinitas corgarita y antigorita-lizardita. La
fuerte alteracion de los protolitos ultramaficoadd por la serpentinizacion y
transformacion de las Cr-espinelas) indican un 8t de fluidos, que puede
explicarse si las rocas experimentaron la hidrétadurante la infiltracion de los
liquidos producidos por la placa subducente. Lgsesdinitas con antigorita tienen
protolitos harzburgiticos y se formaron muy prokai@nte en profundidad por la
hidratacion del manto superior (litosfera del Cayila partir de la infiltracion de
fluidos derivados de la placa subducente. Las séni&as con antigorita-lizardita
son de composicion harzburgitica-lherzolitica y pustolitos pueden explicarse
como peridotitas abisales (litosfera del Proto@grilcrecionados al canal de
subduccion desarrollado en la interfase de lasaBl&aribe y Protocaribe. Las
serpentinitas con antigorita documentan la hididta@ gran escala del manto
superior de la placa del Caribe y la formacion dgueso canal de subduccion que
permitio la exhumacion del material subducido yeaimmado durante el Cretacico.

Dataciones de SHRIMP U-Pb y Ar/Ar permiten perfiarevolucion temporal de la
zona de subduccion. Zircones de las rocas trondtigas proporcionan edades U-
Pb de cristalizacion de 105-110 Ma. Las edades mArAle las fengitas en las
mismas rocas trondhjemiticas brindan edades deiamniénto de 83-86 Ma
(interpretado como la temperatura de bloqueo-enieato de las fengitas). Estos
datos, combinados con las trayectorias antihorasiagieren una historia de
exhumacién sin-subduccibn muy lenta para la reg{éhmm/a). Las rocas
leucocréticas y las rocas de caja anfiboliticasréearon y exhumaron lentamente a
partir de 700 °C y 15 kbar hasta 350 °C y 8 kbaamte 25 millones de afios. La
exhumacién final de la mélange ocurrié duranteirell fdel Cretacico (70-65 Ma)
con la obducién de las ofiolitas de supra-subdurcyidas rocas del arco volcanico
determinado por la presencia de depdsitos sinfiects.
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INTRODUCTION

The subduction channel concept was first define@®bseve and Cloos (1986) and
Cloos and Shreve (1988a, b) to describe complelk assemblies developed in the
interface between the subducting and the hanginlj plates in a convergent

margin. Cloos and Shreve developed the concept ademactual subduction

environments (e.g., Japan, Mariana, Lesser Antités). The subduction channel
model provides a mechanism for the exhumation bfisated high pressure rocks
accreted as blocks to the overlying accretionaisnpformed, mostly, by sediments.
The subduction channel concept has been extendesutt deeper near-sub-arc
depths by means of thermo-mechanical (Fig. 1; Getyal., 2002) and conceptual
models (Fig. 2; Guillot et al., 2000; 2001; 2008).this context the subduction
channel is formed by the mantle wedge peridotigrémed in the antigorite stability

field (i.e., below ca. 650 °C).

The fluids necessary for this serpentinization psscare thought to be provided by
prograde metamorphism of the subducted slab (oceafdte, including its
sedimentary cover). According to lwamori (1998) tleeanic crust contains about 6
wt % water in chlorite, lawsonite and amphiboleisTdmount is reduced to less than
3 wt % at 50 km depth, providing the necessary-fvater for the hydration of
mantle wedge and the exhumation of high pressaekblin the mélanges. Also, the
fluids play an important role within the subductisystem because they influence
the progress of the metamorphic reactions, magmarggon in the mantle wedge
and the generation of seismicity (double Beniofind) due to the progress of
dehydration reactions within the slab (Brudzindkale 2007).

The exposed materials exhumed from the plate mterf(i.e. mélange) contain
information about processes taking place duringy Ipariods of time, making the
mélanges the best laboratory for the study of m®e® occurring in the plate
interface to ca. 100-150 km depth (Ernst, 1999 dtcurrence of a well preserved

Fig. 1 Thermo-mechanical model of oceanic subduoctio= sedimentary rocks; 2 = basaltic upper
oceanic crust; 3 = gabbroic lower oceanic crust=4unhydrated mantle; 5 = serpentinized mantle.
Isotherms labeled in the right each 100 °C.
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Cretaceous subduction channel in eastern Cuba nthisesegion an appropriated
area to study the evolution of subduction chandating tens of millions of years,
from onset of subduction to final exhumation.

Summary of Cuban Geology

The Cuban orogenic belt was formed during the Cestas-Tertiary convergence of
the Caribbean oceanic plate and the North Americemgin (lturralde-Vinent,
1998). Cretaceous S-SW dipping subduction of tleoPCaribbean (i.e., Atlantic)
oceanic lithosphere below the Caribbean plate fdriaye intraoceanic arc system
that collided with the Jurassic-Cretaceous passiaegin-like intra-Protocaribbean
terrane of Caribeana (in Cuba represented by theyr€a Pinos, Escambray and
Asuncion terrenes), the margin of the continentaby block (i.e., the
Guaniguanico terrane of western Cuba) and the Baskgtatform (i.e., the Cayo
Coco, Remedios, Camajuani and Placetas belts ofrale@uba) during latest
Cretaceous-Tertiary times (Fig. 4). The collisiondlved tectonic emplacement of

. arc volcanoe
acretionary

oceanic
lithosphere

oceanic
lithosphere

[T meta (sediment)

meta (basalt)

meta (gabbro)

b,
N

Fig. 2 Conceptual model of subduction channel ra®aillot et al. (2009).
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oceanic units, including Cretaceous-Tertiary volcaarc sections, ophiolites,
subduction mélanges (subduction channel), as weduhducted and non-subducted

continental margin rocks, and syntectonic basiruseges (lturralde-Vinent et al.
2008; Garcia-Casco et al. 2008a).

The volcanic arc units are made of volcanic, votecaadimentary and plutonic arc
rocks (e.g., lturralde-Vinent, 1996). The magmaticks are basic to acid in
composition, and document an early Cretaceous atecomian?-Aptian) oceanic
island arc of tholeiitic affinity which evolved ta voluminous calc-alkaline and
high-K arc in Albian to Campanian times (Kerr et 4999; Iturralde-Vinent et al.,
2006). Similar sequences have been identifiedlatigathe Caribbean realm, from
Guatemala through the Antilles, Trinidad-Tobag® Metherlands Antilles, and the
northern part of Venezuela to north and northwes@alombia. All these sequences
have been collectively termed as the "Great Arthef Caribbean” (Burke, 1988),
which resumed in the Late Campanian all along éthern edge (including Cuba)
but was re-stablished the Tertiary in several pairthe Greater Antilles. During the
Paleogene (upper Danian-lower Eocene), a well dpeel volcanic arc of tholeiitic
to calc-alkaline affinity formed in eastern Cub#&e(& Maestra; e.g., Cazafias et al.,
1998; Rojas-Agramonte et al., 2006). Other occueerof Tertiary volcanism in the
region include Jamaica, Hispaniola, and Puerto Riesvis and Draper, 1990), but
not western and central Cuba. The actual equivalehtthe larger Cretaceous-

Tertiary Caribbean subduction zone and volcanicaaecthe Lesser Antilles trench
and volcanic arc, respectively.

Atlantic ocean

Gulf of Mexico

suture aphiolites
North American plate

"Great Arc of the Caribbean”

Yucatan (Lower Cretaceous - Present)

Yucatan Basry

-7 block

A
Caribbean plate ‘ / Caribbean
e oceanic
Chortis block ’ plateau

.
\

L

B
£
2
8
| &
|
']
=
A
'8
0
Qo
o

b

. " South American Plate
3.3 cmiyear

Pacific ocean

Fig. 3 Plate tectonic configuration of the Caribbeaegion, with important geological features

including ophiolitic bodies and Cretaceous- Terjiauture zones (compiled after Draper et al., 1994;
Meschede and Frisch, 1998; and Mann, 1999).
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The ophiolitic material in Cuba appears as a disooaus belt of more than 1000
km in length composed of discrete, variously sibedies exposed in the north of
the island. From west to east this ophiolite betiudes the Cajalbana, Mariel-La
Habana-Matanzas, Las Villas, Camaguey, Holguin, avia@ristal, Moa-Baracoa
bodies (Fig. 4). The bodies are made of fragmefntgpical ophiolites (serpentinitic
harzburgite tectonites, gabbroids, basalts andnicsadimentary rocks). Dispersed
within these bodies occur tectonic mélanges compas$eserpentinitic matrix and
exotic blocks of ophiolite, volcanic arc materisgdiments of the Bahamian-Maya
borderlands, and subduction-related high pressuwramorphic rocks. All these
bodies have been widely considered to represemgéesyeologic element formed
within the same paleogeographic/paleotectonicregtturing the Mesozoic and was
named “Northern Ophiolite Belt” (lturralde-Vinenf,989). However, Iturralde-
Vinent et al. (2006) argued that eastern Cuba ko(ie. Mayari-Cristal and Moa-
Baracoa) should not be included as part of this bed proposed the term "Eastern
Ophiolite Belt". Proenza et al. (2006) and Marchessial. (2006) used the term
Mayari-Baracoa Ophiolitic Belt.

According to Garcia-Casco et al. (2008a) Caribésaaconceptual paleogeographic
domain characterized by Mesozoic sedimentary pieg formed off the Maya
Block and occupied a portion of the Proto-Caribbeeanic domain. The principal
outcrops in Cuba belt are the Cangre, Pinos, Esegnand Asuncién terrenes (Fig.
4), all metamorphosed in a subduction environmeming the latest Cretaceous.
The Guaniguanico terrane, located in western Cllg @), is characterized by
north-verging thrust sheets and partially superigggobelts of Jurassic-Cretaceous
sedimentary sequences and syntectonic Paleogeredarfdr sediments. The
Guaniguanico terrene is considered to have formad pf the Maya block
(Iturralde-Vinent, 1994; Pszczétkowski, 1999). TBehamas platform is subdivided
in the (from northeast to southwest, proximal-djdtalts of Cayo Coco, Remedios,

Gulf of Mexico Habana-Matanzas Las Villas

gﬁ:}::: ophiolites ophiolites i- Atlantic
3 - , e Ocean

4

Guaniguanico s
r ) ji N\ o Camagiiey
—~ = ophiolites
W i — Mayari-Cristal
)f / ophiolites
ﬂ 2

Holguin Moa-Baracoa
ophiolites ophiolites

Escambray

fosa Yoo,

Caribbean Sea_ Sieradel  amNm

Convento

80°

|
I:‘ North America margin . Ophiolites . Paleogene arc . Cretaceous Arc

Fig. 4 Geological sketch map of Cuba (modified afterralde-Vinent, 1996) showing location of the
principal geological elements.
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Camajuani, and Placetas, the latter of deep wateanic affinity (Fig. 4). The
deformation of the rocks decreased to the North.tBése rocks form part of
discrete N-NE directed tectonic units of the Cubald and nappe belt. The stacks
are covered by Paleocene-Eocene syn-orogenic depggically of turbiditic and
olistostromic character which are also overridden the allochtonous units
(Iturralde-Vinent, 1996, 1998).

Cuba was divided into three major blocks (Meyerl&fflatten, 1968); (1) Western
Cuba, (2) Central Cuba and (3) Eastern Cuba. Intékesand Central Cuba blocks,
the basic architecture of the belt is defined Isyaak of units made of (top to bottom
in the pile) volcanic-arc, fore-arc ophiolites as®timentary units of the Bahamian-
Mayan borderlands, covered by Paleocene-Eocenersgenic deposits (lturralde-
Vinent, 1996, 1998). At divergence with respectWestern and Central Cuba
blocks, the ophiolitic sheets in Eastern Cuba anplaced on top of the Cretaceous
volcanic arc units (Figure 5b).

Cauto-Nipe fault m

La Corea Fm. Téneme

Moa-Baracoa
ophiolite

Guira de Jauco
ophiolite

Asuncién

Purial (AP)
Sierra Maestra Sierra del Convento
Fm. Santo Domingo mélange

—— KD
% Caribeana terrane - Ophiolite mélange - Paleogene arc
- Nothern ophiolite belt - Cretaceous arc - Eocene-Oligocene basin

b) si del C ¢ La Corea
ierra del Convento - .
serpentinite mélange

South (serpentinite mélange (serpentinite mélang North

Paleogene olistostrome \ith HP blocks) Mayari-Cristal and
Moa-Baracoa
ophiolite

with HP blocks)
Purial
metavolcanics
77

Paleogene arc

Paleogene arc

cion terrane

Fig. 5 a) Geological sketch map of Eastern Cubawshg the principal geological units. b)
Generalized sketch cross-section of eastern Cuher (Hfirralde-Vinent, 1998) showing the relations
among major geological complexes in the region.
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The Eastern Cuba block is perhaps the worst knamafogical region of Cuba, as a
result of geographic factors (steep slopes, trbpiegetation, and poor surface
communication system). The literature is scarce faardly available (most of it is

made of unpublished reports or papers publish&bliman journals in Spanish). The
block is located between the Nipe and the Orieatdts (Fig. 5a). The most

important tectonic units in the northeastern pdrthe area are the Cretaceous
volcanic arc and the Mayari-Baracoa Ophiolitic Bélthe arc displays several
volcanic sections with mafic to felsic compositiamd tholeiitic, boninitic and calc-

alkaline signatures (Proenza et al., 2006). Basedpaleontological data, the
Cretaceous arc formed during early (Aptian-Albiao) late Cretaceous (Mid

Campanian) times (Iturralde-Vinent et al. 2006)e Nolcanic arc complex of El

Purial, located in the southeastern part of thdoregwas metamorphosed to
greenschist and blueschist facies conditions (Baitet al., 1972; Cobiella et al.,
1977; Somin and Milldn 1981; Millan et al., 198F)robably during latest

Cretaceous times (ca. 70 Ma; lturralde-Vinent et 2006; Garcia-Casco et al.,
2006; Lazaro et al., 2009).

The Mayari-Baracoa Ophiolitic Belt includes mafidaultramafic rocks with supra-
subduction geochemical signatures (Proenza e1299; 2006; Iturralde-Vinent et
al. 2006; Marchesi et al. 2007). The Mayari-Bara©giolitic Belt includes two
massifs: the Mayari-Cristal massif to the west #rel Moa-Baracoa massif to the
east. According to Marchesi et al. (2006) the Mafaracoa Ophiolitic Belt is
represented by highly depleted peridotites and tategabbroic rocks formed in a
back-arc spreading center environment. An imporfieatiure of the Mayari-Baracoa
Ophiolitic Belt peridotites is that they are highfitered (serpentinized) as a
consequence of seawater circulation during therocestage in the suprasubduction
environment (Proenza et al., 2003).

The largest serpentinite-matrix mélanges in eastetra are located in the La Corea
and the Sierra del Convento (Fig. 5a), located WiCapart from one each other.
The La Corea mélange is tectonically below the Miagaistal Massif and over the
Santo Domingo arc formation (Fig. 5b) while the r&edel Convento mélange
overrides the El Purial complex (Fig. 5b). Thesdamges contain exotic blocks of
various origin, size and composition within a setpéte-matrix. Metamorphic
blocks attained high- to medium-pressure and lawhigh-temperature (mainly
garnet-amphibolite, blueschist and greenschistefacSomin and Millan 1981,
Millan 1996, Garcia-Casco et al. 2006; 2008a; Laztral., 2009; Blanco-Quintero
et al. 2010a). Metamorphism occurred in a subdaocgavironment during the
Cretaceous (120-75 Ma) subduction of oceanic lgthese and latest-Cretaceous
(70-75 Ma) subduction erosion of the volcanic 8fce most common rock type,
however, is MORB-derived amphibolite formed in tharliest stages of oceanic
subduction during the Aptian (ca. 120 Ma). Theséd@p+garnettplagioclase
amphibolites appear as m-sized blocks. They aresiveago banded and fine to
medium grained, within coarse grained varietieakPR-T conditions of formation
were 700-750 °C and ca. 15 kbar (Garcia-Casco. €086, 2008b; Lazaro et al.
2009; Blanco-Quintero et al., 2010a).

An exceptional characteristic of both mélange caxgd is the presence of
leucocratic bodies, dikes and veins of intermediatacid composition (tonalitic-
trondhjemitic) intimately associated with the anigites and formed by patrtial
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melting of the latter. The structures show crodsmytto concordant relations,

indicating syn-metamorphic partial melting of ampdiite. Garcia-Casco (2007),
Garcia-Casco et al. (2008b) and Lazaro et al. (2@88mated melt crystallization at
pressures of 12-15 kbar. SHRIMP, Ar/Ar, and K/AtadéAdamovich and Chejovich

1964; Somin and Millan 1981; Lazaro et al. 2009) amterpretation of P-T paths

indicate that all these types of rock formed durihg Early Cretaceous (115-120
Ma), likely during the onset of subduction of a gguoceanic lithosphere (even a
ridge), and slowly exhumed in the subduction chhengironment during the Late

Cretaceous until they finally exhumed rapidly dgrithhe latest Cretaceous (70-75
Ma) collision stage. The serpentinitic matrix issestially made of antigorite

serpentinite, but massive antigoritite is also camnas blocks within sheared
serpentinite matrix (Blanco-Quintero et al., 2010b)

This work is focused to the magmatic and metamarptiharacteristics of
amphibolite blocks, associated tonalite-trondhjemiitodies and the ultramafic
blocks and matrix from these mélanges, especialtiie La Corea mélange.

Aim and Structure of the Thesis

This PhD Thesis is entitled “Metamorphic and mageatonsequences of
subduction of young oceanic lithosphere and exhimmain a serpentinite
subduction channel. Eastern Cuba”. The manus&ighte result of a four-year FPU
grant in the Department of Mineralogy and Petrologyniversity of Granada. The
work has been supervised by Dr. Antonio Garcia €éBepartment of Mineralogy
and Petrology, University of Granada) and Dr. JémgBroenza Fernandez
(Department of Crystallography, Mineralogy and MaleDeposits, University of
Barcelona). Although the aim of this PhD thesishis petrology of the La Corea
mélange, the similarities and the genetic relatipswith the Sierra del Convento
mélange allowed considering both complexes dutiegitvestigation (e.g. Chapter
5).

The PhD manuscript includes Abstract (English anghnsh), Introduction,
Conclusions (English and Spanish), and seven clsipi@aper format. Three of the
papers are in press, one has been submitted aedttbe are to be submitted soon.
Because the papers treat the same complexes ceegiee of repetition was
unavoidable, especially in the geological sectid®esveral collaborators appear as
co-authors (listed below) of these papers. Thedabmyators helped with data
acquisition in the field, assistance during labamatwork and interpretation of the
results. However, most of the work has been peddrisy myself. In addition, two
papers are included as appendixes, also relatédtheét eastern Cuba mélanges, in
which | collaborated during the investigations.

Chapter 1 “Metamorphic evolution of subducted hot oceaniastr(La Corea
mélange, Cuba)”. In press American Journal of Science This study presents the
petrology and geochemistry of amphibolite blocksgidield occurrence, mineral
assemblages and textures, and major element campssif rocks and minerals, as
well as P-T paths using the average P-T methodisothemical PT projections
calculated with software THERMOCALC (Powell-Hollgnd\ petrogenetic model
of formation of the mélange is present.

Chapter 2 “Tectonic blocks in serpentinite mélange (east€uba) reveal large-
scale convective flow of the subduction channef’.ptess inGeology Although

7
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most of the amphibolite blocks have similar metgvhar evolutions, some blocks
have particularities, like coarse garnet porphyastd with different stages of
growths. The chemical composition of garnet, miheireclusions and P-T

calculations were used to interpret the conceatritation in garnets in the context
of the subduction channel concept. This result wampared with thermo-

mechanical models, making this paper very innoeativ term of the subduction
channel concept.

Chapter 3 “Timing of onset of subduction and rates of exhtiomin a subduction
channel: evidence from slab melts from La Coreaang# (E Cuba)’. To be
submitted. In this work, whole rock and mineral @asitions, SHRIMP zircon and
Ar/Ar phengite ages of tonalite-trondhjemite rock® presented. These data are
used to construct the P-T-t evolution of the métanithe origin and crystallization
of tonalitic-trondhjemitic-granitic partial melts idiscussed. Also was discussed is
the onset of subduction in the North Caribbean #rel exhumation rate of the
mélange.

Chapter 4 “The imprint of sediment-derived fluid on meltingf MORB
amphibolite in a subduction setting (Sierra del @oro mélange, Cuba)”. To be
submitted. Major and trace element geochemicalasigas and Sr—Nd isotope data
of MORB-like Ms-amphibolite blocks and associateddocratic Ms-trondhjemitic
rocks from the Sierra del Convento indicate a v¥aniéd process and fluids evolved
in the subduction environment. The origin of theseks and the implication of
sediment-derived fluid in the subduction channelimmment and in the volcanic
arc activity are discussed.

Chapter 5 “Barium-rich fluids and melts in the subductiorvganment (La Corea
and Sierra del Convento mélanges, eastern Cubamiited toContributions to
Mineralogy and Petrology. Although most of the amphibolite rocks in La Gore
and the Sierra del Convento mélanges have N-MORiBitgf some blocks show
enrichment in mobile elements, especially in Bariwtajor and minor elements
compositions in whole rocks and minerals are preserThe chemical variation in
the phengite grains and the importance of exchaegtor in the grains diffusivity
are discussed. The importance of phengite stalnilitiie slab and the fluids evolved
from subducting sediments in term of mass transfehe subduction factory are
also discussed.

Chapter 6 “Serpentinites and serpentinites within a fosatbduction channel: La
Corea mélange, eastern Cuba”. In pres&édologica Acta An important group of

rocks within the mélange is composed of the sempiégmtrocks. In the La Corea
mélange two groups of serpentinite rocks appedigaite and antigorite-lazardite
serpentinites. The chemical compositions, textrgkation, mineral structure and P-
T calculations are used to discriminate betweerssdlyand mantle wedge origin.
The importance of hydration of mantle wedge rockshe formation of subduction
channel and exhumation of HP blocks are discussed.

Chapter 7 “Subduction of a young oceanic plate: a numersaidy”. To be
submitted. Thermo-mechanical modelling was usedttioly subduction initiation
for intra-oceanic lithospheres. Experiments wengi@s out varying the age of the
lithosphere (10, 12.5, 15, 17.5, 20, 25 and 30 M) rate of convergence (2, 4 and
5 cm/a). Also the rock that formed the weak zomsponsible of the subduction
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initiation was varied. The results were analyzedl @mompared with a natural
example (i.e., Caribbean Cretaceous subduction)zone

Appendix 1 “Partial melting and counterclockwise P-T pathsabducted oceanic
crust (Sierra del Convento, E Cuba)”. Publisheddarnal of Petrology 49, 129-
161. Detail descriptions of mineral assemblages tantures, and major element
compositions of rocks and minerals, as well as &fimates for the evolution of
amphibolites and their trondhjemitic-tonalitic mphoducts. These data are used to
derive a petrogenetic model based on phase retationl a tectonic model of
formation of the mélange was proposed.

Appendix 2 “A new jadeitite jade locality (Sierra del ConvenCuba): First report
and some petrological and archaeological implicatioPublished irContributions

to Mineralogy and Petrology 158, 1-26. New report of jadeitite jade in Cuba is
present, with the field occurrence, minerals chayiand the PT evolution. A
petrogenetic model of jade veins is discussed. diecbaeological significance of
this deposit in the Caribbean region is also diseds

REFERENCES

Adamovich, A., Chejovich, V., 1964. Principales azeristicas de la geologia y de los
minerales Utiles de la region nordeste de la Poiwide Oriente. Revista Tecnolédgica
2, 14-20.

Blanco-Quintero, I.F., Garcia-Casco, A., Rojas-Agpate, Y., Rodriguez-Vega, A., Lazaro,
C., lturralde-Vinent, M.A., 2010a. Metamorphic ewmtddn of subducted hot oceanic
crust (La Corea mélange, Cuba). American Journ&ktnce (in press).

Blanco-Quintero, |.F., Proenza, J.A., Garcia-Cas&q, Tauler, E., Gali, S., 2010b.
Serpentinites and serpentinites within a fossildstion channel: La Corea mélange,
eastern Cuba. Geologica Acta (in press).

Boiteau, A., Michard, A., Saliot, P., 1972. Métampusme de haute pression dans le
complexe ophiolitique du Purial (Oriente, Cuba).nfptes Rendus de I'’Académie des
Sciences, Série D 274, 2137-2140.

Brudzinski, M.R., Thurber, C.H., Hacker, B.R., Eabt E.R., 2007. Global Prevalence of
double Benioff zones. Science 316, 1472-1474.

Burke, K., 1988. Tectonic evolution of the Caribbeadnnual Reviews of Earth and
Planetary Sciences 16, 201-230.

Cazafias, X., Proenza, J.A., Mattietti-kysar, G.wilse J., Melgarejo J.C., 1998. Rocas
volcanicas de las series Inferior y Media del GrEp&obre en la Sierra Maestra (Cuba
Oriental): volcanismo generado en un arco de igllsdtico Acta geoldgica hispanica
33(1-4), 57-74.

Cloos, M., Shreve, R.L., 1988a. Subduction-charmebel of prism accretion, melange
formation, sediment subduction, and subductionienoat convergent plate margins, 1,
Background and description. Pure and Applied Gesigky128, 455 — 500.

Cloos, M., Shreve, R.L., 1988b. Subduction-charmeldel of prism accretion, melange
formation, sediment subduction, and subductionienoat convergent plate margins, 2,
Implications and discussion. Pure and Applied Ggejals 128, 501 — 545.

Cobiella, J., Campos M., Boiteau, A., Quintas,1R77. Geologia del flanco sur de la Sierra
del Purial. Revista La Mineria de Cuba 3, 54-62.

Draper, G., Jackson, T.A. Donovan, S.K., 1994. Ggiol provinces of the Caribbean
Region. In: Donovan, S.K., Jackson, T.A., eds.,libsan Geology: An Introduction,
3-12, U.W.I. Publishers’ Association, Kingston (o).



Idael Francisco Blanco Quintero

Ernst, W.G., 1999. Metamorphism, partial preseorgtiand exhumation of ultrahigh-
pressure belts. Island Arc 8, 125-153.

Garcia-Casco A., 2007. Magmatic paragonite in thjgmites from the Sierra del Convento
mélange, Cuba. American Mineralogist 92, 1232-1237.

Garcia-Casco, A., Torres-Roldan, R.L., lturraldedfit M.A., Millan, G., Nufiez Cambra,
K., Lazaro, C., Rodriguez Vega, A., 2006. High puee metamorphism of ophiolites
in Cuba. Geologica Acta 4, 63—88.

Garcia-Casco, A., lturralde-Vinent, M.A. Pindell,., J2008a. Latest Cretaceous
collision/accretion between the Caribbean Plate @adbeana: Origin of metamorphic
terranes in the Greater Antilles. International IBgp Review 50, 781-809.

Garcia-Casco, A., Lazaro, C., Torres-Roldan, R\ilfiez Cambra, K., Rojas Agramonte,
Y., Kroner, A., Neubauer, F., Millan, G., Blanco-@iero, |.F., 2008b. Partial melting
and counterclockwise P-T path of subducted oceanist (Sierra del Convento
mélange, Cuba). Journal of Petrology 49, 129-161.

Gerya, T.V., Stoeckhert, B., Perchuk, A.L., 2002hiEmation of high-pressure metamorphic
rocks in a subduction channel-a numerical simutaticectonics 21, 6-1-6-19.

Guillot, S., Hattori, K., Sigoyer de, J., 2000. Manwedge serpentinization and exhumation
of eclogites: insights from eastern Ladakh, nortsivitimalaya. Geology 28, 199-202.

Guillot, S., Hattori, K., Sigoyer de, J., Nagler,, Auzende, A.L., 2001. Evidence of
hydration of the mantle wedge and its role in tRbuenation of eclogites. Earth and
Planet Science Letters 193, 115-127.

Guillot, S., Hattori, K., Agard, P., Schwartz, §idal, O., 2009. Exhumation processes in
oceanic and continental subduction contexts: awevin: Lallemand, S., Funiciello, F.,
eds., Subduction Zone Dynamics, 175-204, doi 10/MX8-3-540-87974-9, Springer-
Verlag Berlin Heidelberg.

lturralde-Vinent, M.A., Diaz Otero, C., Rodriguerdh, A., Diaz-Martinez, R., 2006.
Tectonic implications of paleontologic dating ofe@xceous—Danian sections of Eastern
Cuba. Geologica Acta 4, 89-102.

lturralde-Vinent, M.A., Diaz Otero, C., Garcia-Cas@., Van Hinsbergen, D.J.J., 2008.
Paleogene Foredeep Basin Deposits of North-Ce@trah: A Record of Arc-Continent
Collision between the Caribbean and North Ameri€dates. International Geology
Review 50, 863—-884.

lturralde-Vinent, M.A., 1989. Role of ophiolites ithe geological constitution of Cuba.
Geotectonics 4, 63-74.

Iturralde-Vinent, M.A., 1994. Cuban geology: A nglate tectonic synthesis. Journal of
Petroleum Geology 17, 39-70.

lturralde-Vinent, M.A., 1996. Cuba: El arco de sshlcanicas del Cretacico. In: lturralde-
Vinent, M.A. ed., Cuban ophiolites and volcanicsafdiami, IGCP-364, 179-189.

lturralde-Vinent, M.A., 1998, Sinopsis de la Cotsgtion Geolbégica de Cuba. Acta
Geolégica Hispanica 33, 9-56.

Iwamori, H., 1998. Transportation of H20 and mgtim subduction zones. Earth and
Planetary Science Letters 160 (1-2), 65-80.

Kerr, A.C.; lturralde-Vinent, M.A.; Saunders, A.Babbs, T.L.; Tarney, J., 1999. A new
plate tectonic model of the Caribbean: implicatifnosn a geochemical reconnaissance
of Cuban Mesozoic volcanic rocks. Geological SgcatAmerica Bulletin 111, 1581—
1599.

Lazaro, C., Garcia-Casco, A., Neubaurer, F., RAgrmonte, Y., Kroner, A., lturralde-
Vinent, M.A., 2009. Fifty-five-million-year historyof oceanic subduction and

10



Doctoral Thesis

exhumation at the northern edge of the Caribbeate f{Sierra del Convento mélange,
Cuba). Journal of Metamorphic Geology 27, 19—40.

Lewis, J.F.; Draper, G., 1990. Geological and teict@volution of the northern Caribbean
margin. In: Dengo, G., Case, J.E., eds., The GgadbdNorth America, The Caribbean
Region. The Geological Society of America, Colorado-140.

Mann, P., 1999. Caribbean sedimentary basins: i@itag®on and tectonic setting. In: Mann,
P., ed., Caribbean Basins. Sedimentary Basinseoibrld 4, 3-31, Elsevier Science
B.V., Amsterdam.

Marchesi, C., Garrido, C.J., Godard, M., ProenzA,, Gervilla, F., Blanco-Moreno, J.,
2006. Petrogenesis of highly depleted peridotitess gabbroic rocks from the Mayari-
Baracoa Ophiolitic Belt (eastern Cuba). Contribusicdo Mineralogy and Petrology
151, 717-736.

Marchesi, C., Garrido, C.J., Bosch, D., ProenzA,, Servilla, F., Monié, P., Rodriguez-
Vega, A., 2007, Geochemistry of Cretaceous magmaitiseastern Cuba: recycling of
North American continental sediments and impliaadidor subduction polarity in the
Greater Antilles Paleo-arc. Journal of Petrology 481 3-1840.

Meschede, M., Frisch, W., 1998. A plate tectonicdeiofor the Mesozoic and Early
Cenozoic history of the Caribbean plate. Tectonsj$y296, 269-291.

Millan, G., 1996. Metamorfitas de la asociacionobfica de Cuba. In: Iturralde-Vinent,
M.A., ed., Ofiolitas y Arcos Volcanicos de Cuba.QB-364 Special Contribution 1, p.
131-146.

Millan, G., Somin, M.L., Diaz, C., 1985. Nuevos akmtsobre la geologia del macizo
montafioso de la Sierra del Purial, Cuba OrientepdRe de Investigacion del Instituto
de Geologia y Paleontologia 2, 52-74.

Proenza, J.A., Diaz-Martinez, R., Iriondo, A., Magsi, C., Melgarejo, J.C., Gervilla, F.,
Garrido, C.J., Rodriguez-Vega, A., Lozano-SantgcRiz Blanco-Moreno, J.A., 2006.
Primitive Cretaceous island-arc volcanic rocksastern Cuba: the Téneme Formation.
Geologica Acta 4, 103-121.

Proenza, J., Gervilla, F., Melgarejo, J.C., BodinieL., 1999. Al- and Cr rich chromitites
from the Mayari-Baracoa Ophiolitic Belt (easternb@u consequence of interaction
between volatile-rich melts and peridotite in sgokeduction mantle. Economic
Geology 94, 547-566.

Proenza, J.A., Melgarejo, J.C., Gervilla, F., Rgdez-Vega, A., Diaz-Martinez, R., Ruiz-
Sanchez, R., Lavaut, W., 2003. Coexistence of @d-Al-rich ophiolitic chromitites in
a small area: the Sagua de Tanamo district, Ea§laba. In: Eliopoulos et al., eds.,
Mineral Exploration and Sustainable Developmenttt&dam Netherlands, Millpress
1, 631-634.

Pszczolkowski, A., 1999, The exposed passive marfyiorth America in western Cuba. In
Mann, P., ed., Caribbean Basins, Sedimentary Basdittse World 4, 93-121, Elsevier
Science B.V., Amsterdam.

Rojas-Agramonte, Y., Neubauer, F., Bojar, A.V., IH&., Handler, R., Garcia-Delgado,
D.E., 2006. Geology, age and tectonic evolutionthef Sierra Maestra Mountains,
southeastern Cuba. In: lItturalde-Vinent, M., Lidiak.G., eds., Caribbean Plate
Tectonics: Stratigraphic, magmatic, metamorphic &uetonics events. Geologica Acta
4, 123-150.

Shreve, R.L., Cloos, M., 1986. Dynamics of Sedinfambduction, Melange Formation, and
Prism Accretion. Journal of Geophysical Researchl9229-10245.

Somin, M.L., Millan, G., 1981. Geology of the Metamhic Complexes of Cuba: Nauka,
Moscow, 219 (in Russian).

11






Doctoral Thesis

1- METAMORPHIC EVOLUTION OF SUBDUCTED HOT
OCEANIC CRUST (LA COREA MELANGE, CUBA).

I.F. Blanco-Quinterd, A. Garcia-Casc¢b?, Y. Rojas-Agramontd, A. Rodriguez-
Vega?, C. Lazar®, and M.A. Ilturralde-Vinert.

(1) Departamento de Mineralogia y Petrologia, Umiciad de Granada,
Fuentenueva s/n, 18002-Granada, Spain

(2) Instituto Andaluz de Ciencias de la Tierra (C&IGR), Fuentenueva s/n,
18002-Granada, Spain

(3) Institut fir Geowissenschaften, Universitat MaiD-55099 Mainz, Germany

(4) Departamento de Geologia, Instituto Superiornévii-Metallrgico, Las
Coloradas s/n, 83329-Moa, Cuba

(5) Museo Nacional de Historia Natural, Obispo 6. Plaza de Armas, La Habana
10100, Cuba

ABSTRACT

Thermobarometric estimates and predictions of #t@al and experimental
isochemical P-T phase diagrams for epidotetgarngihébolite blocks from the
serpentinite mélange of La Corea (eastern Cubaijcdtel partial melting of
subducted oceanic lithosphere occurred at peaknmogpdic conditions of ca. 700
°C and 14-15 kbar. These anomalously high geotHeromalitions suggest onset of
subduction of young oceanic lithosphere of the d@aribbean. The amphibolites
have basaltic composition and MORB affinity. Pdrtizelting produced tonalitic-
trondhjemitic-granitic melts that crystallized atepdth associated with the
amphibolites. Calculated retrograde conditionstifier amphibolites (450 °C and 8-
10 kbar) indicate counterclockwise P-T paths duerbumation in the subduction
channel, in agreement with published predictiondhmmmo-mechanical modelling
of onset of subduction of young lithosphere. Théiselings have important
consequences for the plate tectonic configuratfaie Caribbean realm since they
corroborate the existence of fragments of earlylsated young oceanic lithosphere
in the eastern Cuba mélanges that indicate sulotucfi an oceanic ridge during
mid-Cretaceous times.

Keywords: Amphibolite; partial melting; subduction chann@hribbean plate.
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INTRODUCTION

Subduction zones are dynamic regions that represeamtof the most important
structural features of the lithosphere, with mdrant55 000 km of integrated length
of trenches (Lallemand, 1999). Their thermal anodgeamic conditions depend on
plate velocity, direction and angle of convergentdckness and age of the
lithosphere, convection in the overlying mantle gedfluids and melts migrating
through the subduction zones and time (Kirby arters, 1991; Peacock, 1996).
Subduction products, including subduction mélanggsesenting deep subduction
channels, are generally exhumed within accretiomaagges. Examinations of these
rocks offer insight into the geothermal gradiemd ¢he geodynamics of deep parts
of the subduction system. However, this informatmmmmally pertains only to the
late stage of the subduction history (e.g., Agamd @thers, 2009). Knowledge of the
early history of subduction zones is constrainethigyfew known cases that attest to
the general recycling of early subducted lithospheto the mantle, such as in Chile
(Willner and others, 2004; Glodny and others, 20@% Franciscan complex (e.qg.,
Cloos, 1985; Oh and Liou, 1990; Wakabayashi, 130@gh and others, 1994;
Anczkiewicz and others, 2004) and the Caribbeandi@Casco and others, 2006,
2008a; Krebs and others, 2008; Lazaro and oth@@9)2 Available information
from these complexes indicates that onset of sulmugenerally takes place under
relatively high geothermal gradients, as predidigdnumerical models (Peacock,
1990; Guinchi and Richard, 1999; Gerya and oth&082). Also, low geothermal
gradients are found in cold and old subducted diphere (e.g. ~5 °C/km; NE Japan)
while high geothermal gradients are found in yoang hot subducted lithosphere
(e.g. ~ 10 °C/km; SW Japan; Peacock and Wang, T8y, 2002).

High geothermal gradients in the subduction scenproduce amphibolites and
eclogites at > 700 °C and pressures ranging frorR20L@bar, locally showing
evidence for partial melting of subducted oceanisic(Sorensen and Barton, 1987;
Sorensen, 1988; Garcia-Casco, 2007; Garcia-Castothars, 2008a; Lazaro and
Garcia-Casco, 2008). These rock assemblages ayepossible if the associated
geothermal environment is hot enough to avoid petidn of blueschist-facies in
the dowgoing slab, as is typical of mature subductiones. In addition, the P-T
paths related to exhumation in these hot subductoenarios are generally
counterclockwise, indicating exhumation during angocooling of the subduction
system (Perchuk and others, 1999; Gerya and otBéf2; Wakabayashi, 2004;
Willner and others, 2004; Krebs and others, 200&;ca-Casco and others, 2008a;
Lazaro and others, 2009).

Rocks formed during the earliest stages of subdudtiave recently been identified
in the Sierra del Convento mélange, eastern Cubac{(&Casco and others, 2006,
2008a; Lazaro and Garcia-Casco, 2008; Lazaro dmetspt2009). This mélange is
related to onset of SWard subduction of the pratoitbean lithosphere during

Aptian times (ca. 120 Ma). Partial melting of MORIBrived amphibolite at ca. 750
and 15 kbar formed peraluminous tonalitic-trondhfemmelts that crystallized at

depth. These rocks were slowly exhumed within thtledsction channel during ca.
55 Ma (L&zaro and others, 2009).

In this paper, we present a new locality that doenis the early stages of
subduction in the Caribbean region. (i.e., La Coné¢ange, eastern Cuba; Fig. 1B).
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This complex records the subduction of very youogamic lithosphere. La Corea
mélange is located ca. 100 km NW of the Sierra @ehvento mélange. Its
geographic situation (steep slopes, tropical veigeia and poor surface
communication system) makes the region poorly knfrevm the geological point of
view. The literature is scarce and hardly availafstest of it are unpublished
reports). A survey of crystal rock quartz for et application was the principal
investigation carried out in the region (Leyva, @9@nd references therein), and
only few petrographic descriptions and K/Ar datimfgrocks from the complex are
available (Adamovich and Chejovich, 1964; Somin afidlan, 1981; Somin and
others, 1992; Millan, 1996a). Here we give for firet time detailed petrologic
descriptions and interpretations of the earliesdpcts of subduction found in this
mélange (i.e., garnet amphibolites), and analyze ghodynamic implications of
their thermal history.

GEOLOGICAL SETTING

The geology of Cuba relates to the evolution of @aibbean orogen (Fig. 1A),
which developed in the southern margin of the Ndktherican plate during the
latest Cretaceous to mid-Eocene times (Garcia-Casdoothers, 2008b; Iturralde-
Vinent and others, 2008, and references thereinyinD the Mesozoic to latest
Cretaceous times, the back-bone of Cuba (a Craiacescanic arc) was part of the
leading edge of the oceanic Caribbean plate (FAg. After collision of this arc and
the associated fore-arc oceanic lithosphere wighBahamas margin of the North
American plate during the middle Eocene, the Cudlgment of the orogenic belt
was separated from the remaining Caribbean Plated€lP and Dewey, 1982;
Iturralde-Vinent and others, 2008 and referenceseth), along the Swan-Cayman-
Oriente transform fault (Mann and others, 1995;aRd\gramonte and others, 2005;
Fig. 1A). The Caribbean orogenic belt in Cuba idelsl several tectonic units that
are complexly imbricated as tectonic slices, cdimgismainly of Caribeana terrane
metamorphic complexes, the Bahamas platform, twfferdint volcanic arc
complexes of Cretaceous and Paleogene ages, é¢pHiotlies forming the northern
and eastern ophiolite belts, subduction mélangesd, syn- and post-orogenic
sedimentary basins (lturralde-Vinent, 1998; ltudeaVinent and others, 2006, 2008;
Garcia-Casco and others, 2008b). In northeasteba @ most important units are
the Mayari-Baracoa ophiolite belt and the Cretasamicanic arc (Santo Domingo
and El Purial complexes). The ophiolites were thower the Cretaceous volcanic
arc during Maastrichtian times (ca. 65 Ma; Cobialal others, 1984; Iturralde-
Vinent and others, 2006) in a NNE direction (Nuf@&amnbra and others, 2004).

The Cretaceous volcanic arc units contain severahdtions with mafic to felsic

composition and distinct island arc tholeiitic, botic and calc-alkaline signatures
(Proenza and others, 2006). These signatures tedidéferent stages of arc
evolution from the early Cretaceous (Aptian-Albidan)the late Cretaceous (mid-
Campanian), according to paleontological data r@de-Vinent and others, 2006).
The Purial volcanic complex constitutes the mairit wontaining Cretaceous
volcanic arc rocks in eastern Cuba and is locateithé south of the Moa-Baracoa
ophiolite massif (Fig 1B). As opposed to other aolic arc units in eastern, central
and western Cuba, the El Purial complex containg@sks metamorphosed to high
pressure blueschist facies (Boiteau and others2;1@6biella and others, 1977;
Somin and Millan, 1981; Milldn and others, 1985;II&i, 1996b), suggesting
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complex tectonic processes in the region includimgduction erosion of upper-plate
fragments during latest Cretaceous times (Garcg&@€and others, 2006; Garcia-
Casco and others, 2008b).

The Mayari-Baracoa Ophiolitic Belt (MBOB), whichciades the Mayari-Cristal
massif to the west and the Moa-Baracoa massif ® dbst (Fig. 1B), is a
pseudotabular, strongly faulted mafic-ultramaficssibover-riding the volcanic arc.
Mafic rocks in the massif show supra-subductionchemical signatures (Proenza
and others, 2006; Marchesi and others, 2007). TB®OBI is composed of highly
depleted peridotites and cumulate gabbroic rockséd at a back-arc spreading
centre (Marchesi and others, 2006). A general feabfi the MBOB peridotites is
that they are highly altered (serpentinized), maimtcause of seawater alteration
during the suprasubduction oceanic stage (Proendathers, 2003).

The La Corea mélange, which contains high pressatenic blocks and fragments
of ophiolite, is located at the base of the Mayznistal massif. A similar structural
arrangement occurs in the Sierra del Convento rgélathough the latter is not
associated with large ophiolitic bodies.

THE LA COREA MELANGE

The La Corea mélange occurs tectonically betweenQtetaceous Volcanic Arc
(Santo Domingo Fm.; Fig. 1C) and the Mayari-Cristgdhiolitic massif. The
regional geologic configuration indicates that thistamorphic complex, together
with the ophiolites, overrides the volcanic arctsinbut details of the structure are
unknown. The mélange extends for about 72 km2 smdaide up of tectonic blocks
of amphibolite, garnet-amphibolite, greenschistargite, blueschist, antigoritite,
pegmatite and trondhjemite, all set in a serpeetimatrix. Masses of tremolite-
actinolite rock and other products of metasomatmmafic and ultramafic rocks
are also present. The tectonic blocks are condedtia two regions separated by
serpentinized peridotites of the Mayari-Cristal iopte massif (Fig. 1C).

The most common lithology of blocks within the méde is epidotetgarnet
amphibolite. These blocks are of m-size, massivbaiaded and fine- to medium-
grained amphibolite, and occur associated with smgrained varieties of
amphibole-rich rocks. The amphibolitic blocks ao#igted and normally contain

garnet porphyroblasts. Veins of igneous rocks tdrinediate to felsic composition
(tonalitic-trondhjemitic-granitic) and with peralimous character are intimately
associated with the amphibolites (Fig. 2A, B). Metns show concordant to cross-
cutting relationships relative to the main metarhardoliation of the amphibolite

blocks (Fig. 2B). The leucocratic bodies generalbynsist of m-sized pods of
pegmatite made of albitic plagioclase, muscovitd guartz. Pegmatitic rocks also
occur as discrete blocks. All types of blocks arely quartz-rich veins.

K/Ar dating of pegmatites (125+5, 119+10 and 96+4a;MAdamovich and

Chejovich, 1964; Somin and Millan, 1981) and SHRIMFRon ages (ca. 110 Ma;
Blanco-Quintero and others, 2008) of tonalitic-tthjemitic-granitic rocks indicate
an early Cretaceous age of crystallization. Simiarcon ages have been
documented in the Sierra del Convento mélange 8¥121 Ma) and were

interpreted as the age of onset of cooling afteredion and partial melting of
amphibolite shortly after onset of subduction aedble formation of a subduction
channel (i.e., mélange; Lazaro and others, 200@ckB of blueschist indicate that
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the subduction channel incorporated fragments e&oic crust subducted late in the
tectonic history of the Proto-Caribbean lithosphd&tegional geological arguments
suggest final exhumation of the mélange duringititeal stages of thrusting over
the volcanic arc units in the late Campanian-Madgian (lturralde-Vinent and
others, 2006).

ANALYTICAL TECHNIQUES

Whole-rock analyses of major and trace elementg warried out at the (Centro de
Instrumentacion Cientifica, CIC) in the Universdf Granada. Major element and
Zr compositions were determined in PHILIPS Magixo P{PW-2440) X-ray
fluorescence (XRF) equipment using a glass beadslenof 0.6g of powdered
sample diluted in 6g of kB4O,. Trace elements, except Zr, were determined by
ICP-MS after HNQ + HF digestion of 0.1000 g of sample powder inefldn-lined
vessel at ~180°C and ~200 p.s.i. for 30 min, eatjwor to dryness, and subsequent
dissolution in 100 ml of 4 vol % HNQOAIl major (wt %) and trace (ppm) elements
data are shown in Table 1. The analyses plottatdrfigures were recalculated to
an anhydrous 100 wt % basis.

The SEM images were obtained by a LEO 1430-VPSENument with a 3.5 nm
spatial resolution and operating at an accelerativitage of 20 kV, using BSE
imaging, (CIC, Granada University). Mineral compiosis were obtained by WDS
with a CAMECA SX-100 microprobe (University of Giaate) (Tables 2-7) operated
at 15 kV and 15 nA, beam size of 5 pm. Amphibolmgositions were normalized
following the schemes of Leake and others, (1980, F&" was estimated after the
method of Schumacher (in Leake and others, 199&yn& composition was
normalized to 8 cations and 12 oxygens, antl ®as estimated by stoichiometry.
Epidote and feldspar were normalized to 12.5 anox@jens, respectively, and
Feow=F€'. White mica and chlorite were normalized to 22 28l oxygen,
respectively, and kg, = Fe'. Rutile, titanite and apatite were normalized [b2
and 5 oxygens respectively. Mineral and end merabereviations are after Kretz
(1983), except for amphibole (Amp). The atomic eamcation of elements per
formula units is abbreviated apfu. The Mg numbemoferals (Mg#) is expressed as
Mg/(Mg+F€&™). Software CSpace (Torres-Roldan and others, 2086 used to
calculate ternary phase diagrams.

Elemental X-ray images were obtained with the sa@®&MECA SX-100
microprobe operated at 20 kV, 150 nA beam curreith step (pixel) size of 5-7
pm, and counting time of 30 ms. The images werecgzsed with software
DWImager (Torres-Roldan and Garcia-Casco, unpudishnd consist of the X-ray
signals of Ki lines of the elements (colour coded; expressedannts/nA/s)
corrected for 3.5 us deadtime. A “Z” image calcedbby the sum of the products of
the counts by atomic number (Si, Ti, Al, Fe, Mn, MZp, Na, Ba, K, P, F and ClI)
was used as a gray scale base layer of the cdloaagks to show the basic textural
relations of the scanned areas.
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Fig. 1. (A) Plate tectonic configuration of the Qavean region, including ophiolitic bodies. (B)
General geologic map of Cuba (after Iturralde-Viheb998) showing the main geological units. (C)
Geologic map of the La Corea mélange (after Ley9a6).
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Fig. 2. (A) Garnet-amphibolite with trondhjemite ¢émg. (B) amphibolite with crosscutting
trondhjemite veins. Optical images of (C) amphileoliith retrograde epidote, plagioclase and white
mica, (D) garnet amphibolite showing peak amphibale] retrograde chlorite and plagioclase, (E)
BSE image showing a pocket of epidote, plagioclasenauscovite surrounded by amphibole, and (F)
Optical image of garnet-amphibolite showing garnefgegate and amphibole, and retrograde
chlorite, epidote and plagioclase.

MINERAL ASSEMBLAGES AND TEXTURES

The peak mineral assemblages in amphibolitic reckssist of amphibole — epidote
— titanite — rutile zquartz + garnet + phengitelagioclase, and apatite as accessory
phase. The abundance of amphibole and epidoten@®d % of modal proportion
in most samples) and the low abundance of peakoualage (absent to up to 5 %
modal proportion) make these rocks bizarre. Ampeibe medium- to coarse-
grained, with grains up to 3 mm, oriented paralethe foliation (Fig. 2C, D and
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3E). Epidote is very common and occurs as euhegiaathy zoned crystals of 0.1-
0.5 mm size defining and cross-cutting the fab@arnet porphyroblasts range in
size from 1 to 6 mm and contain inclusions of gjtititanite, apatite, epidote,
plagioclase, quartz and amphibole (Figs. 3A, Cke ghains are euhedral or partly
replaced by chlorite and epidote at the rims anda@fractures (Fig. 3C). Although
garnet is common (up to 15-20 modal %), it is naspnt in all samples. Quartz
appears as small dispersed grains in the matmx (€£-GU-8). Apatite and rutile

are present in small concentrations in the maRixile and titanite are dispersed in
the matrix and occur in apparent textural equilibri at peak metamorphic
conditions, though titanite locally replaces rutile

The lack of primary plagioclase in most samplemmterpreted as the result of (low

degree of) partial melting of amphibolite (Garcias€o and others, 2008a; Lazaro
and Garcia-Casco, 2008). Peak and relict plagieciaspresent in some of the

studied samples (Fig. 3F) within small pockets thge with epidote and quartz

(sample LC-GU-6; Fig. 2E) and as inclusions witlg@rnet, respectively. These

pockets probably represent unextracted liquid, thecdcomposition of plagioclase is

taken as that of (near) peak equilibrium with theohibolite assemblage.

Retrograde overprints are composed of combinatias actinolite, albite,
clinozoisite, chlorite, phengite and paragonitegéFi2C, D, F and 3D). These
retrograde minerals are fine-grained and form reactrims around peak
metamorphic minerals, are dispersed in the matixjocated along fractures.
Retrograde albite, occurs in aggregates with epjdianite, and white micas (Figs.
2C and F). Retrograde chlorite replaces pargaaitiphibole and garnet and is also
present with actinolite + albite + epidote aggregan the matrix (Fig. 2F). Chlorite
is green to colourless in pleochroism, dependingthen primary minerals being
replaced and their Mg# contents. Typically, chinieplacements after garnet are
greener (Fe-richer) than replacements after ampghili®etrograde phengitic mica
commonly appears associated with retrograde atenapidote and chlorite in
fractures and replacing other minerals. Paragoisitesery rare and has been
identified in one sample (LC-GU-8), where it apgedispersed in the matrix.

GEOCHEMISTRY

The studied amphibolite samples have .SdB.37 — 51.76 wt %) and Ma + KO
(1.52 — 3.50 wt %) contents which correspond taalti@scomposition within the
subalkaline series in the TAS diagram (Le Maitrd athers, 1989; Fig. 4A). They
have high AJO; (13.73 — 18.16 wt %), TiD(1.59 — 2.71 wt.%), Fe (10.41 —
13.20 wt.%), MgO (4.99 — 6.74 wt.%) and CaO conf@ft24 — 11.62 wt %), and
are poor in NgO (1.23 — 3.12 wt.%) and K (0.29 — 0.42 wt.%) (Table 1),
indicative of low-K affinity (Peccerillo and Teylpil976; Fig. 4B). The Mg# is
relatively low (0.30 — 0.34). REE contents and otochemical features (Fig. 4C)
also indicate a MORB composition. The Th/Yb ver3agYb diagram (Wood and
others, 1979) clearly shows a MORB affinity of theamphibolites, but with
variable composition indicating a heterogeneousisating oceanic crust.
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Fig.3. XR images showing textures and compositibhao Corea amphibolites. (A) Mn image of
concentric zoned garnet, showing Mn-richer core (@®@) and Mn-poorer rim (blue); note inclusions
of plagioclase, epidote, quartz, titanite and anmohé. (B) Mg# image denoting peak garnet
composition in the rim (yellow). (C) Mn image of getrishowing homogeneous composition with a
Mn-poorer discrete rim. (D) Al image showing maphases: amphibole (blue), epidote (green), albite
(yellow) and muscovite-paragonite (orange). (E) Alage showing peak pargasite (yellow) and
retrograde magnesiohornblende-actinolitice (purpkgj) Ca image showing Ca-richer composition of
plagioclase cores (green-yellow) and retrograde t&ifblue). Colour scale bar: counts/nA per second.
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Fig. 4 Composition of studied samples in the (A) ThSsification of volcanic rocks from Le Maitre

and others (1989), (B) K20 vs. SiO2 diagram (Petloezind Taylor, 1976), (C) Th-Ta discrimination

diagram (Wood and others, 1979) using Yb as nomatdin factor, showing the fields of shoshonite
(SHO), calc-alkaline basalt (CAB), island-arc thdtei(IAT), volcanic arc basalt (VAB) and within

plate basalt (WPB), and (D) N-MORB (Sun and MCDomou@®89) normalized spider diagram. In (A)

and (B) the MORB composition is projected as a.dtar(C) ocean island basalt (OIB), enriched-

MORB, and N-MORB (Sun and MCDonough, 1989) have jmegected for comparison.

The N-MORB normalized trace element patterns (Swh McDonough, 1989) are
characterized by fractionated LILE patterns withighhment in Cs, Rb, K, Ba, U and
Pb (Fig. 4D), and patterns relatively flat for hifjald strength elements (HFSE).
The enrichments of LILE are a likely consequencéntdraction of metabasite and
fluids in the slab/subduction channel, as cleanlyidated by the mobile elements
(e.g. Cs, Rb, Ba). Fluid flux into metabasite teged partial melting at peak
metamorphic conditions.
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Tablel: Major (wt %) and trace (ppm) elements
composition of studies samples.
LC-M-12 LC-GU-8 LC-GU-5B LC-GU-6
SiO,  49.38 47.16 47.47 47.11
TiO, 2.59 1.76 1.55 1.88
Al,O; 13.10 17.63 17.57 14.50
FeO 12.23 10.10 11.36 12.86

MnO 0.22 0.26 0.37 0.26
MgO 6.43 5.20 4.87 6.45
CaO 9.77 11.09 11.13 11.32
Na,O 117 3.03 2.63 2.46
K20 0.28 0.37 0.29 0.41
P>Os 0.24 0.48 0.28 0.14
LOI 2.57 1.19 0.69 0.61
Sum  97.97 98.27 98.20 98.00
Mg# 0.34 0.34 0.30 0.33
Rb 2.55 4.89 3.38 2.42
Cs 0.02 0.25 0.05 0.06
Be 1.28 0.52 0.35 0.69

Sr 140.11 381.60 190.12 159.40
Ba 39.25 140.45 149.49 95.42
Sc 46.58 36.47 31.65 44.73
\Y 477.52 267.78 292.82 380.12
Cr 110.70 251.71 118.89 147.74
Co 72.36 51.38 53.48 58.46

Ni 79.40 137.60 51.66 85.47
Cu 133.86 19.58 7.13 10.20
Y 56.73 32.81 38.81 42.94
Nb 3.12 8.65 181 2.39
Ta 0.35 0.72 0.31 0.26
Ta 0.18 0.49 0.10 0.14
Zr 158.80 111.40 103.30 105.40
Hf 0.96 0.38 0.98 1.25
Mo 2.73 1.50 2.85 1.70
Sn 2.53 1.20 1.68 1.50
Tl 0.04 0.07 0.03 0.02
Pb 4.86 4.54 6.78 2.38
U 0.24 0.39 0.57 0.27
Th 0.43 0.71 0.31 0.24
La 5.94 9.15 3.98 4.30
Ce 18.44 21.63 10.85 12.06
Pr 3.20 3.16 1.97 2.10
Nd 17.11 15.49 10.66 11.36
Sm 6.03 4.27 4.05 4.24
Eu 2.03 1.62 1.72 1.56
Gd 8.15 5.19 5.56 5.82
Tb 1.44 0.88 1.01 111
Dy 9.54 5.73 6.89 7.30
Ho 2.17 1.26 1.53 1.62
Er 6.12 3.43 4.47 4.66
Tm 0.93 0.52 0.71 0.74
Yb 5.10 3.04 4.76 4.93
Lu 0.90 0.45 0.74 0.74

MINERAL COMPOSITION

Amphibole

Amphibole is predominantly calcic, with variation {(Na+K)A between 0.51-0.61
apfu for edenite-pargasite and 0.06-0.49 apfu fdinalite-magnesiohornblende
compositions (Fig. 5A; Table 2). The pargasitictatiecompositions correspond to
grains formed at the metamorphic peak. They ateind\a-in-A (max. 0.53 apfu),
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total Al (max. 3.17 apfu), Mg# (max. 0.58) and @aak. 1.72 apfu), and poor in Si
(min. 5.93 apfu).

The actinolite-magnesiohornblende compositions espond to retrograde
overprints (Fig. 5A). Magnesiohornblende compos#idSi 6.5-7.5 apfu) are most
abundant, being poorer in Na(A) (between 0.04-@g#i) and total Al (max. 2.35
apfu), and richer in Mg# (Max. 0.69; Fig. 5A) thpeak amphibole. The actinolite
compositions (Si > 7.5 apfu) have still lower Na@)d total Al contents. A few
analyses contain Na(B) corresponding to sodic-calomposition (barroisite) with
relatively high total Al (max 2.29 apfu) and Na(@)ax. 0.50 apfu) contents.

Epidote Group Minerals

Clinozoisite is the most common composition of #pdote group minerals with
very low pistacite contents (Xps = Fe3+/[(Al+Fe3+3dnging from 0.04 to 0.16
(Table 3). Zoning is generally faint or not presédwever, some grains may show
zoning with lower Xps at the rims, probably reflagt retrograde
readjustments/growth, whereas irregular areas Wwitlher Xps contents in the
interior of the grains probably represent formatimigher temperature.
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.
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Fig. 5. Composition of calcic amphibole with indicat of retrograde trends. (A) Si versus
Mg(Mg+Fe2+). (B) Ti versus Si.
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Garnet

Garnet is relatively rich in almandine (Xalm max6%) and, to some extent,
grossular (0.23-0.45), but poor in pyrope (0.08).and spessartine (0.03-0.16,
Table 4). The composition of garnet is related utkdsock compaosition with lower

almandine contents in garnet from Fe-poorer bulkroompositions. Zoning is

faint and concentric. In most samples the cores lmmogeneous, and the
spessartine component decreases to the rim (Fiysan@l 6). The lack of low

temperature phases included in garnet (e.g., t&jaand the faint prograde zoning
suggest a relatively late stage of garnet growth, otherwise indicated by
pseudosection calculations (see below).

Plagioclase

The compositions of plagioclase from pods in sampl€-GU-5B and LC-M-12
show maximum Xan of 0.17 (Table 5), though Ca-powstues are common. We
interpret the Ca-richer compositions as represeptalf near-peak conditions (e.qg.,
St-Onge, 1987) and Ca-poorer compositions produckey retrograde
readjustments/growth. Retrograde grains dispensdle matrix or associated with
retrograde chlorite and magnesiohornblende-actenalre of almost pure albite
composition (Xab > 0.92, with most analyses reaghiab > 0.99).

Phengite

Phengitic mica is rich in celadonite content (Taljewith Mg# (0.62-0.71 apfu), Si
(6.34-6.97 apfu), Mg (0.38-0.72 apfu),’Retal (0.21-0.39 apfu), and Na (0.04-0.36
apfu). Si is negatively correlated with Al, Ba, aNd, and positively with Fe, Mg
and K (Fig. 7). Ba contents are low in most graihgt some grains show a
discernible enrichment in the core (max. 0.16 a@a)lsed on these relations and the
fact that high Na contents of up to 0.36 atoms gt consistent with relative high
temperature during crystal growth, we conclude etk metamorphic phengite is
characterized by Al-, Ba-, and Na-rich compositions

Paragonite

Retrograde paragonite (sample LC-GU-8) is relagivielh in muscovite component
(Table 6), with K (0.11-0.19 apfu), and poor in (% 0.01 apfu) and Fe2++Mg (<
0.09 apfu). The crystals may display zoning, witkvér K-contents at the rims,
suggesting late readjustments during retrogressiohinteraction with the minerals
which are in contact (albite, epidote and muscdvit€he relictic high-K

compositions, however, suggest relatively high terapre of paragonite formation.

Chlorite

Chlorite is heterogeneous in composition with $.44-5.71 apfu, Al = 4.68-5.22
apfu, Mn = 0.01-0.07 apfu, and Mg# = 0.41-0.61 gffable 7). This compaositional
variability may relate to continuous growth/readijoent during retrograde chlorite
growth, but much of it is due to the effect of theral being replaced, because Fe-
richer chlorite relates to garnet replacements (rbab& Fe apfu, corresponding to
3.98 Mg apfu), whereas Mg-richer chlorite relatesamphibole replacement (max.
5.82 Mg apfu, corresponding to 3.73 Fe apfu).
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Table2: Representative analyses of amphibole (nlizedhto 22 O and 2 OH).

Sample LC-M-12 LC-GU-8 LC-GU-5B LC-GU-6
Type pre-peak peak retro peak retro Na-Ca peak o retr peak retro
Sio, 44.81 42.66 45.78 45.36 51.21 45.92 42.71 53.38 .4144 45.87
TiO, 0.46 0.68 0.42 0.39 0.16 0.35 0.62 0.04 0.68 0.35
Al,O; 13.90 16.29 12.79 14.02 6.75 13.30 15.52 2.71 512.111.30
FeO  14.08 14.22 13.61 15.32 13.58 15.22 15.52 13.4816.65 16.30
MnO 0.09 0.06 0.06 0.12 0.15 0.16 0.11 0.08 0.17 190.
MgO  10.36 9.44 11.02 9.59 13.78 9.86 9.13 15.09 09.610.18
CaO  10.98 10.73 10.93 9.43 10.56 9.07 10.83 11.74 0.521 10.54
Na,O 2.61 2.67 2.49 3.19 1.66 3.18 2.53 0.79 1.93 1.78
K20 0.37 0.46 0.31 0.40 0.20 0.32 0.64 0.09 0.57 0.48
Sum  97.66 97.21 97.41 97.82 98.05 97.38 97.61 97.4096.68  96.99
Si 6.57 6.29 6.70 6.62 7.33 6.71 6.32 7.70 6.63 86.7
Ti 0.05 0.08 0.05 0.04 0.02 0.04 0.07 0.00 0.08 40.0
Al 2.40 2.83 2.20 241 1.14 2.29 271 0.46 214 719
Fe* 0.06 0.12 0.08 0.20 0.26 0.25 0.14 0.16 0.26 0.28
Fe 1.66 1.63 1.59 1.67 1.36 1.61 1.78 1.47 1.81 1.74
Mn 0.01 0.01 0.01 0.01 0.02 0.02 0.01 0.01 0.02 20.0
Mg 2.26 2.08 2.40 2.09 2.94 2.15 2.01 3.24 214 522
Ca 1.72 1.70 1.71 1.48 1.62 1.42 1.72 1.81 168 716
Na 0.74 0.76 0.71 0.90 0.46 0.90 0.73 0.22 056 10.5
K 0.07 0.09 0.06 0.07 0.04 0.06 0.12 0.02 0.11 0.09
Mg# 0.58 0.56 0.60 0.56 0.68 0.57 0.53 0.69 0.54 560.
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Fig. 6. Profile of garnet from sample LC-M-12 shogv& flat zoning pattern (see Fig. 3A for location)

P-T CONDITIONS AND PATHS

The calculated peak P-T conditions are based on phak assemblages
Grt+Amp+Ep+Ms+Qtz (LC-GU-8), Grt+Amp+Ep+PIl+Qtz (spies LC-GU-5B and

LC-M-12) and Grt+Amp+Ep+Qtz (sample LC-GU-6). FbetPIl-bearing samples,
plagioclase with the highest Ca-content was usedttie calculation of peak
conditions. The assemblages used for P-T calcaktave shown in the ACF and
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AFN phase diagrams of Fig. 8. These diagrams aijeqied from coexisting phases
and appropriate exchange vectors which allow cosatéam of the composition

space. Plagioclase-lacking samples are plottedemPACF diagram (Fig. 8A and B,

for samples LC-GU-8 and LC-GU-6 respectively), vdeer plagioclase-bearing
samples are plotted in the AFN diagram (Fig. 8C Anébr samples LC-M-12 and

LC-GU-5B respectively), because the former do tlotnaevaluation of plagioclase

solid solution (albite and anorthite are colineattie ACF diagram).

Pre-peak conditions were calculated using the caeitipo of inclusions within

garnet for the assemblages Grt+Ep+Ms+Chl+Qtz (samplC-GU-8) and

Grt+Ep+Pl+Ms+Amp+Qtz (LC-M-12). Retrograde conditiowere calculated using
actinolite+Chl+Ep+Ms+Ab+Qtz (LC-GU-8), actinolitehG-Ep+Ms+Qtz (LC-G-

5B) and actinolite+Chl+Ms+Ab+Qtz (LC-M-12 and LC-G&).

Table 3: Representative analyses of epidote (ndzethito 12 O and 1 OH).

Sample LC-M-12 LC-GU-8 LC-GU-5B LC-GU-6
Type pre-peak peak pre-peak peak retro peak o retr peak
SiO,  38.56 38.82 38.85 38.8 39.38 38.48 38.67 38.51
TiO, 0.12 0.22 0.14 0.11 0.02 0.11 0.63 0.12
Al,O; 27.90 30.13 29.61 28.60 31.40 27.25 28.98 28.09
FeO 7.50 4.04 4.80 5.80 2.36 7.56 4.41 7.04
MnO 0.42 0.05 0.23 0.11 0.03 0.14 0.25 0.24
MgO 0.04 0.10 0.06 0.05 0.03 0.03 0.10 0.05

CaO 2334 23.46 23.68 23.60 24.24 23.43 23.58 23.45
Sum  97.88 96.82 97.37 97.15 97.46 97.00 96.62 97.5

Si 2.98 3.00 3.00 3.01 3.01 3.00 3.01 2.99
Ti 0.01 0.01 0.01 0.01 0.00 0.01 0.04 0.01
Al 255 2.75 2.69 2.62 2.83 2.51 2.65 2.57
Fe3 0.49 0.26 0.31 0.38 0.15 0.49 0.29 0.46
Mn 0.03 0.00 0.02 0.01 0.00 0.01 0.02 0.02
Mg 0.00 0.01 0.01 0.01 0.00 0.00 0.01 0.01
Ca 1.94 1.94 1.96 1.96 1.99 1.96 1.96 1.95
Xps 0.16 0.09 0.10 0.13 0.05 0.16 0.10 0.15
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Fig. 7. Composition of white micas. (A) Si versugB) Si versus K.
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Table 4: Representative analyses of garnet (nozedlio 12 O).

Sample LC-M-12 LC-GU-8 LC-GU-5B LC-GU-6
Type pre-peak peak pre-peak peak peak peak
Si0, 37.44 37.92 37.68 37.77 38.05 37.82
TiO, 0.20 0.05 0.10 0.12 0.07 0.07
Al,O; 20.89 21.31 21.07 21.16 21.18 21.31
FeO 26.37 27.8 23.77 27.27 24.53 25.50
MnO 4.99 1.24 4.45 2.39 1.19 341
MgO 1.50 3.24 1.47 2.03 2.48 2.72
CaO 9.67 9.28 12.00 10.38 13.32 9.01
Sum 101.06 100.84 100.54 101.12 100.82 99.84
Si 2.98 2.98 2.98 2.98 2.98 3.00
Ti 0.01 0.00 0.01 0.01 0.00 0.00
Al 1.96 1.97 1.97 1.97 1.96 1.99
Fe* 0.00 0.00 0.00 0.00 0.00 0.00
Fe* 1.75 1.83 1.57 1.80 1.61 1.69
Mn 0.34 0.08 0.30 0.16 0.08 0.23
Mg 0.18 0.38 0.17 0.24 0.29 0.32
Ca 0.82 0.78 1.02 0.88 1.12 0.77
Mg# 0.09 0.17 0.10 0.12 0.15 0.16

Average P-T Calculations

P-T conditions were calculated using the averagé method and software
THERMOCALC version 3.31 and dataset 5.5 (Holland &wowell, 1998; Powell
and Holland, 1994). The calculations were perforfeedhe lower variance mineral
assemblages containing garnet, because these pradiarger number of linearly
independent reactions. An H20-fluid was includedlirmassemblages. The activities
and activity uncertainties of each end-member otliin the calculations were
obtained with software AX (Holland and Powell, ubpshed). In order to reduce
the error, phase components with low activities. (ferroceladonite in phengite)
were occasionally excluded from the calculatiorfs Powell and Holland, 1994).
The results, including the correlations, sigfitued, and uncertainty ellipses, are
given below and in Fig. 9, and were calculatedoiwihg Powell and Holland
(1994).

The calculated peak conditions are 697+52 °C, 4 15kbar (corr 0.90, sigfit 1.56),
622435 °C, 14.2+1.6 kbar (0.41, 0.59), 696+37 °€341.4 kbar (0.85, 0.53) and
708+75 °C, 13.8+2.8 kbar (0.18, 1.19) in samplesM:@2, LC-GU-8, LC-GU-5B
and LC-GU-6, respectively. These results suggeat thost blocks underwent
similar peak P-T conditions ranging from 690 to P and 14-15 kbar, which
correspond to conditions above the wet-saturatéidusoof MORB composition.
This indicates that the rocks experienced wet alanthelting processes that
consumed peak plagioclase produced the associateadhiemitic-tonalitic
segregations (cf. Garcia-Casco and others, 200@8hpe LC-GU-8, however,
yielded lower peak temperature conditions below et solidus of MORB, in
agreement with the presence of peak plagioclase.
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Table 5 Representative analyses of plagioclasenfatized to 8 O).

Sample LC-M-12 LC-GU-8 LC-GU-5B LC-GU-6
Type peak retro retro peak retro retro
SiO, 64.29 69.3 68.93 64.19 68.68 68.93
Al,0322.41 19.38 19.68 22.57 19.51 20.43
FeO 0.60 0.17 0.21 0.42 0.22 0.04
MnO 0.08 0.03 0.00 0.01 0.00 0.01
CaO 3.52 0.03 0.28 3.53 0.14 0.18
BaO 0.03 0.00 0.00 0.05 0.03 0.00
Na,0O 9.69 11.88 11.84 9.81 11.99 11.71
KO 0.09 0.02 0.06 0.06 0.05 0.04
Sum 100.71 100.81 101.00 100.64 100.62 101.34
Si 2.83 3.00 2.99 2.82 2.99 2.97
Al 1.16 0.99 1.00 1.17 1.00 1.04
Fe* 0.02 0.01 0.01 0.01 0.01 0.00
Mn  0.00 0.00 0.00 0.00 0.00 0.00
Ca 0.17 0.00 0.01 0.17 0.01 0.01
Ba 0.00 0.00 0.00 0.00 0.00 0.00
Na 0.83 1.00 0.99 0.84 1.01 0.98
K 0.01 0.00 0.00 0.00 0.00 0.00
Xab 0.83 1.00 0.99 0.83 0.99 0.99

The calculated pre-peak conditions are 586+44 T1#1.5 kbar (0.86, 1.34) for
sample LC-M-12, and 517416 °C, 11.1+1.2 kbar (-0@®73) for sample LC-GU-8.
The calculated retrograde conditions are 357+55@6+1.6 kbar (0.69, 2.16),
433+23 °C, 11.8+1.3 kbar (-0.02, 0.83), 417+398@;+1.9 kbar (0.36, 1.33) and
517+35 °C, 9.0+1.6 kbar (0.78, 1.51) in samplesNLd2, LC-GU-8, LC-GU-5B
and LC-GU-6, respectively

The P-T calculations are consistent with countefchdse PT paths for all studied
blocks. The pre-peak prograde path cut across plite-amphibolite-facies, peak
conditions are within the epidote-amphibolite-facggnerally above the wet solidus
of meta-MORB, and retrogression occurred withingheenschist/blueschists-facies
(Fig. 9). Counterclockwise P-T paths indicate thetrogression occurred upon
exhumation within the subduction channel when satidn was active (e.g., Gerya
and others, 2002).

The isochemical P-T projection calculated for sampC-GU-8 (Fig. 10) is used as
a proxy of processes taking place in blocks dupiegk conditions above the MORB
solidus. The results are consistent with observeemal assemblages. In particular,
the calculated relations predict that the studamaks would undergo wet melting at
650-700 °C between 12-16 kbar (Fig. 10). Progradstimg at intermediate
conditions within the plagioclase stability fieldbwld be dominated by consumption
of plagioclase and quartz. At ca. 13 kbar, thelfwfl coexistence of plagioclase and
melt is very restricted to conditions close to siéidus (Fig. 10), in agreement with
the observed lack of plagioclase in most amphiba@mples and with independent
mass-balance calculations for similar rocks from 8ierra del Convento mélange
(Garcia-Casco and others, 2008a).
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Table5: Representative analyses of micas (nornthtiz€2 O and 4 OH)

Phase Phengite Paragonite
Sample LC-M-12 LC-a&U LC-GU-5B LHGU-6 LC-GU-8

Type  pre-peak retro pre-pealpeak retro peak retro retro peak retro
SiO, 52.14 50.18 48.9 46.68 49.77 45.15 50.68 50.51 0547. 46.84
TiO, 0.01 0.10 0.31 0.57 0.34 0.45 0.07 0.22 0.07 0.05
Al,O; 25.55 27.94 28.70 30.45 28.24 29.94 25.43 28.76 .4139 39.67
FeO 2.98 2.61 2.45 2.10 2.34 1.97 3.30 3.18 0.45 40 0.
MnO 0.05 0.00 0.06 0.05 0.04 0.02 0.03 0.03 0.00 o000O0.
MgO 3.60 3.10 2.76 2.09 2.76 2.08 3.28 3.02 0.18 160.
CaO 0.01 0.02 0.02 0.02 0.04 0.01 0.00 0.00 0.16 15 0.
BaO 0.08 0.13 0.56 1.60 0.71 291 0.45 0.90 0.12 00 0.
Na,O 0.16 0.45 0.63 1.17 0.48 1.01 0.17 0.27 7.03 7.36
K20 10.98 10.75 10.33 9.03 10.5 8.89 10.9 10.37 1.170.68
Sum 95.56 95.28 94.72 93.76 95.22 92.43 94.31 97.2595.64 95.31

Si 6.97 6.73 6.60 6.39 6.69 6.34 6.91 6.67 6.01 85.9
Ti 0.00 0.01 0.03 0.06 0.03 0.05 0.01 0.02 0.01 00.0
Al 4.02 4.41 4.57 4.91 4.48 4.96 4.08 4.47 5.93 75.9
Fe&* 0.33 0.29 0.24 0.22 0.26 0.21 0.37 0.34 0.05 0.04
Mn 0.01 0.00 0.01 0.01 0.00 0.00 0.00 0.00 0.00 00.0
Mg 0.72 0.62 0.56 0.43 0.55 0.44 0.67 0.59 0.03 30.0
Ca 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.02 20.0
Ba 0.00 0.01 0.03 0.09 0.04 0.16 0.02 0.05 0.01 00.0
Na 0.04 0.12 0.16 0.31 0.13 0.28 0.04 0.07 174 218
K 1.87 1.84 1.78 1.58 1.80 1.59 1.89 1.75 0.19 0.11
Mg# 0.69 0.68 0.70 0.66 0.68 0.67 0.64 0.63 0.42 420.

Table7: Representative analyses of chlorite (Noreealito 20 O and 16 OH))

Sample LC-M-12 LC-GU-8 LC-GU-5B LC-GU-6
SiO, 26.39 26.18 26.82 26.50 25.83 26.38 26.40
Al,0;19.40 20.44 18.96 21.05 18.23 20.46 21.41
FeO 25.23 21.47 28.24 22.67 31.07 22,51 23.52
MnO 0.12 0.06 0.26 0.09 0.27 0.11 0.14
MgO 15.92 18.77 13.56 17.41 12.26 17.54 16.57
Sum 87.06 86.92 87.84 87.72 87.66 87.00 88.03

Si 5.57 5.44 571 5.48 5.63 5.49 5.46
Al 4.83 5.01 476 5.13 4.68 5.02 5.22
F&' 4.44 3.73 5.03 3.90 5.65 3.91 4.06
Mn  0.02 0.01 0.05 0.02 0.05 0.02 0.02
Mg 5.01 5.82 431 5.36 3.98 5.44 511
Mg# 0.53 0.61 0.46 0.58 0.41 0.58 0.56

Isopleths of mineral chemistry and abundance aesemted in Fig. 11. The
distribution of isopleths of garnet and amphibale similar in slope but opposite in
trend: garnet production implies amphibole consimnp{Fig. 11A, 11B). Isopleths
of modal abundance of garnet indicate late growtting the prograde evolution.
Mg# increases smoothly along the subsolidus pragmeath and more abruptly
above the solidus (Fig. 11C). These predictionsraagreement with the observed
faint prograde zoning of garnet and its mineralusions (Fig. 3C). Similarly, the
amount of Na in plagioclase increases slowly alihregsubsolidus path, because the
slopes of Xab isopleths are positive and similathit of the P-T path, whereas at
higher temperature above the solidus it decreasesply until plagioclase
exhaustion close to the solidus (Fig. 11D). Highuga of XAb (0.9), similar to
those of plagioclase from pods in samples LC-GUab LC-M-12, are predicted
upon cooling at ca. 650 °C and 13 kbar.
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Fig. 8. (A) and (C) ACF, and (B) and (D) AFN phasegdiems showing peak metamorphic
assemblages of amphibolites (bold circles joinedddid tie-lines) and whole-rock compositions (WR).
Average MORB (filled squares, Sun and McDonougB9l%as been plotted for comparison. End-
members (labels in italic) of the solid solutions iaterest are indicated by empty circles joined by
dashed lines.

DISCUSSION

Thermal Evolution

The peak conditions within the epidote amphiboféeies, partial melting, and
relatively high temperature/depth relation (14-18ktn) indicate that metabasite
rocks of La Corea mélange experienced intermed?dle metamorphic gradient
during subduction. A normal metamorphic gradientirdy subduction (ca. 10
°C/km) produces eclogites at similar depth (e.gaddck and Wang, 1999).
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Fig. 9. P-T diagrams showing paths for garnet-begriamphibolite samples calculated with

THERMOCALC. The grid for the basaltic system is affefzeuf and Schmidt, (2001). The broken line

is the antigorite stability limit of Uimer and Transdorff (1995).

Anomalously high geothermal conditions (>14 °C/lcah be produced within two

main tectonic scenarios: a) onset of subductiomalbee heat must be rapidly
withdrawn from the hanging wall and conducted itite descending slab, and b)
subduction of young oceanic lithosphere (includangidge), because of the high
geothermal state of the subducted lithosphere. Bagles may generate moderate P-

T gradients in the descending slab, though the omatibn of both would produce

anomalously high P-T gradients. The peak P-T canditand the counter-clockwise

P-T paths followed by the amphibolite blocks aresistent with the combination of
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both scenarios, in agreement with geodynamic models the Caribbean
region.These models postulate initiation of a S\Wpitig subduction zone of young
oceanic lithosphere during the Aptian (ca., 120 Midell and others, 2005; Fig.
12). Similar counter-clockwise P-T paths have béeduced by Krebs and others,
(2008) from contemporaneous (ca. 103 Ma) eclodibeks in the Rio San Juan
complex (Dominican Republic), and amphibolite bleckom the Sierra del
Convento mélange (115 Ma; Garcia-Casco and otBe@G8a; Lazaro and others,
2009).

In the numerical modelling of subduction zones @nésd by Gerya and others,
(2002), the wet solidus of MORB is reached at ntbe: 20 kbar in a subducting
lithosphere of 40 Myr age. The model of Pindell atiters, (2005, 2006) shows the
possibility of subduction of still younger lithosgte, including a ridge (i.e. 5 MA),

in the Caribbean realm, because ocean spreadirlg ftawe along the Proto-

Caribbean ridge nearly orthogonal to the Cariblieamch (Fig. 12A). This scenario
would allow a shallower location of subducted igoths in the subducting ridge
relative to more distal sections of the slab arehckforth, the intersection of the
MORB wet solidus at relatively shallow depth (FIgB).

7 1 hbgplepliqq

2 hbgplepliq
3hbgplep

4 hb pl ep

15
5 hbgligq

Colors code

|| 3-variant
[ 4-variant
B 5-variant
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11

7
600 650 700 750 800

Fig. 10. Isochemical P-T equilibrium phase diagrafor sample LC-GU-8 calculated with
THERMOCALC. Mineral code is hb (hornblende), g (g8xrep (epidote), lig (melt), pl (plagioclase),

g (quartz).
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Fig. 11. Mineral abundance and composition isopdetftor sample LC-GU-8 calculated with
THERMOCALC (see Fig. 8B for mineral assemblages). Mayal proportion of hornblende. (B)
Modal proportion of garnet (C) Mg# (Mg/(Mg+Fe2+) marnet. (D) XAb in plagioclase. Colour scale
as in Fig. 10.

Partial Melting

Amphibolite blocks of La Corea mélange constitutee @f the rare cases where
partial melting of subducted oceanic crusts camliserved. For partial melting to
take place at ca. 15 kbar at 700-750 °C in a sulmiuscenario, water is needed in
the system. Free water can be produced by the gmxtion of hydrated
assemblages in the lower subducted oceanic litewephincluding subducted
oceanic crustal metabasite and mantle serpentirike.upper thermal stability limit
of antigorite is approximately isothermal at theditions experienced in La Corea
mélange (Fig. 9), between 600-700 °C above 8 kbdmégr and Trommsdorff,
1995). Dehydration of subducted peridotite is ptiédip a major source of water for
partial melting of metabasite in La Corea mélange.
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Fig. 12. Evolutionary model for the Caribbean regieith indication of the polarity flip of subduction
based on Pindell and others (2005). (A) Pre-Ap{iah20 Ma). (B) Aptian (115-120 Ma).

At the wet solidus of metabasalt, amphibole is Istalt low pressure, zoisite and
amphibole are present at intermediate pressurereabea single hydrous phase,
zoisite, occurs at still higher pressures (Vielzeuid Schmidt, 2001). The
coexistence of zoisite and amphibole at peak ciomditin the studied samples
confirm an intermediate pressure (ca. 14-16 kbarjnd partial melting. Fig. 9
shows that plagioclase is consumed approximatel &bar, explaining the general
absence of this phase in the studied amphibolites.

The pockets and veins with tonalitic-trondhjemit@mposition (composed mostly
of plagioclase, quartz and epidote) demonstrate ghgial melting contributed to
extraction of incompatible elements from the subedidcithosphere. These elements
were incorporated primarily in the partial meltsyt bwere later concentrated in
pegmatitic rocks present in the mélange. Percaolaifadhese melts and fluids should
contribute, in turn, to partial melting of the upg®ate and the generation of arc
magmas.

Counterclockwise P-T Paths

Retrograde P-T paths of rocks formed during on$etubduction scenarios have
been modelled by geophysical (Gerya and others2)280d geochemical (Perchuk
and others, 1999) methods. These results indidate &s subduction proceeds,
downward migration of isotherms occurs as a resiuthaterial transport of ocean
lithosphere, producing the continuous cooling & shibduction interface. However,
the process is characterized by two stages, Wiitistastage of near isobaric cooling
at high pressure, followed by a second stage olumstion characterized by
decreasing pressure and temperature. Followingethdts of these models, the first
stage is developed once the blocks are accretédetqHO-bearing, antigorite-
lacking) upper plate mantle, while the second stagkeveloped once a serpentinitic
subduction channel is formed upon reaction of H2@ the upper plate mantle at
conditions within the antigorite stability fieldll@aving upward flow of the blocks.
Increasing evidence of counterclockwise P-T pathhinvthis type of geotectonic
regime have become available in locally restriciedurrences. Such examples were
recorded from relatively small-scale tectonic bleg¢kVakabayashi, 1990; Oh and
Liou, 1990; Krogh and others, 1994; Perchuk anersth1999; Smith and others,
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1999; Garcia-Casco and others, 2008a; Lazaro ametspt2009), indicating that
subduction channel (mélange) formation in onsetswibduction scenarios is a
requisite of this type of P-T paths.

At the pressure conditions experienced by amphéslbf La Corea mélange (i.e.,
ca 15 kbar), serpentinization of the upper plateitteacan only take place below
650 °C (Fig. 9). This is consistent with the caltedl retrograde P-T paths and
inferred processes. Once the fragments of subdwtgzhibolite were accreted to
the hanging wall at 700-750 °C, the infiltratingQH could not be consumed in
serpentinization of the hanging wall peridotite,t lnly in partial melting of
accreted amphibolite. Moreover, as cooling proceetie wet solidus of segregated
trondhjemite was intersected. This should haveassld HO-bearing fluids at 650-
700 °C that may have contributed to onset of reégjon of amphibolite, but not
peridotite. However, percolation of these fluidsl aaditional fluids released from
the downgoing slab in a continuously cooling scien&iggered the formation of
serpentinite at <650 °C during the essentially asmbstage, allowing upward flow
and further cooling of the blocks.

Tectonic Implications

As indicated above, the counterclockwise P-T pdtilbwed by amphibolites

blocks are consistent with an onset of subducticenario of young oceanic
lithosphere (Perchuk and others, 1999; Gerya amei®t2002; Wakabayashi, 2004;
Willner and others, 2004; Vignaroli and others, 20&rebs and others, 2008;
Garcia-Casco and others, 2008a; Lazaro and oti2889), as predicted by
geodynamic models for the Caribbean region dutiegAptian (Pindell and Dewey,
Fig. 6, 1982; Pindell and others, 2005).

Cretaceous volcanic arc

1-La Corea mélange

2-Sierra del Convento mélange

3-Rio San Juan mélange

Fig. 13. Cartoon showing subduction of the Proto-6hean ridge during Aptian time. Dashed lines
depict the age of the subducting lithosphere. Eik¢ars show the positions of the eastern Cuba and
Dominican Republic mélanges.
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Amphibolites of La Corea mélange indicate high peanal gradient, similar to
Sierra del Convento. Garcia-Casco and others (2088ggested that the earlier
products of subduction of the Sierra del Convenébamge, located to the NNW of
Hispaniola during Aptian times (Pindell and otheP05), represents younger
subducted lithosphere than that of the Rio San du&lange (Dominican Republic,
Krebs and others, 2008) and, consequently, thaPtbe&-Caribbean ridge should
have been located close to eastern Cuba in that fime new findings in La Corea
mélange, located to the WNW of these complexesfaries this view, for the early
products of subduction that appear in this mélangierwent similar but somewhat
hotter conditions to those of the Sierra del Cotwemélange. Tentatively, we
suggest that La Corea and the Sierra del Conveatange were located above the
two flanking sides of the subducting ridge (Fig.),18r colder conditions are
recorded in HP rocks of mélanges located to the wfelsa Corea (i.e., the Holguin
and central Cuba regions, cf. Garcia-Casco andxtB602, 2006, and references
therein).

The Purial complex is geologically related to ther@ del Convento mélange rather
than La Corea. Nevertheless, the Purial is a pefitee Cretaceous volcanic arc that
subducted due to subduction erosion. Preliminasylte indicate that subduction

erosion took place during the late Cretaceous,ghigtrelated with the subduction

of Caribeana terrane (Garcia-Casco and others, 008s consequence of

subduction/accretion of continental margin mate(@ribeana) during the latest
Cretaceous, collision tectonics and, possibly, Emsextension, produced finally

exhumation of the La Corea other deep complexeastern Cuba.

CONCLUSIONS

Amphibolite blocks of La Corea mélange, easterna&Cutave MORB affinity and
heterogeneous compositions. These amphibolite blaekord an early stage of
subduction of very young oceanic lithosphere duthmgAptian. Peak metamorphic
conditions attained of 690-710 °C and 14-15 kbareveppropriate for wet melting
of metabasite. Infiltration of }D likely occurred once the blocks were accreted to
the hanging wall, triggering partial melting of theetabasites and the formation of
trondhjemitic-tonalitic melts extracted out or ppiated inside the rocks as
pockets. Formation of the subduction channel (ng&anook place upon cooling
during continuous subduction and fluid migration ttee upper plate mantle,
allowing the blocks to start exhumation and furtheooling following
counterclockwise P-T paths during retrogressione Tla Corea and Sierra del
Convento mélanges share similarities in terms roicgiral position, lithology, age,
P-T paths, and petrological processes, suggestatgtiey formed synchronously in
the same subduction system close to a subductegnacridge.
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ABSTRACT

Detailed petrological study of MORB-derived highegsure amphibolite blocks
from a fragment of the Caribbean subduction chafireelCorea serpentinite-matrix
mélange, E Cuba) has revealed contrasted zonitgrpaiof garnet porphyroblasts,
including well defined complex oscillatory progradgrograde concentric zoning in
one sample. Calculated P-T conditions for this damysing mineral inclusion
assemblages and isochemical P-T projections reteegé P-T recurrences best
explained by large-scale convective movement of thetonic block in a
serpentinitic subduction channel. P-T conditiorterating garnet growth followed
an overall counter-clockwise path as a consequehcentinued refrigeration of the
subduction channel during ongoing underflow afteranset at ca. 120 Ma. These
findings constitute the first report of large scatenvective circulation of deeply
subducted material in the subduction channel, aadcansistent with the thermo-
mechanical behavior of the channel predicted byarigal models.

Keywords: subduction channel; garnet; convective circulatimmmerical modeling
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INTRODUCTION

Subduction channels (or flow channels) are comptok assemblies developed
along the interface between the subducting and haeging wall plates in
convergent margins. Shreve and Cloos (1986) andsClod Shreve (1988a, b) first
developed the concept to model the dynamics of egant plate margins (prism
accretion, sediment subduction, mélange formatsmpduction erosion...). These
authors identified the subduction channel as divels shallow, thin layer of poorly
consolidated sediment, dragged by the descendiat fieneath the overriding
plate/accretionary prism, where most of the subidnalriven deformation is
concentrated and accretion of subducted matetkalst@lace. The concept can be
applied to modern and ancient subduction complexe$s as the Franciscan (e.g.,
Ernst, 1970), where the P-T history of tectonicckiin sediment-matrix melanges
document subduction of accreted materials dowrOtkr8 depth. Cloos and Shreve
(1988b) indicated that flow in the channel can bemlwvard, upward (providing a
mechanism of exhumation of accreted blocks) andextive.

Following the seminal work by these authors, thiedsigtion channel concept has
been extended to much deeper near-sub-arc depthsGeillot et al., 2000; 2001,
2009; Gerya et al.,, 2002). At these depths, charaed by mantle rocks in the
hanging wall, dehydration reactions in the subdgcediments, mafic crust and
ultramafic materials trigger the release ofOHich fluids. Upward flow of these
fluids triggers the transformation of upper platerigotite into serpentinite (at
temperature below ca. 650 °C; Ulmer and Trommsddtf95), causing the
formation of a ductile layer of serpentinite inWween the subducting and overriding
plates where much of the subduction-driven defamatoncentrates. Thermo-
mechanical models also predict downward, upward esmective flow in this
serpentinitic subduction channel (Gerya et al., 2200

Petrological studies have shown that HP blocksesedrwithin the channels —i.e.,
metasedimentary/serpentinitic-matrix mélanges- tgwldairpin P-T paths (Ernst,
1988), indicating syn-subduction exhumation in tbleannel. Syn-subduction
exhumation in the channel is also confirmed by kdosubducted/accreted during
the early stages of subduction, for these blockeviocounter-clockwise P-T paths
documenting the progressive refrigeration of theceat subduction system upon
continued subduction of lithosphere (e.g., Wakabhyal990). Although much
petrological work has been presented to demonsta@nd-down circulation, little
work has been yet provide to demonstrated largkescanvective flow in
subduction channels.

Garnet composition is very sensitive to changeprassure and temperature, and
cation diffusion in garnet is sufficiently slow pveserve zoning at low to moderate
temperature (e.g., Konrad-Schmolke et al., 2005gilfatory zoning of Mn in HP
garnet was described in Franciscan rocks by Dul&g9). While Ghent (1988)
indicated a potential kinetic control (reactionfd#ion problems) and disequilibrium
growth, other possibilities for oscillatory zonimg Ca-Fe-Mn-Mg garnets include
equilibrium processes during episodic inflectioidPeT paths (e.g., Enami, 1998;
Schumacher et al., 1999; Garcia-Casco et al., 2@&)h inflections can only be
related to complex material/heat flow in the lithbere and, when identified in
tectonic blocks of subduction mélanges, offer intgatr clues for understanding the

a7



Idael Francisco Blanco Quintero

mechanics of subduction systems. In this papergiwe petrological evidence for
the first time that supports large-scale convedlime in serpentinitic channels.

GEOLOGICAL AND PETROLOGICAL SETTINGS

The Caribbean plate is fringed from Guatemala thinothe Greater Antilles to

northern South America by subduction-related higkspure (HP) complexes, most
of which formed after the onset of subduction @t120 Ma) of the Protocaribbean
(i.e., Atlantic) lithosphere below the Caribbeaatpl (Pindell et al., 2005; Garcia-
Casco et al., 2008a). Many of these HP complexastitote serpentinite mélanges
bearing exotic tectonic blocks of diverse natureb@sicted oceanic lithosphere,
fore-arc/arc and continental platform materialsjl arariable metamorphic grade
(high-grade eclogite, garnet amphibolite and blbietcand low grade blueschist).
In Cuba, serpentinitic mélanges are exposed afigatbe >1000 km length of the
island (Fig. 1A; Somin and Millan, 1981) and hawb interpreted as fragments of
Antillean subduction channel (Garcia-Casco e28l06).

In eastern Cuba, the Sierra del Convento and Laa&serpentinite-matrix mélanges
represent fragments of this subduction channel (Hg C; see Garcia-Casco et al.,
2006, 2008b; Lazaro et al., 2009; Blanco-Quintearal.e 2010a and b, for details of
the following descriptions and for references oa ¢eology of the region). These
mélanges contain blocks of subducted high-gradeegiaamphibolite (Fig. 1D) and
blueschist surrounded by sheared and massive atitginterpreted as the matrix
of the subduction channel (Fig. 1E). Metamorphinditions of garnet-amphibolite
blocks (700-750 °C; 15 kbar; ca. 50 km) indicateeay hot subduction zone
environment that caused partial melting of subdli®®RB and the formation of
tonalite-trondhjemite melts crystallized at a sanitlepth. Most amphibolite blocks
provide evidence for rather simple counter-cloclenm®T paths characterized by
high-T during accretion to the upper plate and Touwlueschist facies overprint
during exhumation. Hot and ensuing cold conditigiate to onset of subduction of
young oceanic Protocaribbean lithosphere at ca. NMa0and to very slow syn-
subduction exhumation in the subduction channeb{IZ0 Ma), respectively. Final
fast exhumation of the subduction channel occumméidr an arc-platform-like
terrane collision at 70—65 Ma.

A few blocks from these mélanges, however, showenges for more complex P-T
evolutions in the channel. In this paper we giveaitied information for a singular

block of epidote-garnet amphibolite from the La €omélange (Fig. 1C; sample
LC-G-1B) which has provided a rather complex P-oletion.

ANALYTICAL TECHNIQUES AND METHODS

Whole-rock major element compositions were deteschivith a PHILIPS Magix
Pro (PW-2440) X-ray fluorescence equipment (Unitgrsf Granada) using a glass
beads, made of 0.6g of powdered sample diluted iof &i,B,0;.

Mineral compositions were obtained using WDS withCAMECA SX-100
microprobe (University of Granada) operated at 15 dnd 15 nA. Amphibole
composition was normalized following the procedofeLeake et al. (1997), and
Fe** was estimated after the method of Schumacherdaké et al., 1997). Garnet
composition was normalized to 12 oxygens and Suwafiwith F&" estimated by
stoichiometry. Epidote and plagioclase were nomedlito 12.5 and 8 oxygens,
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respectively, and Ee=Fe". White mica and chlorite were normalized to 22 a&d
oxygens, respectively, andfg= Fé&".

Elemental X-ray images were obtained with the samehine operated at 20 kV,
150 nA beam current, step (pixel) size of 7 um aadnting time of 30 ms. The
images were processed with Imager software (TdRadan and Garcia-Casco,
unpublished) to obtain quantitative images of ghm@mposition (expressed in
atoms per 12 oxygen formula unit). The procedurBearice and Albee (1968) was
followed for matrix correction by using the compgmsi of an internal garnet
standard analyzed with the electron microprob¢hénimages the other minerals are
masked out, and the resulting images are overlato a gray-scale “Z" image
calculated by the sum of the products of the cobptatomic number (Si, Ti, Al, Fe,
Mn, Mg, Ca, Na, Ba, K, P, F and CI). The profilesaextracted from the quantified
X-ray images of Si, Al, Fe, Mn, Mg, and Ca withesolution of 7 um/point (total
number of points plotted: 518) and transformeddntinuous lines by regression.
The atomic concentration of elements per formuligsus abbreviated apfu, the Mg
number of minerals (Mg#) is expressed as Mg/(MgHFe

Solution models used in the thermodynamic calautatifor amphibole, chlorite,
epidote, plagioclase and muscovite are from Diesteal. (2007), Holland et al.
(1998), Holland and Powell (1998), Holland and PibW2003) and Coggon and
Holland (2002) respectively, and for garnet anceitite from White et al. (2005).

50 Km N ____ Atlantic Ocean
| < r";,"\.’l-{.\ . . _ 4
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Figure 1. A: Geological maps of A: Cuba, B: east@uba, and C: La Corea mélange with indication
of main geological complexes. Photographs of oytsrehowing D: amphibolite block and E:
serpentinite matrix in La Corea mélange. Legenisall maps.
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PETROGRAPHY

The mineral assemblage of amphibolite sample LBG¢bnsists of calcic
(pargasitic) amphibole — epidote — garnet — ti@aritrutile — quartz — phengite, and
apatite. Amphibole is medium- to coarse-grainedhgrains up to 4 mm in length,
oriented parallel to the foliation. Garnet porphyests are up to 6 mm in diameter
(Fig. 2) and are anhedral. The porphyroblasts aontelusions of rutile, titanite,
apatite, epidote, plagioclase, quartz, calcic abylhi phengite and chlorite, and
their xenoblastic rims penetrate into the amphitwoinatrix and/or appear replaced
by retrograde amphibole + chlorite (Fig. 2B). Eg&les abundant and occurs as
euhedral patchy zoned crystals of 0.1-0.5 mm I&gengite is scarce and appears
as medium-size flakes.

Retrograde overprints are composed of combinatifhactinolite, glaucophane,
albite, clinozoaisite, chlorite and phengite. Thesteograde minerals are fine-grained
and form reaction rims around peak metamorphic raleeand locally fill fractures.
Retrograde albite is scarce and appears aggregeitbd epidote, titanite and
phengite. Chlorite replaces garnet and pargasitighébole. Glaucophane appears as
small patches replacing pargasitic amphibole ardicates a high pressure/low
temperature trajectory during exhumation.

MINERAL COMPOSITION

Amphibole is calcic, with (Na+K)A = 0.51 — 0.61 apfatom per formula unit) for
peak edenite-pargasite and 0.04 - 0.48 apfu forogetde actinolite-

magnesiohornblende compositions. The peak compositare rich in NaA (max.
0.52 apfu), total Al (max. 3.16 apfu) and Mg# (m@x64), and poor in Si (min. 6.07
apfu). Retrograde compositions have higher Si (Ma80 apfu) and Mg# (max.
0.79) and lower NaA (min. 0.02 apfu) and total Ahif. 0.35 apfu) contents.
Retrograde glaucophane is near pure end-membecaghane with Si = 7.97, Al =
1.58, NaB = 1.87, NaA = 0.07 and Ca = 0.07 apfuiatetmediate Mg# (0.57).

Garnet is relatively rich in almandine (Xalm max64) and, to some extent,
grossular (0.20-0.30), and is poor in pyrope aressqrtine (0.15-0.20 and 0.02—
0.10, respectively). It is concentrically zoned. tine case illustrated in the
gquantitative images of Figure 2A-C and in the peofif Figure 2D, four zones can
be identified: 1) a low-T core having low Mg# anigylh Mn, with inclusions of
chlorite, albite, epidote and quartz, overgrowndjya prograde high Mg# zone
(peak-1), with inclusion of rutile, quartz, pargasand phengite, 3) a retrogressive
xenomorphic zone likely generated after garnetaollis®dn characterized by high
Mn and low Mg# (retro-1) associated with inclusioof chlorite, titanite and
actinolitic amphibole confirming its retrogressivature, and 4) an outer rim of
prograde high Mg# zone (peak-2). Large compositisaaations characterize the
internal retrogressive event retro-1 (Fig. 2D).

Epidote grains have pistacite (Fe3+/([Al-2]+Fe3ehtents of 0.10-0.30. Phengitic
mica exhibits a range in celadonite contents (H.23-6.97 apfu), with Mg# =
0.62—0.71; the cores of the matrix flakes have toseladonite and higher Na
contents (max. 0.35 apfu), indicating higher terapee of formation. Plagioclase is
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Table 1. Whole rock and mineral compositions.
Mineral Grt Grt Grt Grt Amp Amp Amp Amp Amp Ep Ep Ep PI Chl Chl Chl Ms Ms Ms

Zone WR pre-peak Peak-1 Retro-1 Peak-2 Peak-1 fReti@eak-2 Retro-2 Retro-2 Peak-2 pre-peak Retrae2ppak pre-peak Retro-1 Retro-2 Retro-2 Peak-1 k-Pea

SiO, 44.05 3771 38.00 37.71 37.82 4588 5447 4129 .2157 51.29 38.77 38.12 3875 6872 2530 26.26 2630.29 49.92 46.56

TiO, 2.30 0.24 0.12 0.12 0.14 1.00 0.07 0.47 0.21 0.230.11 0.16 0.18 0.00 0.04 0.03 0.06 0.15 0.15 0.59
Al;0; 1322 21.05 2143 21.00 21.28 11.97 252 1824 596641 2874 2877 2879 19.61 1791 19.75 20.645527 27.92 29.63
Cr,03 0.02 0.05 0.01 0.00 0.01 0.01 0.02 0.02 0.00 0.040.00 0.06 0.00 0.04 0.06 0.00 0.04 0.05 0.01

FeO 1439 2744 2846 21.18 2836 13.00 11.30 15.5.09 11.60 5.88 5.74 5.69 0.36 3244 2532 21.7216 3.10 2.09
MnO 0.25 3.83 1.69 6.95 171 0.20 0.22 0.24 0.11 140. 0.23 0.25 0.23 0.02 0.98 054 021 0.02 0.03 20.0
MgO 10.29 2.47 4.32 091 331 1211 16.91 8.53 8.835.16 0.05 0.10 0.05 0.00 10.22 1584 1847 297 992 245

NiO 0.00 0.02 0.00 0.04 0.01 0.02 0.00 0.02 0.03 .000 0.01 0.00 0.01 0.00 0.00 0.03 0.04 0.04 0.00
CaO 9.78 8.63 7.14 1292 8.78 10.33 11.52 9.73 0.4B1.02 23.77 2238 23.65 0.10 0.10 0.03 0.01 0.07 .070 0.01
BaO 0.00 0.00 0.01 0.00 0.02 0.00 0.01 0.00 0.00 .00 0 0.00 0.00 0.00 0.00 0.00 0.01 0.05 0.07 1.79
Na,O 1.81 2.36 0.75 3.12 7.20 1.50 0.00 0.00 0.002.01 0.08 0.02 0.01 0.33 0.34 0.64
KO 0.34 0.25 0.05 0.44 0.02 0.14 0.01 0.01 0.010.04 0.05 0.03 0.01 10.36 10.45 9.72
P:Os 0.18

Total 96.61 101.39 101.23 100.81 101.44 97.30 97.997.78 98.02 97.66 97.75 95.66 97.56 100.97 87.448.05887.81 95.15 95.30 93.64
Si 2.97 2.97 2.99 2.96 6.68 7.73 6.07 7.96 7.33 003. 3.00 3.00 2.98 5.63 553 547 6.76 6.71 6.43
Ti 0.01 0.01 0.01 0.01 0.11 0.01 0.05 0.02 0.02 010. 0.01 0.01 0.00 0.01 0.00 0.01 0.02 0.02 0.06
Al 1.96 1.97 1.96 1.97 2.05 0.42 3.16 1.58 1.08 622. 2.67 2.63 1.00 4.70 491 5.03 4.36 4.42 4.82
Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 000. 0.00 0.00 0.00 0.01 0.01 0.00 0.00 0.01 0.00
Fe* 0.00 0.00 0.00 0.01 0.27 0.18 0.35 0.23 0.24 0.380.38 0.37 0.01

Fe 181 1.86 1.40 1.85 131 1.16 1.56 141 1.14 6.04 446 3.75 0.36 0.35 0.24
Mn 0.26 0.11 0.47 0.11 0.02 0.03 0.03 0.01 0.02 020. 0.02 0.02 0.00 0.18 0.10 0.04 0.00 0.00 0.00
Mg 0.29 0.50 0.11 0.39 2.63 3.58 1.87 1.83 3.23 010. 0.01 0.01 0.00 3.39 498 5.69 0.60 0.60 0.51
Ni 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.01 000. 0.00 0.00 0.00 0.00 0.00 0.02 0.02 0.02 0.00
Ca 0.73 0.60 1.10 0.74 161 1.75 1.53 0.07 169 97 1. 1.89 1.96 0.00 0.02 0.01 0.00 0.01 0.01 0.00
Ba 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 000. 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.10
Na 0.67 0.21 0.89 1.94 0.42 0.00 0.00 0.00 11.00.03 0.01 0.00 0.09 0.09 0.17
K 0.05 0.01 0.08 0.00 0.03 0.00 0.00 0.00 0.000.01 0.01 0.00 1.78 1.79 171
#Mg 0.14 0.21 0.07 0.17 0.67 0.76 0.54 0.56 0.74 0.36 0.53 0.60 0.63 0.63 0.68
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Mg# apfu ‘

Distance (mm)

Figure 2. Quantitative X-ray images showing textuaad garnet composition (color code, cations per
12 oxygens; see Appendix 1 for details of calooies) of sample LC-G-1B. A: Mn, B: Mg# and C: Ca.
D: Profile across garnet showing oscillations in quosition.

almost pure albite in composition (Xab > 0.99). @hé (inclusions and late
retrograde replacements in the matrix) displaysargel compositional variation
denoting variable P-T of formation and diffusiomiplems during retrogression.

P-T CALCULATIONS

P-T conditions were calculated using the averadenfethod (Powell and Holland,
1994) and software THERMOCALC (Holland and Pow#&898; version 3.31 and
data set 5.5). The activities and activity uncettas of end-members were obtained
with software AX (Holland and Powell, unpublishetdhe pre-peak P-T conditions
were determined for the assemblage Grt+Ep+Ab+CH+B20 using the
composition of garnet cores and associated inalgsidhe conditions for peak-1
garnet were calculated using the compositions sb@ated inclusions of Amp and
Ms (+H20). The conditions for peak-2 garnet werdcuated with the same
assemblage using the composition of matrix pargaaitd the cores of matrix
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muscovite.  Retrograde conditions were calculated ingus actinolitic
Amp+Grt+Chl+Qtz+H20 (retro-1) and actinolitic
Amp+Chl+Ep+Ms+Qtz+Ab+H20 (retro 2), using the comspion of included and
matrix phases, respectively.

The calculated physical conditions indicate a caxd-T path characterized by
first an increase in P-T from the garnet core (53% °C, 10.6 + 1.6 kbar) to the
internal peak-1 zone (634 + 71 °C, 15.9 + 2.0 kbmgtrong decrease in P-T for the
internal retro-1 zone (446 + 19 °C, 11.4 + 2.0 kbarsecond increase for the peak-2
stage (590 + 54°C, 16.4 + 2.1 kbar), and a decrieadbe final retro-2 stage (471 +
62 °C, 11.1 + 1.6 kbar). Note that the highest BPefdition correspond to the
internal peak-1 zone rather than the external finakgrowth (peak-2).

An isochemical P-T phase-diagram (pseudosectios) eaéculated for sample LC-
G-1B using THERMOCALC (same version as above). Phgsical conditions

predicted for the different zones of garnet usinmeral isopleths and mineral
assemblages (Fig. 3A) are in agreement with P-Tditions calculated by the
average P-T method. The distribution of isoplethscleemical composition and
abundance of garnet (Fig. 3B) indicates that ganaest consumed during formation
of retro-1 zone. This conclusion reveals that flirifllitration occurred during the

retrograde steps of the P-T path.

DISCUSSION

Major element abundances of the studied sampleatelia protolith of MORB
composition similar to other metabasite blocks fitke La Corea mélange (Blanco-
Quintero et al., 2010a). The P-T path followed by tamphibolite block was
counter-clockwise for the initial stages of progradtrograde metamorphism (core
> peak-1 > retro-1) and is consistent with the pathother amphibolite blocks of
eastern Cuba mélanges (Garcia-Casco et al., 20@&ayo et al., 2009; Blanco-
Quintero et al., 2010a). These authors indicated tie thermal history of these
blocks document onset of subduction of young oaeditiosphere followed by
exhumation in the subduction channel. Colder camuitduring exhumation relates
to cooling of the subduction system as subductiamcgeded, involving
development of the serpentinite subduction chamfitelr hydration of the upper
plate peridotite at <650 °C by fluids released frtma downgoing slab. Similar
counter-clockwise P-T-t evolutions are predictedtiyrmal-mechanical models of
nascent subduction systems followed by continuddisction and development of
subduction channels (Gerya et al., 2002).

The second part of the P-T path (retro-1 > peak-2etr0-2) is critical for
understanding the geodynamic scenario. A key aspeat the prograde growth of
garnet (peak-2) indicates substantial reburid® & 6 kbar;Adepth = 20 km) to
depths similar to those that characterize pealadesti.e., accretion stage). Such a
reburial excursion experienced by the studied blsglossible due to a) collision, b)
subduction erosion, or c) large-scale convectiveutation of the subduction
channel. The recurrent prograde-retrograde eveoldescribed above contrasts with
the simple prograde-retrograde P-T evolution of tmdecks from eastern Cuba
mélanges. This contrast invalidates collision amtddsiction erosion, for these
scenarios would have produced similar complex R{hipin most, if not all, blocks
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Figure 3. A: Isochemical P-T equilibrium phase dmy for the studied sample in the
KNCFMMnASTHO system (SiG 47.06, AJO; = 8.32, TiQ = 1.85, FeO; = 1.54, FeO = 11.32,
MgO = 16.39, MnO = 0.23, CaO = 11.19, Ma= 1.88, KO = 0.23, percent molar units; excesgH

is assumed). Mineral abbreviations are hb (horndkn act (actinolite), g (garnet), ep (epidote), mu
(muscovite), chl (chlorite), ru (rutile), ttn (tinée), ilm (ilmenite), pl (plagioclase), q (quartZyolor
code indicates thermodynamic variance. The P-Tettajry calculated using mineral assemblages,
garnet composition isopleths, and average P-T datiadicated. B: Isopleths of Mg# (dashed lines),
spessartine (dotted lines) and modal abundanceaaied (solid lines). C: Thermo-mechanical model
for subduction of young (20 m.y.) lithosphere witle geometry and the thermal structure of the
subduction zone after 900 km of convergence abdusion rate of 3 cm/y (i.e., 30 m.y. after orcfet
subduction). The sketch represents 110 X 100 kiesafeor details of numerical model see table 1,
model G; in Gerya et al. (2002). White marker shdhes trajectory of a representative accreted
oceanic crust fragment subjected to large-scaleutation in the channel. D: P-T path calculated for
the representative oceanic crust fragment showd us paths of amphibolite from La Corea mélange.

of the mélanges. Contrasted P-T histories, howeaes, expected for individual
blocks flowing in a viscous dynamic medium of thHeacnel (Cloos and Shreve,
1988a; Schwartz et al., 2001; Gerya et al., 20@2z%&K et al., 2007).

A second important aspect is that the temperathipeak-2 stage was lower than
that of peak-1 stage, consistent with cooling & subduction system with time.
This process would permit the development of sdmiés after hydration of the

upper plate mantle, expanding the channel in waitth depth. Such expansion of
ductile material makes feasible the convective flwwthe channel and, hence, the
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re-burial of circulating blocks to depths greateart those attained at the earlier
accretion stage. Note that a total 100-150 °C ngotif the subduction channel
suggested by the geometry of the P-T path (Fig.i84j the lower limit of results of

numerical experiments (Gerya et al., 2002) pretictli25-300 °C cooling of

channel rocks in a few tens of Myrs after the on$subduction (Fig. 3D).

Complex fluxes of material in the channel, inclglilarge-scale convective flow,

are predicted by thermo-mechanical models of suimuezones (Gerya et al., 2002;
Gorzyck et al., 2007). However, the expected petfichl consequences of
convective flow of blocks from subduction mélandesve not been previously
documented. Oscillatory zoning of garnet reflectpagsible prograde-retrograde
fluctuations in the subduction environment was dbed by Dudley (1969) for the

Franciscan Complex, Garcia-Casco et al. (2002, )2@f6serpentinite mélanges
from central and western Cuba, and Tsujimori ef28106) for serpentinite mélanges
from Guatemala. Only Garcia-Casco et al. (2002grpneted these features,
suggesting subtle P-T fluctuations related to w@ctdorcing during subduction of

oceanic material rather than to processes in thdustion channel. However, these
and other similar examples, if properly identifiasl the result of complex flow in

the channel, will provide further evidence for thigoortant aspect of the dynamics
of subduction systems.
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ABSTRACT

High pressure igneous rocks (tonalites and tromditgs) formed after partial
melting of subducted MORB occur in the serpentinii@rix La Corea mélange
(eastern Cuba) as m- to cm-sized blocks and coanbtd crosscutting veins within
high-P amphibolite blocks. The slab melts have didakignatures, in agreement
with formation after partial melting of metabasiéhermobarometric calculations
indicate 620-680 °C and 13-15 kbar during crystafion of magmatic rocks and
down to 250-300 °C, 6 kbar during retrogressiodiciating counter-clockwise P-T
paths. Free water needed for melting of amphibalitenoderate temperature (700-
750 °C) close to the wet basaltic solidus is ige@rto have been provided after
dehydration of sediments, altered basaltic crust sarpentinite of the subducting
Proto-Caribbean lithosphere. Single zircon (SHRIMB)d phengite Ar-Ar
geochronologic data constrain the P-T-t evolutibthe mélange from the timing of
crystallization of melts at ~110-105 Ma to cooliag~83-86 Ma, ca. 350 °C, ca. 9
kbar. These figures are in agreement with previdata and proposals for onset of
subduction of young oceanic lithosphere shortlyolefl15 Ma. However, the data
are also consistent with subduction of an obliqgdge, irrespective of the timing of
onset of subduction in the Caribbean region. Fumbee, our data indicate very
slow exhumation (ca. 1 mm/yr) in the subduction ntted during the oceanic
convergence stage (120-70 Ma) until final fast emation to the surface took place
at 70-65 Ma during a regional arc-platform collisievent.

Keywords: SHRIMP age, slow exhumation, onset of subductzarjbbean plate
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INTRODUCTION

The evolution of subduction zones can be conceptdilby means of three main
phases: onset of subduction, mature stage and elerhisubduction. Ancient and
recent structures and rock complexes allow a gbedacterization and recognition
of the mature (i.e., volcanic arc development, fation of eclogites and blueschists)
and demise (by means of arc-continent, arc-arcamrocean collision, with
termination of volcanic arc activity and emplacemest ophiolites) stages.
However, the onset of subduction stage is, byléss well known because of the
intrinsic complexities of this transient stageislunclear how subduction zones are
initiated (cf. Stern, 2002, 2004).but also, rocksl atructures formed during the
earliest stage of subduction will normally disappeathe subduction channel and
therefore not commonly preserved in the surface.

According to Stern (2004) the onset of subductien generated either by
convergence of lithospheric plates and blocking afubduction zone by incoming
buoyant continental or oceanic crust (induced onsktsubduction) or by
gravitational collapse of oceanic lithosphere (¢apeous onset of subduction).
Transference or polarity reversal of subductiorrati@rizes the induced type, while
the spontaneous type occur at a passive margirt ar teansform/fracture zone
normally if the downgoing plate is old (i.e., cadtid dense). Distinguishing these
types and sub-types of onset of subduction isadiffi Compression (and uplift) and
extension (and rifting) in the upper plate chandetethe induced and spontaneous
types, respectively. Compression in the inducee tyay generate metamorphism
and ductile deformation of the incoming buoyanttowntal/oceanic crust, the pre-
existent volcanic arc and its continental/ocearisement and the fore-arc. On the
other hand, in the spontaneous type, extension rdtidg in the upper plate
generates tholeiitic and boninitic rocks in the/fare-arc by means of sea-floor
spreading triggered by the rise of asthenospherdating plate convergence (i.e.,
mature stage). Both types of onset of subductien cvaracterized by warm-hot
geothermal gradients (relative to mature subdug@bong the subduction interface,
but spontaneous initiation of subduction of olthdsphere should be characterized
by relatively colder conditions. In both types, lewer, subducted rocks accreted to
the upper plate during the early stages of subolucthow counter-clockwise PT
paths during exhumation due to the effects of ool refrigeration of the
subduction system during the mature stage, whitelstted rocks accreted during
the mature stage follow hairpin P-T paths (Ern888 Wakabayashi, 2004, Gerya
et al., 2002).

During the onset of subduction stage, the fluidat tevolved from subducted
sediments, altered basaltic crust and serpentiattyssal peridotite start fluxing the
upper plate. Much of the upper plate mantle isattarized at this stage by hydrous
peridotite, for temperature at relatively shalloepth is above the stability field of
antigorite (> 650 °C; Ulmer and Trommsdorff, 1996yt antigorite serpentinite
forms in the upper plate mantle down to ca. 100 #epth upon continued
subduction and refrigeration during the mature estabhis process triggers the
formation of a buoyant serpentinitic subductionroted at the plate interface which
provides the medium for syn-subduction exhumatiomigh-pressure accreted rocks
(Guillot et al., 2000; 2001; Gerya et al., 2002gnide, exhumation of high-pressure
rocks accreted to the upper mantle during the asfsgibduction is delayed until the
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mature stage when the subduction channel is fornidds has important
consequences, for early accreted rocks undergeismaaric cooling at the upper
plate before exhumation in the channel starts @iainter-clockwise PT paths).

Serpentinitic mélanges bearing high-pressure blaates commonly considered
exhumed fragments of subduction channels (Guitlali.e 2000; 2001; Agard et al.,
2009). In these melanges, the timing of exhumatbrsubducted mafic oceanic
crust relative to the onset of subduction is higldyiable, ranging from early to late
and from slow to fast, though it appears that insimoases the exhumation is
episodic (Agard et al., 2009). In the northern Blaean (Fig. 1a), high-pressure
blocks from serpentinitic melanges record a progchdristory of subduction and
continued exhumation enduring ca. 60 Myrs, fromebref subduction until final
exhumation to the Earth's surface (Krebs et al082@Q4zaro et al., 2009). Early
subducted rocks record high geothermal gradiemigalbe plate interface during the
onset of subduction stage. | In eastern Cuba, teeaSdel Convento and the La
Corea melanges (Fig. 1b), record the uncommon oaggartial melting of the
subducted basaltic crust at relatively shallow kdgpta. 50 km), documenting very
hot conditions related to subduction of very yoditgosphere or even a ridge
(Garcia-Casco et al., 2008a; Lazaro and GarciagCa@808; Blanco-Quintero et al.,
2010a and b). Such a young age of the subductthgsfphere would indicate
induced rather than spontaneous onset of subdudtiéraro et al. (2009) dated
blocks of high-pressure amphibolite and associatedlitic-trondhjemitic rocks
formed after partial melting of the latter and offg a comprehensive P-T-t path for
one of these melanges (the Sierra del ConventongelaThese data indicate that
onset of exhumation was delayed ca. 10 myr. sinceetion of subducted crust took
place, and that syn-subduction exhumation in trechl was continued during ca.
40 Ma and very slow (0.7 mm/yr). In this paper, veport new petrological,
geochemical and geochronological (SHRIMP zircon pinengite*°Ar/*°Ar) data of
tonalite-trondhjemite rocks of the La Corea mélarfgastern Cuba) in order to
provide clues for deciphering the nature and ageobf deep-seated processes that
occurred during onset of subduction of oceaniofiffhere in the Caribbean realm.

GEOLOGICAL SETTING

The Greater Antilles fold and thrust belt accretecthe southern margin of the
North American plate in the Tertiary (Fig. 1a).eltolved during the Mesozoic-
Tertiary along the northern edge of the Caribbettepmargin, where Proto-
Caribbean (i.e., Atlantic) lithosphere was consuraed a complex intraoceanic
volcanic arc (or arcs) evolved. Onset of subductibthe Proto-Caribbean has been
inferred to have occurred as a consequence ofifotaversal (implying induced
onset of subduction), but the timing of this pracesmains unclear. Pindell et al.
(2005, 2006), Pindell and Kennan (2009), Krebbal.ef2008), Lazaro et al. (2009),
among others, suggested an Albian age (ca. 120 Whle Duncan and Hargraves
(1984), Burke (1988) and Kerr et al. (2003), amatbers suggest an Upper
Cretaceous age (ca. 85 Ma).

The eastern Cuba block (Meyerhoff and Hatten, 196®)ween the Nipe-
Guacanayabo and the Oriente faults, is represeataif the Greater Antilles
geology. It includes several tectonic units of eliéint paleogeographic and
paleotectonic environments like including fragmemis the Caribeana terrane
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(Asuncion terrene), the Mayari-Baracoa ophiolitet gMBOB), subduction-related

metamorphic complexes (La Corea and the SierraCdelvento mélanges), two
different volcanic arcs complexes of Cretaceous RBaltogene age, respectively,
and syn- and post-orogenic sedimentary depositbi¢@a et al., 1977, 1984;

lturralde-Vinent, 1998; Garcia-Casco et al., 20@608b). The rocks and the
geological evolution of the eastern Cuba block hlagen correlated with northern
Hispaniola (e.g., lturralde-Vinent and MacPhee, 999

Island arc Cretaceous arc units occur in the anga tholeiitic and calc-alkaline
mafic to felsic chemical compositions (lturraldea€nt et al., 2006; Proenza et al.,
2006). The Purial volcanic complex, located to sbath and tectonically below the
Moa-Baracoa ophiolitic massif (Cobiella et al., 498Viillan, 1996; Fig 1b),
contains rocks with tholeiitic and calc-alkalingrsatures metamorphosed to high
pressure/low temperature (Boiteau et al., 1972;i€llabet al., 1977; Somin and
Millan, 1981; Millan et al., 1985), suggesting subtion erosion processes in the
region. From the stratighraphic point of view tlge af the arc was estimated from
early (Aptian-Albian) to late (Campanian) Cretace@turralde-Vinent et al., 2006),
while the age of high-pressure metamorphism istafeetaceous (Garcia-Casco et
al., 2006, 2008b and references therein).

The Mayari-Baracoa ophiolitic belt is formed by twassifs, the Mayari-Cristal to
the west and the Moa-Baracoa to the east (Fig.ILib)cludes volcanic, cumulate
gabbroic and highly depleted ultramafic rocks wstipra-subduction geochemical
signatures (Proenza et al., 2006; Marchesi et2@D7) that formed at a back-arc
spreading centre (Marchesi et al.,, 2006). The mifféc rocks are highly
serpentinized by seawater alteration during theuoicestage (Proenza et al. 2003).
Thrusting of the ohiolitic bodies over the volcamic units occurred in the Late
Campanian-Maastrichtian (Iturralde-Vinent et aD0®&). This collision process is
marked by the age of syn-tectonic sediments (Lat®iand Micara Formations)
deposited during the emplacement of the ophioldestop of the Cretaceous
volcanic arc.

Serpentinite-matrix mélanges containing subduct@ated metamorphic blocks (La
Corea and Sierra del Convento mélanges) appedreabdttom of the ophiolite
sheets. The La Corea mélange is related to the fi4@ymstal ophiolite massif and is
tectonically located between the latter (top) ahd Cretaceous Santo Domingo
volcanic arc formation (bottom). The mélange repns a section of the Caribbean
Cretaceous subduction channel which experiencehparelting in the subducted
slab (Blanco-Quintero et al., 2010a). Exotic bloc&k various origins and
compositions (garnet-amphibolite, blueschist an@egschist) occur within a
serpentinite-matrix. Foliated fine to medium grairepidotetgarnet amphibolite is
the predominant rock type within the mélange (Ri@). Geochemical data indicate
N-MORB signature of the amphibolites (Blanco-Quinteet al., 2010a). The
serpentinitic matrix of the mélange is mainly corsgw of antigorite (94 %) formed
after hydration of the mantle wedge by fluids rek=h from the slab (Blanco-
Quintero et al., 2010b). Blocks of serpentinite rbvea antigorite-lizardite and
clinopyroxene (relictic and deformed) representsahy rocks incorporated from the
incoming plate into the subduction channel at sialiepths (Blanco-Quintero et
al., 2010b).
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Dikes and veins of intermediate to acid (tonalitmadhjemitic-granitic)
composition occur intimately associated with thephiolites showing concordant
to crosscutting relationships relative to the naiation of the amphibolites (Fig.
2a-d). The leucocratic rocks can be separated mmgwups: 1) Medium grained
tonalitic-trondhjemitic rocks, bearing the primarymagmatic) assemblage
PI+Qtz+Ep+MstAmp and overprinted by retrograde Gid+Czo+AbxLws, and 2)
Granitic rocks, commonly pegmatitic, composed bygmatic PI+Qtz+Ms crosscut
by quartz-veins.

200 um

Figure 2. Field relations and textures of studiemtks. a) Trondhjemite veins parallel to foliation
crosscutting garnet amphibolite. b) Trondhjemitekedicrosscutting amphibolite. c¢) Different
generations of trondhjemite dikes crosscutting atnghie. d) Sheared trondhjemite and amphibolite.
e) Microphotograph showing trondhjemite with magmatimphibole, quartz and muscovite, and
retrograde fine-grained epidote and albite formdteaplagioclase, f) Trondhjemite with magmatic
quartz and retrograde muscovite and chlorite.
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Geochronologic data from the La Corea mélange eaece and imprecise. Somin
and Millan (1981) reported K-Ar ages of 104+12 aBidt7 Ma on blocks of

metacherty material and Adamovich and Chejovict64)%nd Somin and Millan

(1981) reported K-Ar ages on pegmatites of 125+ Ah9+10 Ma, and an age of
unknown rock type of 964 Ma. These ages were pné¢ed as the age of
metamorphism.

ANALYTICAL TECHNIQUES

Microprobe analyses

Mineral compositions (Tables 1-5) were obtained®S with a CAMECA SX-
100 microprobe (University of Granada) operatedskV and 15 nA. Amphibole
compositions were normalized following the proceduof Leake et al. (1997), and
Fe’* was estimated after the method of Schumacherdaké et al., 1997). Epidote,
lawsonite and feldspar were normalized to 12.5n@ & oxygens, respectively, and
Feow=F€'. White mica and chlorite were normalized to 22 28 oxygen,
respectively, and kg = F&*. Mineral and end member abbreviations are after
Kretz (1983), except for amphibole (Amp). The atorooncentration of elements
per formula units is abbreviated apfu. The Mg-numbé& minerals (Mg#) is
expressed as Mg/(Mg+F%. Software CSpace (Torres-Roldan et al., 2000) wsas!
to calculate ternary phase diagrams.

Elemental X-ray images were obtained with the sa@®&MECA SX-100
microprobe of Granada University operated at 20 k50 nA beam current, with
step (pixel) size of 4-5 um and counting time ofi3§. The images were processed
with Imager software (Torres-Roldan and Garcia-Gasgublished) and consist of
the X-ray signals of K lines of the elements (colour coded; expressecbimts)
and corrected for 3.5 us deadtime. The X-ray speaitthese images were clipped
to show the mineral of interest and set on top dflack and white “Z” image
calculated by the sum of the products of the cdnAts by atomic number (Si, Ti,
Al, Fe, Mn, Mg, Ca, Na, Ba, K, P, F and CI) to shth& basic textural relations of
the scanned areas.

Major and trace element analysis

Major and trace elements were carried out at thatrG@ede Instrumentacion
Cientifica (CIC) of the University of Granada. Maglements and Zr compositions
were determined in a PHILIPS Magix Pro (PW-2440j)aX-fluorescence (XRF)
equipment using a glass beads, made of 0.6 g ofi@®d sample diluted in 6 g of
Li,B4O,. Trace elements, except Zr, were determined byNtSPafter HNQ + HF
digestion of 100 mg of sample powder in a Teflored vessel at ~180°C and ~200
p.s.i. for 30 min, evaporation to dryness, and egbent dissolution in 100 ml of 4
vol % HNGO;. All major (wt %) and trace (ppm) elements anayaie shown in
Table 6. The major element analyses were recasallst an anhydrous 100 wt %
basis, and these new results are used in thendXigures.

SHRIMP analytical procedure and cathodoluminescencaemaging

Zircons were obtained from fresh samples (~ 5 kgt were processed in the
Instittt fir Geowissenschaften at Mainz Universitiie samples were crushed and
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zircons were separated after using the Franz magseparator and heavy liquid
separation techniques.

Cathodoluminescence (CL) images of the dated zircemre obtained prior to
SHRIMP analysis to distinguish between differemt@n domains. Reconnaissance
CL imaging of zircon crystals was undertaken in @enter for Microscopy and
Microanalyis at the University of Western AustraliBerth, on a JEOL 6400
scanning electron microscope (SEM), operating ét\ Bccelerating voltage and 5
nA beam current.

The U-Pb ion microprobe data for the analyzed sesplere obtained on the
SHRIMP Il (B), of the John de Laeter Center of M&sectrometry at Curtin
University, Australia (De Laeter and Kennedy 1998lear euhedral zircons some
100 to 250 um in length were handpicked and mouimtegoxy resin together with
chips of the Perth zircon standard CZ3. For dateea®mn, six scans through the
critical mass range were made, and counting tinresndividual masses at both
instruments weré*Zr,0 = 2s,2°Pb = 10s, background = 138%Pb = 20s?’Pb =
30s, ?Pb = 105,21 = 10s,%**ThO = 5s and™UO = 2s. Further details on
technique can be found in Compston et al. (199@xnS1997), Nelson (1997) and
Williams (1998).

Precise dating of young zircons by ion-microproBebest achieved by using
2%ppf8y-ages because they are more precise tid@bF*U-ages due to the
extreme depletion of*U compared to 238U. AlsG’’Pbf*Pb-ages are quite
imprecise because the concordia curve is nearBllphto a line through the origin
(also see Black et al. 2003, for more explanatidie reduced”Pb/*®U ratios
were normalized to CZ3*PPbA%U = 0.09432, age: 564 Ma). Primary beam
intensity was about 2.8 nA and a Kohler aperturd@ pm diameter was used,
giving a slightly elliptical spot size of about 25n. Peak resolution was between
5100 and 5500, enabling clear separation of théBq&ak from the nearby HfO
peak. Sensitivity was about 26 cps/ppm/nA Pb onstlh@dard CZ3. Analyses of
samples and standards were alternated to allowssmsat of Pb+/U+
discrimination. Raw data reduction followed the hwet of Nelson (1997).
Common-Pb corrections were applied usingdfieb-correction method. Errors on
individual analyses are given at the 1-sigma lemetl are based on counting
statistics and include the uncertainty in the séaddJ/Pb age (Nelson 1997). Errors
for pooled analyses are at the 2-sigma or 95% deniie interval. The data are
graphically presented on conventional concordissfBig. 9) and Table 7.

40Ar/39Ar analytical procedure

Three hand-picked white mica separates (grain fsarion 355 to 250 pm) were
analyzed using th&Ar/**Ar dating technique. The separates wrapped in adpjle

were loaded in wells in aluminium discs and irréetiain the cadmium shielded port
(CLICIT) at the Oregon State University TRIGA (OSJTRactor and analyzed at
the Berkeley Geochronology Center. Values of Jéasure of fast neutron fluence)
were determined from single-crystal laser fusiomlgses of co-irradiated Fish
Canyon sanidines (n = 10) based on an age of 28afor the sanidine (Renne et
al. 1998). Corrections for interfering nucleogeisistopes of Ar from Ca, K and ClI
were made using the values given by Renne et GD5(22008) for the OSTR
CLICIT. The separates were baked out at ca. 20@ofGbout 15 hours prior to
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analysis and heated incrementally with a,d&ser with an integrator lens by 16
temperature steps. After removing reactive comptnas HO or CQ by Zr-Al
getters, the purified gas was analyzed using a Mas$yser Products 215-50 mass
spectrometer, configured for a mass resolution 5. Mass discrimination was
determined from repeated analyses of air Ar usimgo-line pipette, yielding a
mean value of 1.0075 £ 0.0019/atomic mass unit (b6¥ during the measuring
period. Mass discrimination was determined usingower-law relationship (e.g.,
Renne et al. 2009) with reference to atmosph®Ac/*°Ar = 295.5 (Steiger and
Jager 1977). A more recent determination of atmespH’Ar/*°Ar by Lee et al.
(2006) is considered more accurate, but was nat usthis study because (i) it has
not yet been formally adopted by the geochronologymunity and (ii) the effects
are negligible in the present cases because thexteffof changes in mass
discrimination and air correction are almost ehtigancelled (Renne et al. 2009).
Blank corrections were applied as described by (sleral. (1996). The decay
constants and isotopic ratios used are those divelsteiger and Jager (1977).
Uncertainties for ages are given at theldvel and include errors arising from Ar
isotope abundances and corrections for blankspaative decay and interfering
nuclear reactions but do not include error$% decay constants, the age of the
standard, or isotopic abundances of K. The datarasented in Table 8 and Fig. 10.

PETROGRAPHY AND MINERALOGY

Petrography

The studied samples are trondhjemitic in compasitiemposed by medium-grained
plagioclase and quartz with magmatic textures (B. f). These minerals make
more than 75% of the modal mineralogy of the sample general, they are not
deformed, though sample LCG-2 has a strong fohatiSubordinate epidote,
muscovite and amphibole are present (Fig. 2e, patide, titanite and rutile are
present in small amounts. Magmatic (clino)zoisite idiomorphic with faint
zonation. Magmatic muscovite crystals reach sizesave than 1 mm (Fig. 2e).

Retrograde overprints on plagioclase consist of hipations of
epidote/(clino)zoisite, lawsonite, albite, K-felégsp and phengite (Fig. 2f). Small
retrograde crystals of (clino)zoisite and phengitica are dispersed in the matrix,
associated with retrograde albite. Chlorite repaeenphibole, being colourless
(high Mg contents, see below). Titanite replaceierfiorming discrete rims around
the latter.

Mineral Chemistry

Amphibole

Amphiboles are calcic in composition, with (Na+K)Anging between 0.04-0.44
apfu, typical of actinolite-magnesiohornblendee(Fig. 4a). Magnesiohornblende
compositions typically occur in the relictic magmatores of the crystals. As would

Figure 3. X-ray images showing textures and mineoahposition of La Corea trondhjemites. a) Si and
b) Al in amphibole showing from core to rim retrogeazoning. c) Al and d) Ca in plagioclase and
epidote group minerals showing the very low cont&fta in the plagioclase (purple) and the
intimately relations between these phases. e€) Mgfa&i in phengite showing zoning in celadonite
component. Color code scale bar represent counts.
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be expected Ti shows negative correlation with v@ijle Mg# shows positive
correlation (Fig. 4). The composition of magmaticagnesiohornblende is
characterized by Si and Mg# down to 6.63 apfu aB6,0espectively, while NaA,
Al, and Ti reach up to 0.31, 2.35 and 0.07 apfigpeetively (Table 1). The
actinolitic compositions reach Si and Mg# up to37apfu and 0.77, respectively,
while Al reach down to 0.29 apfu.

Epidote

(Clino)Zoisite is the most common mineral, composeth very low pistacite
contents (Xps = Fe3+/[(Al+Fe3+)] ranging from 0.210.06 (Table 2) with some
samples with values above 0.12. (Clino)Zoisite agris faint, and no characteristic
zoning was detected.

Feldspar

The major proportion of plagioclase is albitic, {Xa 0.86), with most analyses
reaching Xab > 0.99 (Table 3) as a result of regsgjon of magmatic plagioclase.
In sample LCG-12, relicts of magmatic plagioclasihim albite-(clino)zoisite-
phengite replacements show high calcium contents (X 0.46).

The chemical composition of fine-grained dissenmddacrystals of K-feldspar
overprinting plagioclase corresponds to orthockse> 0.99 (Table 3).

White mica

Potassic white mica, termed here phengite, is mutgcphengite in composition,

with Si ranging 6.24-6.99 apfu (Table 4). The tatiecnagmatic cores have higher Ti
(up to 0.07 apfu) and Na (up to 0.49 apfu) conterdicating high temperature and
pressure during crystallization (Fig. 3e, f, Fi§. Ba-contents are low, but locally
the cores show enrichments (max. 0.06 apfu). Teendal variations are the result
of the tschermak (Mg,Fe)SIAIY'Al) ;; and celsian (BaAl)(SiK) exchange vectors

(cf. Blanco-Quintero et al., 2010c).

1.0 0.2
(a) (b)

tremolite magnesichornblende tschermakite

081 refrograge trends

g Q@ o5 L,

0.6
actinolite

0.4 T T

8.0 75 7.0 6.5 6.5 6.0
Si apfu

Figure 4. Composition of calcic amphibole with indioa of retrograde trends. a) Si versus Mg#. b) Ti
versus Si. Classification scheme from Leake efl@bY).
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Other minerals

Chlorite is magnesian (Mg# = 0.62-0.76), with Sdahl ranging 5.50-6.11 and
4.60-5.11 apfu; respectively (Table 5). Lawsongeaimost pure and does not
display chemical variation (Table 2).

P-T PATHS

Two different methods were used to determine P4iditions, namely the average
P-T method (for samples LCG-1, LCG-6 and LCG-12)l am isochemical P-T
projection for a representative bulk rock compositi(sample LCG-3) using
software THERMOCALC, version 3.31 and dataset 58lland and Powell, 1998.
The average P-T method was used on the princips¢nddages for peak
crystallization and retrograde conditions durindn@xation. The peak assemblage
used was Amp+Ep+PI+Ms+Qtz. For retrograde condititie assemblage used was

Table 1: Representative analyses of amphibole (abized to 22 O and 2 OH).

Mineral Amp Amp Amp Amp Amp Amp Amp Amp
Type Mhb Mhb Mhb Mhb Tr Tr Tr Tr
SiO,  45.92 47.41 48.65 46.54 55.43 53.86 52.89 53.71
TiO, 0.64 0.37 0.29 0.32 0.05 0.13 0.17 0.05
Al,0;  13.79 10.76 9.63 12.49 1.72 3.67 453 3.50
Cr,0; 0.03 0.01 0.03 0.00 0.01 0.01 0.03 0.00
FeQ, 11.58 11.51 11.20 12.17 10.49 10.56 11.94 11.04
MnO 0.16 0.19 0.16 0.25 0.16 0.19 0.18 0.15
MgO  11.98 13.18 13.87 12.23 17.42 16.36 15.04 16.43
CaO 10.45 11.45 11.56 10.71 12.35 11.99 11.47 11.83
Na,O 2.33 191 1.58 214 0.40 0.77 1.03 0.78
K20 0.66 0.34 0.41 0.28 0.05 0.09 0.10 0.08
Sum  97.74 97.38 97.58 97.41 98.28 97.79 97.57 97.78
Si 6.63 6.88 7.01 6.74 7.83 7.66 7.58 7.64
Ti 0.07 0.04 0.03 0.03 0.01 0.01 0.02 0.01
Al 2.35 1.84 1.64 2.13 0.29 0.61 0.77 0.59
Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Fe'* 0.16 0.10 0.12 0.20 0.09 0.11 0.12 0.17
Fe 1.24 1.30 1.23 1.27 1.15 1.15 131 1.14
Mn 0.02 0.02 0.02 0.03 0.02 0.02 0.02 0.02
Mg 2.58 2.85 2.98 2.64 3.67 3.47 3.21 3.48
Ca 1.62 1.78 1.79 1.66 1.87 1.83 1.76 1.80
Na 0.65 0.54 0.44 0.60 0.11 0.21 0.29 0.22
K 0.12 0.06 0.08 0.05 0.01 0.02 0.02 0.01
#Mg 0.68 0.69 0.71 0.68 0.76 0.75 0.71 0.75
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Table 2: Representative analyses of (clino)zoisited lawsonite
(normalized to 12 O and 1 OH, and 8 O, respectjvely

Mineral (C)Zo (C)zo (C)zo (C)2o Lws Lws
SiO, 39.35 39.42 37.10 39.27 38.89 38.59
TiO, 0.03 0.05 0.48 0.08 0.03 0.04
Al,O; 32.22 32.54 29.49 31.83 31.81 31.19
FeQq 1.46 0.92 5.71 1.70 0.25 0.65
MnO 0.08 0.02 0.07 0.00 0.00 0.04
MgO 0.04 0.03 0.07 0.03 0.03 0.52
CaO 24.51 24.49 22.34 23.91 16.56 17.45
Na,O 0.01 0.01 0.03 0.02 0.01 0.03
K0 0.02 0.03 0.04 0.02 0.01 0.01
Sum 97.85 97.59 95.52 96.99 87.60 88.53
Si 3.00 3.01 2.93 3.02 2.05 2.02
Ti 0.00 0.00 0.03 0.00 0.00 0.00
Al 2.89 2.92 2.74 2.88 1.97 1.93
Cr 0.00 0.00 0.00 0.00 0.00 0.00
Fe* 0.09 0.06 0.38 0.11 0.01 0.03
Mn 0.01 0.00 0.00 0.00 0.00 0.00
Mg 0.00 0.00 0.01 0.00 0.00 0.04
Ca 2.00 2.00 1.89 1.97 0.93 0.98
Na 0.00 0.00 0.00 0.00 0.00 0.00
K 0.00 0.00 0.00 0.00 0.00 0.00
Xpist 0.03 0.02 0.12 0.04

actinolitic  Amp+Cz+Ab+Ms+Chl+Qtz. An pD-fluid was included in both
assemblages. The activities and activity uncertgraf each end-member included
in the calculations were obtained with the softwa (Holland and Powell,
unpublished). The results, including correlatiossgyfit values, and uncertainty
ellipses, are given below and in Fig. 6a and waleutated following Powell and
Holland (1994).

The calculated peak conditions are 626+90 °C, 1H6kbar (corr 0.98, sigfit 0.83),
617194 °C, 13.4+3.4 kbar (corr 0.90, sigfit 1.56j5+89 °C, 15.6+3.4 kbar (0.74,
0.71), in samples LCG-1, LCG-6 and LCG-12, respetyi The calculated

retrograde conditions are 314+49 °C, 6.1+1.4 kBa8(Q, 0.98), 255+21 °C, 5.8+0.8
(0.61, 0.62) and 257421 °C, 5.9+0.8 kbar (0.610)i6 samples LCG-1, LCG-6 and
LCG-12, respectively. The P-T calculations are kimin all rocks and indicate
counterclockwise P-T paths, consistent with the Ppaths of associated
amphibolites (Blanco-Quintero et al., 2010a).

The isochemical P-T projection (pseudosectionsfonple LCG-3 was calculated in
the KNCFMSH system. A fluid phase, assumed to lre pbO, is considered to be
in excess. The solution models used for silicatdt, npagioclase, white mica,
amphibole, pyroxene and chlorite are from Whitale{(2007), Holland and Powell
(2003), Coggon and Holland (2002), Diener et ad0@, Green et al. (2007) and
Holland et al. (1998), respectively. The resultshef calculations (Fig. 6b) are used
as a proxy of processes occurring during and afigt crystallization. The results
are consistent with observed mineral assemblagée. fdredicted stability of
hornblende+epidote is consistent with a counteclalase P-T path during
exhumation.

Figure 6. a) P-T diagrams showing conditions caltethwith THERMOCALC. The grid of reactions
in the simple NASH system is from Spear(1993). dohkmical P-T projection for sample LCG-3.
Mineral abbreviations are hb (hornblende), jd (j@tég lig (melt), pl (plagioclase), cz (clinozowsjt
mu (muscovite), chl (chlorite), g (quartz).
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Table 3 Representative analyses of plagioclase kafieldspar (normalized to 8

0).

Mineral PI PI PI PI PI Kfs Kfs
Sio; 66.65 68.32 56.23 68.24 68.85 63.57 64.68
TiO, 0.00 0.00 0.05 0.00 0.00 0.00 0.01
Al,O; 20.89 19.45 24.35 19.36 19.25 18.22 19.06
FeQo 0.04 0.03 0.83 0.52 0.02 0.57 0.11
MnO 0.00 0.00 0.00 0.04 0.00 0.02 0.01
MgO 0.00 0.00 0.02 0.02 0.00 0.39 0.00
CaO 1.60 0.26 10.10 0.35 0.31 0.01 0.01
BaO 0.04 0.00 0.00 0.00 0.00 0.00 0.26
NaO 10.92 11.77 6.63 10.87 1151 0.03 0.06
K20 0.04 0.04 0.18 0.61 0.04 16.50 16.29
Sum 100.28 99.98 98.51 100.09 100.12 99.42 100.63
Si 2.92 2.99 2.59 2.99 3.00 2.97 2.98
Ti 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Al 1.08 1.00 1.32 1.00 0.99 1.00 1.03
Fe* 0.00 0.00 0.03 0.02 0.00 0.02 0.00
Mn 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Mg 0.00 0.00 0.00 0.00 0.00 0.03 0.00
Ca 0.08 0.01 0.50 0.02 0.01 0.00 0.00
Ba 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Na 0.93 1.00 0.59 0.92 0.97 0.00 0.01
K 0.00 0.00 0.01 0.03 0.00 0.98 0.96
Ab 0.93 0.99 0.54 0.98 0.99
An 0.07 0.01 0.46 0.02 0.01
Or 1.00 0.99

WHOLE-ROCK GEOCHEMISTRY

The trondhjemitic rocks exhibit a range of Si€dntents from 58.82 to 75.66 wt %
corresponding to andesite and rhyolite compositigitkin the subalkaline field in
the TAS diagram (Fig. 7a, Table 6). The high-sibeanples have low AD; (14.17

wt %), CaO (4.29 wt %) and Na (3.3 wt %). These chemical characteristics
correspond to high proportion of quartz and lowgalase. Similarly, the low-
silica samples are rich in CaO (7.42 wt %) in agreet with the larger abundance
of epidote. The low KO (0.22 — 0.63 wt %) contents correspond to thiideii
composition (Fig. 7b). The FeO and MgO contents lave, and the Mg # is
relatively homogenous, ranging from 0.42 to 0.45.

Based on the O’Connor (1965) diagram, the studieddcratic rocks are classified
as tonalitic (Fig. 7c¢). However, the rocks are tmuatic, being of tonalitic
composition due to the abundance of epidote. Herréason, they are characterized
as trondhjemitic. They are slightly peraluminousy(Fd), in agreement with the
presence of magmatic muscovite.

The chondrite-normalized REE patterns (Fig. 8a,ld&) are characterized by a
negative slope, with depletion in HREE elements amgtichment in LREE
[(La/Yb)N = 9.12-17-02] and positive Eu anomali€{Eu* = 1.26-1.74). These
chemical characteristics indicate that garnet wastadble phase during partial
melting of the source, preventing HREE fractionaiiato the melt. The positive Eu

Figure 7. Composition of studied samples in th&a$ classification of volcanic rocks from Le Maitre
et al. (1989), b) K20 vs. SiO2 diagram (Peccerdlad Taylor, 1976), c) molecular normative (CIPW)

diagram (O”Connor, 1965), with fields after Barke®{B), d) ACF phase diagrams showing magmatic
assemblages and whole rock composition (WR); endeersnof solid solutions on interest are

indicated by empty circles joined by dashed lindse leucocratic rocks from Sierra del Convento
mélange (Lazaro and Garcia-Casco, 2008) are pldidedomparison (grey fields).
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Table 4: Representative analyses of muscovite (@lired to 22 O and 4

OH)
SiG, 47.25 48.11 48.31 47.67 46.31 51.83
TiO, 0.40 0.40 0.15 0.23 0.49 0.14
Al,O; 31.85 31.69 30.23 30.43 33.21 26.08
FeQo 1.57 1.61 1.43 1.79 0.95 1.49
MnO 0.03 0.01 0.00 0.02 0.00 0.01
MgO 2.22 2.30 2.45 2.44 1.48 3.75
NiO 0.05 0.05 0.00 0.02 0.00 0.00
CaO 0.03 0.05 0.01 0.00 0.02 0.00
BaO 0.85 0.67 0.87 0.75 0.82 0.57
Na,O 0.98 0.81 0.95 0.98 1.85 0.87
K:0 9.47 9.47 9.59 9.58 8.45 9.50
Sum 94.84 95.24 94.17 94.04 93.65 94.38
Si 6.36 6.42 6.54 6.47 6.27 6.96
Ti 0.04 0.04 0.02 0.02 0.05 0.01
Al 5.05 4.98 4.82 4.87 5.30 412
Fe* 0.18 0.18 0.16 0.20 0.11 0.17
Mn 0.00 0.00 0.00 0.00 0.00 0.00
Mg 0.45 0.46 0.49 0.49 0.30 0.75
Ni 0.02 0.02 0.00 0.01 0.00 0.00
Ca 0.00 0.01 0.00 0.00 0.00 0.00
Ba 0.04 0.04 0.05 0.04 0.04 0.03
Na 0.26 0.21 0.25 0.26 0.49 0.23
K 1.63 1.61 1.66 1.66 1.46 1.63
Mg# 0.72 0.72 0.75 0.71 0.74 0.82
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anomalies suggest that a significant relative armofirplagioclase participated in
the partial melting process.

Trace element patterns normalized to N-MORB ardlaimwith negative slopes,
and enrichment in LILE and depletion in HFSE corsplato N-MORB (Fig. 8b).
Strong positive anomalies in Ba, Pb and Sr aresdmigle. Zr also shows a positive
anomaly in line with the presence of abundant mroo the samples. The strong
enrichment in Ba (up to 70 times N-MORB values) rbaythe result of the flux of
Ba-rich fluids evolved from the subducting crustidg partial melting (Blanco-
Quintero et al. 2010c).

GEOCHRONOLOGY

SHRIMP zircon age

The zircons of trondhjemite sample LCG-1 are cléamg-prismatic and display
well developed oscillatory magmatic zoning undghodo-luminenscence (Fig. 9a)
with no older cores. Six grains were analyzed ofiRBAP I, and the concordant
data are well grouped, providing a precise m@&b/**U age of 109.7 + 1.7 Ma
(Fig. 9a, Table 7). Zircons of sample LCG-3 (Fity),%re clear, mostly euhedral
and long-prismatic with oscillatory magmatic zoningive grains provided
consistent and concordant results with a precisenféPb/*®U age of 104.6 + 1.0
Ma (Fig. 9b, Table 7). The zircons of trondhjensitanple LCG-6 (Fig. 9¢) define a
homogeneous population of mostly clear and stubbging with developed
oscillatory zoning. Five grains were analyzed aravigled concordant data points
with a precise mearf®Pb/®U age of 109.2 + 0.9 Ma (Fig. 9c, Table 7).
Trondhjemite sample LCG-12 also contains a poputatf clear, long-prismatic
and idiomorphic zircons of magmatic origin (Fig.)9#&ive grains were analyzed
and provided identical and concorddfPb/*U ratios with a mean age of 109.4 +
1.5 Ma (Fig. 9d, Table 7). We interpret all agegefhkecting the time of magmatic
crystallization at ca. 15 kbar.

100 1000 3
(a) ] (b)
1005\
o ]
2 Q10
c E ) !
S = y A A
K&} £ ] r \ /N /7
CEER ! 1 y
S o '3 gt ¥
o 1 x| O ]
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Sierra del Convento 0.1 4 i
] Trondhjemites
1 Sierra del Convento
I o

LaCePrNdPmSmEuGd TbDy HoErTmYbLu CsRbBaThUNbLaCePbPrSrNdZr SmEuGd Tb Dy Y Ho Er Yb Lu

Figure 8. a) Chondrite (C1, McDonough and Sun, 198&)malized REE patterns and b) N-MORB
(Sun and McDonough, 1989) normalized spider diagrdmne leucocratic rocks from Sierra del
Convento mélange (Lazaro and Garcia-Casco, 2008pkitted for comparison (grey fields).
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Table 4: Representative analyses of muscovite (@lired to 22 O and 4

OH)
Sio, 47.25 48.11 48.31 47.67 46.31 51.83
TiO; 0.40 0.40 0.15 0.23 0.49 0.14
Al,0; 31.85 31.69 30.23 30.43 33.21 26.08
FeQut 1.57 1.61 1.43 1.79 0.95 1.49
MnO 0.03 0.01 0.00 0.02 0.00 0.01
MgO 2.22 2.30 2.45 2.44 1.48 3.75
NiO 0.05 0.05 0.00 0.02 0.00 0.00
CaOoO 0.03 0.05 0.01 0.00 0.02 0.00
BaO 0.85 0.67 0.87 0.75 0.82 0.57
Na,0 0.98 0.81 0.95 0.98 1.85 0.87
KO 9.47 9.47 9.59 9.58 8.45 9.50
Sum 94.84 95.24 94.17 94.04 93.65 94.38
Si 6.36 6.42 6.54 6.47 6.27 6.96
Ti 0.04 0.04 0.02 0.02 0.05 0.01
Al 5.05 4.98 4.82 4.87 5.30 4,12
Fe* 0.18 0.18 0.16 0.20 0.11 0.17
Mn 0.00 0.00 0.00 0.00 0.00 0.00
Mg 0.45 0.46 0.49 0.49 0.30 0.75
Ni 0.02 0.02 0.00 0.01 0.00 0.00
Ca 0.00 0.01 0.00 0.00 0.00 0.00
Ba 0.04 0.04 0.05 0.04 0.04 0.03
Na 0.26 0.21 0.25 0.26 0.49 0.23
K 1.63 1.61 1.66 1.66 1.46 1.63
Mg# 0.72 0.72 0.75 0.71 0.74 0.82
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Figure 9. Concordia diagrams showing SHRIMP analysfesrcons from La Corea mélange: a) LCG-
1, b) LCG-3, c) LCG-6, d) LCG-12. Data boxes for eaohlysis are defined by standard errors in
W7pp 3y, 2°%Pp38Y and 2PbP%%Ph. Inset images correspond to cathodoluminescé@te images
of zircon grains from each trondhjemite sample.
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Table 5: Representative analyses of chlorite (ndized to 20 O and 16
OH)

SiO,  29.30 28.25 27.49 29.17
AlLO;  19.96 21.10 21.29 19.49
FeQx 19.26 19.34 16.48 13.66

MnO 0.19 0.21 0.13 0.14
MgO  18.17 18.05 20.68 23.70
NiO 0.00 0.00 0.01 0.00
CaO 0.10 0.05 0.02 0.11
Na,O 0.02 0.18 0.00 0.01
K0 0.14 0.04 0.03 0.02
Sum 87.20 87.33 86.32 86.50
Si 5.97 5.76 5.60 5.84
Al 4.79 5.07 511 4.60
Fe* 3.28 3.30 2.81 2.29
Mn 0.03 0.04 0.02 0.02
Mg 5.52 5.49 6.28 7.07
Ni 0.00 0.00 0.01 0.00
Ca 0.02 0.01 0.00 0.02
Na 0.01 0.07 0.00 0.00
K 0.04 0.01 0.01 0.01
Mg# 0.63 0.62 0.69 0.76

Ar/Ar phengite dating

The summary of th&’Ar/**Ar age and isochron calculation results are preskint
Table 8. A forced plateau of LCG-1 comprising loand medium-temperature Ar
degassing (steps B to |, Figure 10a; Table 8) yaeldhge of 86.2 + 0.2 Ma. In this
case, “forced” means that the plateau does not deenp> 50% of the totally
degassed 39Ar as required on the basis of theapladefinition by Fleck et al.
(1977), but only ca. 46%. This discrepancy is ofyaubordinate relevance and
considered to be insignificant for the geologicédcdssion. The isochron age
calculated from the forced plateau degassing $&86.1 + 0.4 Ma and identical to
the forced plateau age within 1sigma analyticadrstrThe'°Ar/*°Ar intercept of 301

+ 8 is atmospheric and indicates that there isxoess Ar. In contrast, isochron and
inverse isochron calculation using the high-temppeeaAr degassing steps J to P
yields sub-atmospheriAr/*°Ar intercepts of 20 + 80 and 100 + 80, respectively
(not shown in Table 8). Although the correspondsarhron calculation does not
provide statistically meaningful ages, tff\r/*°Ar intercepts substantially lower
than atmospheric most likely indicate disturbanoéghe K-Ar isotopic system
related to the high-temperature degassing steps.

Age spectra of micas from samples LCG-2, LCG-3disturbed and show more or

less developed saddle-shaped or stair case-tymérapeespectively. Isochron age
calculations yield no statistically significant véis (Table 8). The integrated ages of
86.3 £ 0.2 and 83.1 £ 0.2 (Figure 10b and c, raspsyg), to a certain extent show

some consistency in so far as a) they form a velgtismall age range of < ca. 4 Ma
and b) this age range overlaps with the forceceplabge of sample LCG-1. Despite
the disturbed age spectra, this consistency coubdlyigeological significance.
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Table 6 Major(wt%) and trace (ppm) element compasitof rocks.

Sample LCG-1 LCG-2 LCG-3 LCG-6 LCG-12
SiO,  57.99 64.19 57.05 71.70 74.77
TiO, 0.65 0.72 0.71 0.50 0.42
Al,0; 2218 18.60 21.51 14.52 14.00
FeQux 1.76 2.05 2.52 1.36 111
MnO 0.02 0.02 0.03 0.02 0.02
MgO 134 141 2.16 0.92 0.70
CaO 7.35 6.16 7.20 4.13 4.24
Na,O 551 4.65 5.61 4.52 3.28
K20 0.61 0.42 0.21 0.44 0.44
P2Os 0.13 0.18 0.22 0.06 0.05
LOI 1.43 1.83 1.89 0.93 0.94
Total  99.05 100.33 99.14 99.13 99.86
Rb 12.20 8.20 3.49 9.65 7.79
Cs 0.29 0.37 1.45 0.16 0.16
Be 0.88 0.81 0.62 0.84 0.50
Sr 708.99 429.24 458.59 308.67 487.07
Ba 335.96 173.46 101.98 348.68 371.27
Sc 3.89 4.27 6.99 2.88 1.72
\% 33.27 45.42 62.23 31.17 19.72
Cr 17.04 30.76 32.71 46.37 40.18
Co 19.47 33.99 30.39 36.74 37.39
Ni 351 4.69 12.14 3.92 20.97
Y 4.73 4.79 5.69 3.29 4.03
Nb 1.37 2.27 3.03 1.66 1.19
Zr 634.70 238.90 261.40 193.10 233.80
Hf 0.14 0.12 0.12 0.12 0.02
Pb 5.98 2.02 2.03 6.99 3.97
U 0.18 0.18 0.18 0.26 0.21
Th 0.33 0.31 0.77 0.29 0.72
La 4.48 4.73 8.87 2.58 5.95
Ce 8.97 10.35 16.11 4.33 9.48
Pr 1.32 1.57 2.20 0.76 1.34
Nd 5.97 7.37 9.39 3.93 591
Sm 1.48 1.95 2.20 117 1.23
Eu 0.78 0.76 0.85 0.49 0.51
Gd 1.28 1.73 1.90 1.05 1.05
Tb 0.18 0.23 0.28 0.14 0.16
Dy 0.90 1.08 1.30 0.70 0.84
Ho 0.17 0.19 0.22 0.11 0.15
Er 0.41 0.41 0.50 0.26 0.33
Tm 0.06 0.05 0.06 0.04 0.04
Yb 0.32 0.29 0.35 0.19 0.25
Lu 0.04 0.04 0.04 0.03 0.04

DISCUSSION

Petrogenesis of leucocratic rocks

Lazaro and Garcia-Casco (2008) concluded thatetheotratic rocks that occur in
the Sierra del Convento mélange (similar to thesand_a Corea mélange) formed
after partial melting of amphibolites. The leucdiwraocks in La Corea mélange
have distinct REE patterns with a negative slopk @ositive Eu anomalies (Fig. 8)
indicating an adakitic affinity. The Y and HREE djon, typical of adakites, is
explained by the presence of residual garnet in sberce, whereas the Sr

enrichment and negative Nb anomaly are thoughteodbe to the absence of

plagioclase and the presence of amphibole in thé& mesidue, therefore we
conclude that the tonalitic-trondhjemitic rocks lod Corea most likely represent
slab melts (c.f. Lazaro and Garcia-Casco, 2008. rehative low MgO (0.71-2.23
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wt %), Cr (17.04-46.37 ppm) and Ni (3.51-20.97 ppm}the trondhjemitic rocks
indicated that the melt did not interact with theamafic rocks of the mantle wedge
(or subduction channel matrix).
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Table 7. SHRIMP Il analytical data for spot an&gof single zircons from studied samples.

Sample U Th *%Pb/”Pb *%pb/Ph *"Pb/Pb *%pbPy “Pb”U_Pb/~°U age * 1
LCG1
LGC1-1 958 166 1000000 0.0580+12 0.0484+7 0.0174+3  0.1161+25 11142
LGC1-2 208 94 7501 0.1567+134 0.0497+56 0.0172+3 1176+138 110+2
LGC1-3 224 117 41533 0.1968+56 0.0494+17 0.0172+3 .1160+48 110+2
LGC1-4 186 64 959 0.1498+151 0.0520+61 0.0168+4 2@61148 107+3
LGC1-5 298 116 1132 0.1179+118 0.0455x47 0.0170+4 .1066+118 109+3
LGC1-6 391 151 3433 0.1318+58 0.0500+23 0.0172+4 1186465 110+3
LCG3
LCG3-1 185 70 5570 0.1252+254 0.0498+109 0.0164+2 113125 105+1
LCG3-2 189 86 5374 0.1539+117 0.0497+48 0.0163+2 11211 104+1
LCGS3-3 225 111 6507 0.2228+123 0.0499+50 0.0163+2 11311 104+1
LCGS3-4 204 91 15839 0.1512+76 0.0496+30 0.0164+1 1127 105+1
LCG3-5 360 105 13041 0.0932+109 0.0491+47 0.0165+2  0.112+11 105+1
LCG6
LCG6-1 128 60 2700 0.1620+198 0.0491+83 0.0171+2 11620 110+1
LCG6-2 130 57 3528 0.1355+371 0.0502+160 0.0171+3 11838 109+2
LCG6-3 149 58 3547 0.1438+152 0.0505+64 0.0171+2 11915 109+1
LCG6-4 122 34 6418 0.0881+191 0.0503+82 0.0170+2 11820 109+1
LCG6-5 131 47 6932 0.1316+164 0.0506+70 0.0171+2 11917 109+1
LCG12
LGC12-1 207 79 424820 0.0864+35 0.0488+15 0.0172+3  0.1159+43 110+2
LGC12-2 495 191 12596 0.1238+69 0.0492+29 0.0171+3 0.1158+73 109+2
LGC12-3 159 60 5000000 0.1293+45 0.0482+16 0.0172+3 0.1146+45 110+2
LGC12-4 464 206 2214 0.1598+67 0.0498+26 0.0170+4 1166171 109+3
LGC12-5 217 104 4585 0.2176+74 0.0500+27 0.0170+4 1168473 108+3
Table 8. Summary of Ar-Ar age and isochron caldéatatesults on white mica separates from studieddas.
Sample Plateau age* Integrated age Isochron age “OAr/*Ar MSWD* pr*
[Ma] £ 1sigma [Ma] £ 1sigma [Ma] £ 1sigma inter¢eplsigma
LCG-1 86.2+0.2 83.6+0.2 86.1+0.4 301+8 043 0.86
LCG-2 86.3+0.2 86.6 0.5 110 +50 55 0.00
LCG-3 83.1+0.2 87.0+0.8 100 +55 24 0.00

MSWD = Mean Square Weighted Deviate, representingeasure of the observed scatter of the points frenbest-fit line to the expected scatter
based on the assigned errors and error correlaffonsProbability of isochron calculation yieldiagstatistically meaningful age.
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Melting of amphibolites (700-750 °C, 15 kbar) andniation of trondhjemitic melt
in the La Corea and Sierra del Convento mélangasved the influx of H2O-fluids
derived from the slab (Garcia-Casco et al., 208%anco Quintero et al., 2010a).
Lazaro and Garcia-Casco (2008) inferred the infiugrimitive fluids evolved from
dehydration of subducting serpentinite during thaerniation of K-Ba-poor
trondhjemites. However, Blanco-Quintero et al. @fland Lazaro et al. (in
preparation), have identified a group of K-Ba-riotndhjemites for which the influx
of sediment derived fluid is inferred. The rocksdieéd here are relatively poor in K,
but display enrichment in Ba and other LILE. Thiggest that fluids evolved from
subducting oceanic sediments, altered basaltict @od serpentinized ultramafic
rocks mixed in variable proportions during devadizgiion of the slab at ca. 50 km
depth to yield mixed fluids of variable composititiat interacted with accreted
amphibolites at conditions above the wet basatficlss to yield trondjemitic rocks
of variable composition.

Age of onset of subduction

The zircon ages of our dated samples range betd@&rand 110 Ma. A similar
zircon age of 112.8 £ 1.1 Ma was determined foroadhjemite sample from the
Sierra del Convento and was interpreted as theatliyation age (Lazaro et al.,
2009). Furthermore, eclogites from the Rio San Jnélange of Hispaniola, which
can be correlated with the eastern Cuba melanges, & Lu-Hf age of 103.6 £ 2.7
Ma indicating formation during the early Cretaceo(érebs et al., 2008).
Thermodynamic calculations yielded counter-cloclewisajectories for HP rocks
(see Garcia-Casco et al., 2008b and Lazaro €104l9, for the Sierra del Convento
mélange and Krebs et al., 2008, for the Rio San thédange). These results enable
us to compare these three complexes from the gealgapint of view. In all cases
the counter-clockwise trajectories are interpretesl reflecting the onset of
subduction, in correspondence with numerical matgli.e., Gerya et al., 2002).

Subduction of the MOR basaltic protolith of the dmiyplites can be calculated
following the procedures by Krebs et al. (2008) aadaro et al. (2009) and the data
presented here, which indicate crystallization ljog) of the trondhjemitic melts at
ca. 50 km depth in the range 105-110 Ma. The resflicalculations, assuming a
convergence rate of 10 km/Ma yield 117 Ma, simitathe other estimations of ca.
120 Ma for Sierra del Convento (Lazaro et al., 3008 Rio San Juan (Krebs et al.,
2008). This age is considered as the time of onfetubduction of the Proto-
Caribbean lithosphere below the Pacific-deriveditbaan plate. Counter-clockwise
P-T paths and hot geothermal conditions are typmfalonset of subduction
scenarios. These ages and inferences can hardlsedmnciled with onset of
subduction of the Proto-Caribbean at ca. 85 Map@posed by Duncan and
Hargraves (1984), Burke (1988) and Kerr et al. @0@mong others.

Recently, however, Rojas-Agramonte et al. (subniitteave indicated that onset of
subduction of the Proto-Caribbean may have stastetier, at 135-140 Ma, based
on age evidence from volcanic arc rocks in Cen@aba. Reconciling both
proposals is difficult. Pindell and Kennan (2008tenadded in proof) suggested that
onset of subduction at ca. 130 Ma may have occuatedg a transform/fracture
zone rather than polarity reversal. We do not aersispontaneous subduction
feasible because the thermal evolution of the raaksducted by ca. 120 Ma in
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eastern Cuba and Dominican Republic indicates ydomwgry young oceanic Proto-
Caribbean lithosphere. Induced subduction of thetdPCaribbean along a
transform/fracture zone boundary may have occumaedl30-140 Ma if plate

convergence took place at this stage, in a sinmlay that Pindell and Kennan
(2009) suggested for their 125-120 Ma stage. Tha#igors indicated that the older,
thicker and stronger Farallon plate wound resistm@ssion while the younger and
weaker Proto-Caribbean lithosphere buckled and igated below the former.

Evidence for compression and uplift during 130-M#®is, however, scarce or non-
existent. Baumgartner et al. (2008) reported a giterr-Ar cooling age of 139 Ma

from a high-pressure block from the Siuna serpé@atimmélange, of the

Mesquito/Siuna terrane (Nicaragua), thought to becoaposite terrane with
fragments of the Caribbean arc system, and Bruec{@@09) obtained Sm-Nd
mineral isochrons of 144-126 Ma in high pressureckd within the serpentinite
melanges of Guatemala, north and south of the Metatpult, suggesting

Neocomian transpressional tectonics. Although thages can hardly relate to
subduction of the Proto-Caribbean and most probedylyesent subduction of the
Pacific (Farallon) lithosphere, they indicate teitoprocesses (uplift) that may
relate to induced (forced) onset of subduction lné tProto-Caribbean during
Neocomian times.

If the Proto-Caribbean, indeed, began subductingaat135-140 Ma, it is still
possible to explain the P-T conditions and counteckwise paths of eastern Cuba
and Rio San Juan mélanges developed ca. 20 Ma Gaecia-Casco et al. (2008a)
and Blanco-Quintero et al. (2010a) point out tha thcoming Proto-Caribbean
plate should have been very young (hot) in ordeexplain partial melting of
amphibolites at shallow depths (50 km), and thatttirermal state of the incoming
plate was different along strike, with hottest dtinds in eastern Cuba and
somewhat colder conditions in Rio San Juan. THirémce obviously explains the
hot conditions of amphibolites and eclogites framese mélanges by itself, and
therefore no need for additional constraints, aagbnset of subduction. Subduction
of an obligue mid-ocean ridge would also lead tanter-clockwise P-T paths of
young subducted MORB (amphibolites and eclogitegglise continued subduction
would involve continuously older (colder) lithospee Consequently, the
characteristic hot counter-clockwise P-T paths mphibolites and eclogites, the
partial melting of the former, and the crystallimatof trondhjemitic melts at depth,
as identified in eastern Cuba and the Rio San duglanges, can be explained by
subduction of an oblique ridge and should not leenicessary products of onset of
subduction. More geochronological work on subdurctilated metamorphic and
magmatic rocks in the Caribbean region is needesbiee the timing and tectonic
causes of onset-of-subduction of the Proto-Caribbea

Exhumation history and rates

The Ar-Ar phengite cooling ages for the leucocraticks (83-86 Ma) indicate

exhumation rates in the subduction channel of canrb/yr, assuming linear

exhumation from ca. 50 (zircon crystallization &tkbar, 700 °C, 105 Ma) to 30 km
and 350 °C for the blocking temperature of the Ksfstem in muscovite (Purdy
and Jager, 1976; Kirschner et al., 1996). This pxtion rate is very slow, but

comparable to other rates of exhumation during ecgence in subduction channels
(2-5 mm/yr, Agard et al. 2009, Guillot et al., 2009
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The Ar-Ar phengite cooling ages for the studiecctaratic rocks are similar to the
ages of growth/cooling at 465 °C and 11 kbar ofoggide calcic amphibole in
Sierra del Convento mélange (85.6 Ma in averageataet al., 2009). However,
since these P-T conditions of retrograde amphibobevth/cooling are higher than
the 350 °C (ca. 9 kbar) closure temperature of AmAphengite, it appears that the
blocks in the La Corea mélange experienced fasteling and exhumation than in
the Sierra del Convento mélange. In fact, Lazaral.g2009) calculated an average
linear exhumation rate of 0.7 mm/yr in the range7-I0 Ma (15-8 kbar).
Furthermore, Krebs et al. (2008) estimated 1.2 4@l mm/yr (depending on
assumptions) for early subducted eclogites fronRizeSan Juan mélange. Because
all these mélanges were closely spatially relateditheir blocks may have formed
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at depth simultaneously, such variations in theuaxtion rates would indicate
variations along strike in the flux rate within slulstion channels.

Near steady state upward movement of blocks prgbalbhracterize subduction

channels during the near-steady state oceanic ogenee stage (Gerya et al., 2002).
However, numerical models for intra-oceanic envments show that exhumation

do not proceed to the Earth's surface, but stopsbaut 15-20 km depth (e.g.,

Goczyk et al., 2007). The blocks are stored (prgbabthe base of the crust) until

significant variations in the subduction factorketglace, for example, by means of
collision. In the La Corea mélange, this stage tgoéce at 70-65 Ma, as

documented by the ages of the syn-tectonic La &i€otmation (Fig. 1c), formed as

the result of collision and exhumation of the feooéarc/backarc units and the
platform terrane Caribeana (Iturralde-Vinent et 2006, Garcia-Casco et al., 2008b,
and reference therein). This stage would involvefdster exhumation rate in the

mélanges of ca. 5 mm/yr (cf. Lazaro et al., 2009).

CONCLUSIONS

Field, petrologic and whole-rock chemical data dadle that tonalitic-trondhjemitic
rocks from the La Corea mélange in eastern Cubgesept melts formed during
partial melting of subducted amphibolites. SHRIMR@n ages of the trondhjemites
provide crystallization ages ranging from 105 td IMa, dating partial melting
processes in the subduction environment. The psodewplied accretion of
subducting amphibolites to the upper plate andiagsuafiltration of fluids evolved
from downgoing serpentintes, altered basaltic cnstsediments. Partial melting of
the amphibolite in the subduction environment iatés a very hot subduction
environment caused by subduction of a very youngaoic lithosphere (oblique
ridge) and, perhaps, onset of subduction (at c8. MIa). Continued subduction
during the Late Cretaceous (of older -colder- Kgizere) allowed cooling of the
subduction system and serpentinization of the upfa#e mantle wedge, forming a
serpentinite matrix subduction channel with HP k#o°Ar-*Ar cooling ages of
phengite of 83-86 Ma indicate very slow exhumatiates of ca. 1 mm/yr during the
oceanic convergence stage. Data from related saneematrix mélanges of eastern
Cuba and Dominican Republic suggest variationsgaktmke in the upward flux
rate from 0.7 to 4.8 mm/yr. Regional data indidittal exhumation of the mélange
at 70-65 Ma as a result of arc-platform terranéisioh in the region.
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ABSTRACT

Major and trace element geochemical signatures @neNd isotope data of
muscovite (Ms)-bearing amphibolite blocks and aisged muscovite-bearing
trondhjemitic and quartz-muscovite rocks from thern@ del Convento mélange
(eastern Cuba) indicate that oceanic crust undenpartial melting processes
during subduction and accretion to the upper plidggered by the infiltration of
fluids evolved from the subducting sediments. REEquns of the Ms-trondhjemites
are fractionated (2<(La/Yb)n<62), with LREE enrickmh and HREE depletion.
These patterns are similar to adakitic melts forrbgdpartial melting of mafic
material at moderate to high pressure. Indeed, rtsdhjemites from Sierra del
Convento mélange exhibit geochemical features densd distinctive of adakites,
including SiQ>56 wt %, high NgO contents (4.5-9 wt.%), @0/Na0)~0.42,
Mg#~50, LREE enrichment, HREE depletion, and high La/atd Sr/Y. We
consider that these rocks represent an end-merfiez golcanic arcs series formed
at depth in the subduction environment that did negict with the mantle wedge
before eruption. Furthermore, we have identifiegl ¢thystallization products (Qtz-
Ms rocks, highly enriched in LILE, K and Ba) of tpeémary fluids evolved from
subducted sediments that infiltrated the accretedkb of MORB amphibolite and
promoted their partial melting under water-satudatenditions.

Keywords: Slab melt, Adakite, Fluid composition, sedimentamprint, Sr—Nd
isotopes
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INTRODUCTION

Different conditions may trigger partial melting tfe slab and/or the overlying
mantle wedge in subduction settings. In cold subidoczones the geothermal
conditions of the slab may not allow attaining Reehditions for melting at sub-arc
depths (ca. 150 km), but triggers dehydration efdlab and the release of large ion
lithophile element (LILE)-enriched hydrous fluidsat metasomatize the overlying
mantle wedge and instigate its melting (e.g. GBI, Kushiro,1990; Tatsumi and
Kogiso, 1997). Partial melting of the slab is hoeeinferred to occur at sub-arc
depths in many warm and hot subduction zones (Bel2®@07). These melts may
eventually reach shallow depths in the volcanic ater infiltration through the
mantle wedge (and triggering its melting, Rappleti®99) or after formation of
underplated mantle wedge plumes (Gerya and Yued3;2Borczyk et al., 2007;
Castro and Gerya, 2008; Castro et al.,, 2010). Hewedlirect observation of
processes taking place at sub-arc depths is hathpgréhe scarcity of rocks that
escaped burial into the mantle.

Examples of pristine slab-derived melts that reddiwe Earth's surface are scarce.
Only in rare cases of oceanic subduction complegesh as the Catalina Schist
mélange (California) and the Sierra del Convent baa Corea mélanges (eastern
Cuba), partial melting of metabasite and metasanméiss-transfer processes in the
slab have been described (Sorensen, 1988; Soransefsrossman, 1989; Bebout
and Barton, 1993; Grove and Bebout, 1995; Garc&eqa2007; Garcia-Casco et
al., 2008a; Lazaro and Garcia-Casco, 2008; Blandat€o et al., 2010a). The
tonalitic—trondhjemitic rocks produced after maitiaf amphibolite in the Catalina
Schist were considered as primary adakitic liqulss Martin (1999). The
geochemical characteristics of K-poor tonaliticaglbjemitic rocks of the Sierra del
Convento mélange indicate that they constitutetipaspartial melts formed after
fluid-fluxed melting of subducted N-MORB garnet-@pie amphibolite in response
to a very hot subduction scenario likely causedsiyduction of a young hot slab
(Garcia-Casco et al,. 2008a; Lazaro and GarciaeCa2808). The depth of melting
was ca. 50 km, shallower than typical sub-arc depthere slab melts segregate
from garnet+clinopyroxene-rich residues. Elemeatal isotopic features of the K-
poor tonalitic-trondhjemitic rocks of the Sierral d@onvento exclude a sediment
source for the infiltrating fluid and suggest, urrt a fluid evolved from a depleted
source such as dehydrating serpentinite from thendoing slab (Lazaro and
Garcia-Casco, 2008).

Recently, however, we have identified K-rich trojasthitic rocks in the Sierra del

Convento and La Corea mélanges (eastern Cuba)eTheks formed after partial

melting of MORB-derived amphibolite and crystallizat depth in the subduction
environment, same as the K-poor trondhjemites destiso far (references above),
but are strongly enriched in LIL elements such a8& Rb, suggesting a different
source for the infiltrating fluid. In this paper,ewcharacterize the major, trace
element and Sr—Nd isotope geochemistry of K-ridimary melts, residual rocks,

and hydrothermal rocks produced in the hot subdncsicenario of the Sierra del
Convento mélange.
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GEOLOGICAL SETTING

The Greater Antilles constitute an orogenic betated at the northern margin of the
Caribbean plate that documents the collision of esdzoic—Tertiary volcanic arc
with buoyant parts of the North American plate dgrithe Late Mesozoic and
Tertiary. The orogenic belt is mainly composed okanic material, including
ophiolites and intra-oceanic volcanic arc complexasswell as continental material
represented by fragments of the southern bordeslafidNorth America (Bahamas
platform and the Maya block) and the Caribeanaaterr(Garcia-Casco et al.,
2008b). All these terrains are well exposed in C(fig. 1a), where the oceanic
material includes the northern and eastern ophidiélts and the Cretaceous and
Palaeogene volcanic arcs (Iturralde-Vinent, 1998raferences therein).

In eastern Cuba, the ophiolitic belt is formed b tlarge bodies named Mayari-
Cristal and Moa-Baracoa. The elemental and isotamenposition of these
complexes indicates a supra-subduction environrfidatchesi et al., 2006, 2007;
Proenza et al., 2006). The ophiolitic bodies fohm highest structural complexes in
the region, overriding the volcanic-arc complexBse latter, formed by the Santo
Domingo (to the NW) and the Purial (tom the S-SEB)nplexes, have been
classically considered the eastern continuatiothef western and central Cuban
Cretaceous volcanic arc complex (Fig. 2a; lturrdfilgent et al., 1996, 2006). They
are composed of tholeiitic and calcalkaline volcaaric sequences (Gyarmati et al.,
1997), and the Purial complex was metamorphosegréenschist and blueschist
facies (Boiteau et al., 1972; Somin and Millan, 1.98obiella et al., 1984; Millan
and Somin, 1985; Millan, 1996) during latest Cretacs (70-75 Ma) times (Somin
et al., 1992; Iturralde-Vinent et al., 2006).

Mélange complexes made of serpentinitic matrix @sioly high pressure

metamorphic exotic blocks crop out below the optimlbodies and above the

volcanic arc complexes The most significant selipgatmélanges are the Sierra del
Convento and La Corea mélanges, both sharing sitiifelogical assemblages

(Somin and Millan, 1981; Kulachkov and Leyva, 19%%:rnandez and Canedo,
1995; Leyva, 1996; Millan, 1996; Blanco-Quinter603; Garcia-Casco et al., 2006,
2008a). The Sierra del Convento mélange, locatdédersouth, overrides the Purial
complex (Fig. 1a,b). The La Corea mélange is latatehe Sierra de Cristal, and is
associated with the Mayari-Cristal ophiolitic bdéyg. 1a). The serpentinitic matrix

is made of antigoritite and formed deep in the sgkidn environment after

hydration of upper plate harzburgitic rocks (Blat@ointero et al., 2010b). These
mélanges have been interpreted as fragments asub@uction channel related to
south-westward-directed subduction on the leadidgeeof the Caribbean plate
during the Cretaceous (Garcia-Casco et al., 200@83&b; Blanco-Quintero et al.,
2010a, b).

The main type of block in these melanges is epidotgarnet amphibolite and
associated leucocratic trondhjemite-tonalite rodkse amphibolites show variable
grain size and extent of deformation and recrygtdlbn (Garcia-Casco et al,
2008a). They are foliated and mainly composed of
amphibole+epidotetquartztgarnet and have majorteawe element geochemistry
indicative of N-MORB signature (Lazaro and Garci@s€b, 2008). Leucocratic
rocks of trondhjemitic—tonalitic composition arenumonly associated with the
amphibolites and constitute their partial meltimgquct at 700-750 °C ca. 15 kbar
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(Garcia-Casco et al, 2008a; Lazaro and Garcia-Ca668; Blanco-Quintero et al.,
2010a). They are formed by primary (magmatic)
plagioclase+quartz+epidotetparagonitetpargasite/e heariable grain size, and
show minor deformation.

Muscovite-bearing amphibolites and trondhjemitesnstitute rock varieties
associated with Ms-lacking lithologies. This pagsamines the geochemistry of
these muscovite-bearing rocks in order to get hitsigfo the source and role of slab-
derived fluids in the generation of slab magmase fidtks examined are muscovite-
bearing amphibolites (samples CV139a, CV140a, C¥28)/230c), trondhjemites
(SC-20, CV230e, CU-72-1, CU-72), locally with peditia texture (CV201la,
CV201g, CV201h), and Qtz-Ms hydrothermal rocks (O¥@ CV201f, CV53e-l,
CV53e-ll) that crosscut other types of rock or fatiscrete bodies.

ANALYTICAL TECHNIQUES

Bulk-rock chemistry

Powered whole-rock samples were obtained by grindina tungsten carbide mill.
Major element and Zr compositions were determinedjlass beads, made of 0.6 g
of powered sample diluted in 6 g o£,B,O-, by a PHILIPS Magix Pro (PW-2440)
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Fig. 1. (a) General geological map of Cuba (lturralfinent, 1998) showing the main geological
units, (b) Geological map of Sierra del Convento &hkov and Leyva, 1990) with location of sample
sites.
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X-ray fluorescence (XRF) equipment at the Univgrsif Granada (Centro de
Instrumentacién Cientifica, CIC). Precision wastdrethan +1.5% for an analyte
concentration of 10 wt.%. Precision for Zr and Li®better than £+4% at 100 ppm
concentration. The analyses were recalculated t@rdrydrous 100 wt % basis
compositions, and these new data are used in xhene figures. The Mg number
(Mg#) is expressed (100*molar MgO/(MgO+FeOtot)).

Trace element, except Zr, were determined at theddsity of Granada (CIC) by
ICP-Mass Spectrometry (ICP-MS) after HN®IF digestion of 0.1000 g of sample
powder in a Teflon-lined vessel at ~180 °C and ~@80. for 30 min, evaporation
to dryness, and subsequent dissolution in 100 mt @bl % HNQ. Blanks and
international standards PMS, WSE, UBN, BEN, BR, A&Y (Govindaraju, 1994)
were run as unknowns during analytical sessioreci§lon was better than +2% and
1+5% for analyte concentrations of 50 and 5 ppm.

Isotope analysis

Isotope analyses were carried out at the Univerdit¢sranada (CIC). Whole rock
samples for Sr and Nd isotope analyses were ddjéstthe same way as for ICP-
MS analysis, using ultra-clean reagents and andlygethermal ionization mass
spectrometry (TIMS) in a Finnigan Mat 262 spectrmeafter chromatographic
separation with ion exchange resins. Normalizatialues were 86Sr/88Sr=0.1194
and 146Nd/144Nd=0.7219. Blanks were 0.6 and 0.0@mn§r and Nd, respectively.
The external precision ¢2, estimated by analysing 10 replicates of the dsieth
WSE (Govindaraju, 1994), was better than 0.003%*%®rf°Sr and 0.0015% for
“INdMNd. The ®SrP°Sr measured value in the laboratory for NBS 987
international standard was 0.710250+0.000004# (2106). Measurements of La
Jolla Nd international standard on this mass spewter yield &*Nd/*/Nd ratio of
0.511844+0.0000067 ¢2n=49).

PETROGRAPHY

Peak metamorphic mineral assemblage of the stulllsghmphibolite samples
consists of pargasitic amphibole, epidote, garpégngite, rutile, titanite, and
accessory apatite and quartz (Fig. 2a; Table 1¢sdtassemblages define a crude
foliation mainly marked by phengite and pargasiisials. Quartz appears as small
dispersed grains in the matrix, but quartz-absamptes are common. Garnet has
been observed in all the studied samples (Tabldt 2prms large porphyroblasts
containing inclusions of amphibole and epidote (Ri). Phengitic mica appears as
idiomorphic and medium grained crystals. Titanitenis idiomorphic crystals
elongated along the foliation, but it also replacasle. Retrograde overprints
consist of association of glaucophane, actinolitglino)zoisite, chlorite,
pumpellyite, and, less abundantly, albite and pamdg. All these retrograde
minerals are fine-grained and corrode the peaksmaahic minerals, but they are
also dispersed in the matrix or located in fragurBetrograde glaucophane is
typically aggregated with actinolite, chlorite aatbite, and commonly overprints
peak amphibole (Fig. 2a). Chlorite and pumpelly#éplace garnet and pargasite.
Retrograded crystals of pargasite commonly corgaiall needles of exsolved rutile
or titanite.
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The magmatic mineral assemblage of the Ms-trondbgsm(including the
pegmatitic varieties) is composed of medium-grairmddgioclase, quartz and
phengite, with subordinate epidote, plus accesapstite, titanite, and rutile (Fig.
2b; Table 2). Garnet is occasionally present. Bpidgmd garnet are idiomorphic and
medium grained. Phengite is idiomorphic and hasinmedyrain size. Retrograde
mineral assemblages overprint the magmatic assgetldMagmatic plagioclase
appears generally transformed to retrograde afiiie fine-grained (clino)zoisite,
paragonite, phengite, and, locally, lawsonite. Matimepidote is overprinted by
fine grained overgrowths of (clino)zoisite. Glaubape is absent. Titanite replaces
rutile. Very small amounts of retrograde K-feldspaglsian and cymrite have been
observed in some samples.

P (R e . o ¢ - -

Fig. 2. (a) Photomicrograph of Ms-amphibolite corspd of amphibole, epidote, garnet, mica
(phengite) and titanite. (b) Photomicrograph of a&s-Wondhjemite bearing plagioclase, muscovite,
quartz and clinozoisite-epidote. (c) Qtz-Ms blo@k. Garnet-bearing Qtz-Ms rock. The scale bar is
1500 um in (a) and 500 um in (b). Mineral abbreiadias after Kretz (1983).

99



Idael Francisco Blanco Quintero

Table 1 Mineral abundance in the studied samplessié estimates).

peak metamorphic / matitna retrogead

Amp Ep Grt Phe Qtz PI Pa Rt Ttn Ap CaAmp Gl Chl Pmp Ab Lws Pa Czo Kfs
Ms-amphibolites
CV139a 45 20 20 10 5 X X X X X X
CV140a 55 15 10 15 5 X X X X X
CV230c 74 10 10 5 1 X X X X X X
CV230a 55 25 15 5 X X X X X
Ms-trondhjemites
CV201la X 20 30 40 X X X 10 X
Cv201g X 20 20 50 X
SC-20 8 X X 20 55 X X 3 10 4
CV201h 20 15 55 x 1 4 5
CV230e 5 35 55 5 X
CU-72-1 2 10 30 45 X 5 x 3
CU-72 1 10 30 45 X 5 X 4
Qtz-Ms rocks
Cv201d 55 45 X X
Cv201f 35 65 X
Cv278a-I 10 35 55 X
CV53e-I 45 55
CV53e-lI 45 55
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The Qtz-Ms rocks present a mineralogy essentiaimpnsed of medium to coarse
size crystals of quartz and phengite (Fig. 2c). BanCV278a-l also has coarse
garnet crystals (Fig. 2d). Scarce fine-grained deldspar is also present in all the
samples.

GEOCHEMISTRY
Major elements

Ms-amphibolites

The SiQ contents of Ms- bearing amphibolite range froml48.46.5 wt % (Table
2), varying from picro-basaltic to basaltic compiosis in the TAS diagram (Le
Maitre et al., 1989), lying on the sub-alkalineaiike field (Fig. 3a). They have
medium-K to high-K calc-alkaline affinity in the @j-K,O diagram (Fig. 3b;
Peccerillo and Taylor, 1976) but, as discussedvhefaO (and NaO) contents do
not represent primary (magmatic) abundances. lemnthe samples have higher
contents in KO (Fig. 3b), A}JOs, and BaO, and significantly lower contents in MgO
(Fig. 4) than the Ms-lacking amphibolites of Siedel Convento mélange (Lazaro
and Garcia-Casco, 2008).

Notably, the samples show quite variable®a&ontents (1.17-4.17 wt %), so that
two samples have high inverse agpaitic index aspaped to MORB and other
amphibolites from the Sierra del Convento while taro two samples present a
similar inverse agpaitc index as MORB (Fig. 5).

Ms-trondhjemites

Ms-trondhjemites in the TAS diagram have rhyolibenposition, except one sample
which has trachyte composition (Fig. 3a), with Sgdntents ranging from 65.6 to
75.6 wt %. They have low-K tholeiitic to medium-HKlc-alkaline affinity (Fig. 3b).
They have NgO and KO contents ranging from 5.4 to 9 wt % and from Q@1.74
wt %, respectively. The Mg# values, from 14 to 66 lower than or similar to
those of Ms-lacking trondhjemites (Fig. 4).

Considering amphibolites and trondhjemites in Hadiagrams, they show similar
trends to those of Ms-lacking amphibolite-trondhijenrocks (Lazaro and Garcia-
Casco, 2008) and acid rocks from the Catalina $¢Rig. 4), except for higher
SiO,, K,0 and BaO contents (Fig. 3b and Fig. 4). A gapilinascontent ranging

from 47 to 66 wt.% SiO2 is consistent with derigatiof the trondhjemitic rocks
from partial melting of amphibolites and melt extian (cf., Lazaro and Garcia-
Casco, 2008).

Importantly, the Ms-trondhjemites are Al-saturafeel. peraluminous; ASI = 1.108-
1.289; Fig. 5) and plot close to the alkali feldswhite mica mixing line delineated
in Fig. 5. In the CIPW normative An-Ab-Or diagrarh@ Connor (1965), with the
classification of acid and intermediate rocks miedifby Barker (1979), these
samples mainly plot in the trondhjemitic field (F&).
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Fig. 3. (a) TAS diagram of classification of vol@arocks from Le Maitre et al. (1989) and (b)aXvs.
SiO; diagram (Peccerillo and Taylor, 1976) with subdiers of volcanic series and TAS based names
of rocks of the subalkaline series. The diagramsitain the studied Ms-amphibolites, Ms-
trondhjemites, Qtz-Ms rocks and, for comparisor, Khpoor amphibolites and trondhemites from the
Sierra del Convento mélange (Lazaro and Garcia-Ca20608), acid rocks from the Catalina mélange,
California (pegmatites and leucocratic segregatesefSsen and Grossman, 1989); Cenozoic adakites
from the Aleutians (Yogodzinski et al., 1995), Atge (Benoit et al., 2002), Chile (Stern and Kilian
1996), Ecuador (Beate et al., 2001; Bourdon et 2002; 2003; Samaniego et al., 2005), Philippines
(Sajona et al., 1996; 2000), Japan (Morris, 199Banama-Costa Rica (Defant et al., 1992), USA
(Smith and Leeman, 1987); and average adakite safartin, 1999; Smithies, 2000). All analyses
normalized to 100 wt% anhydrous.

Qtz-Msrocks

Qtz-Ms rocks are hydrothermal and are not suitabldassification in geochemical

diagrams devised for igneous rocks. However, famgarison, they have been
plotted in the same diagrams. Their Si€dntents range from 71.5 to 81.2 wt %
(Fig. 3). Contents of O are higher than 1.7 wt %, reaching 5.1 wt %. €hesks
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have lower NgO contents (<1.66 wt %) than the Ms-trondhjemitelsije the ALO3
contents are similar (12.3-18.3 wt %). They areleted in CaO, with contents
lower than 0.2 wt %. These Qtz-Ms veins show sigaift contents in BaO,
reaching values of 1.35 wt % (Fig. 4).

Similar to the Ms-trondhjemites, and due to thedrgrishment in CaO, these rocks
lie on the albite/Kfeldspar-paragonite/muscoviteelin the 1Al vs. ASI diagram (Fig
5). Therefore, Qtz-Ms rocks are peraluminous, Wil values considerably high
due to the scarcity of feldspar (2.63-3.11; Fig. 5)

Trace elements

Ms-amphibolites

The general pattern of element distribution indisatmportant deviations from
MORB composition, with enrichments in Ba, La, Ply, 8&1d Eu, and variable
enrichment/depletion in Th and Zr (Fig. 7a), wittnfogeneous values from Sm to
Ni (Fig. 7a).

The abundances of LREE and HREE range from 28 @oatil from 12 to 25 the

chondrite values, respectively (Fig. 8a). The chibeghormalized REE diagrams
are characterized by enriched LREE patterns showasgltic affinity. The REE

compositions of these Ms-amphibolites show differealues to the Ms-lacking

amphibolites from the mélange (Lazaro and GarciscGa2008) indicating a

heterogeneous subducting oceanic crust or a MORMasock modified before,

during, or after subduction. The (La/Yb)n ratio Kimalized to chondrite,

McDonough and Sun, 1995) varies from 2.1 to 5.bwshg fractionated patterns.
The samples have no or positive Eu anomaly (Eu#0798-1.45).

Ms-trondhjemites

The Ms-trondhjemites show fractionated patterng.(Fb) similar to those of Ms-
lacking trondhjemites of the Sierra del Conventdamge (grey field in Fig. 7b).
Relative to the latter (L4zaro and Garcia-Casc®820the Ms-trondhjemites are
enriched in Ba and Pb, depleted in Sr, and havdasirontents in other element
(Table 4, Fig. 7b).

LREE and HREE range from 3 to 24 and from 0.1 t® the chondrite values,

respectively (Fig. 8b). The (La/Yb)n ratio rangesni 2 to 62, showing slightly to

strongly fractionated patterns. The general low RBRtents and (La/Yb)n ratios of
the Ms-bearing trondhjemites can be explained imgeof a minor contribution of

REE-bearing phases during melting of the amphibslitThe samples display
positive Eu anomalies, with Eu/Eu* values highearttl.1, reaching 10. This, in
turn, suggests the important participation of palgise in the melting process, in
agreement with the lack of peak plagioclase inatmghibolites (cf. Garcia-Casco et
al., 2008a).

The Nb-Y and Rb—(Y+Nb) diagrams (Fig. 9) of Peagtal. (1984) indicates that
the samples correspond to the volcanic arc setirerluding ocean ridge, within-
plate, and syn-collision settings. In these diagraadakites from a number of
localities worldwide and Ms-lacking trondhjemite®rh the Sierra del Convento
mélange compare well with the studied Ms-trondhfemodcks.
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Fig. 4. Harker variation diagrams showing the comifios of Ms-amphibolites, Ms-trondhjemites and
Qtz-Ms rocks from the Sierra del Convento and, tangarison, N-MORB (Hofmann, 1988; Kelemen
et al., 2003), altered MORB (Staudigel et al., I9@8nphibolites and trondhemites from the Sierrh de
Convento mélange (Lazaro and Garcia-Casco, 2008), ften@adakites (references as in Fig. 3), and
acid rocks from the Catalina mélange, California@wen and Grossman, 1989).

The Sr contents are high (from 86 to 410 ppm) &ed¥ contents are low (<10.7
ppm) (Table 4). This is clearly appreciated in 81€r vs. Y diagram of Defant and
Drummond (1990), where the Ms-trondhjemites mogligt in the adakite field
although they do not reach the high values of Mgitay trondhjemites of the
mélange (Fig. 10a). However, in the (La/Yb)n vsb)Y diagram (Martin, 1986) two
different patterns can be observed; one group oftrbfsdhjemite samples plots
outside the typical field of adakites, with low (K&)n values (same as Ms-lacking
trondhjemites from the Sierra del Convento andabiel rocks from the Catalina
Schist mélanges), while other group of samplesdistinctively higher (La/Yb)n
values (Fig. 9b).

Qtz-Msrocks

Given the mineral assemblage of these rocks, gechemical characteristics are
largely controlled by the chemistry of muscovit&eV are slightly enriched in LILE
compared to Ms-trondhjemites (Fig. 7c). Qtz-Ms mocHisplay fractionated
chondrite-normalized REE patterns. The (La/Yb)iorednges from 4 to 25 (except
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Fig. 5. 1Al (inverse agpaitic index)-ASI (aluminatsration index) diagram with indication of the
projection of alkali-feldspar and white micas fofeeence.

sample CV278a-I due to the presence of garnefrigead) and the Eu anomaly is in
general positive (Eu/Eu* = 1.8-3.5). These rockespnt LREE values similar to the
most enriched samples of Ms-trondhjemite, whilarthlREE values are similar to
the medium HREE Ms-trondhjemite samples. The RE#eps for Qtz-Ms rocks
are more fractionated than those of Ms-trondhjesnites can be also appreciated
from their larger (La/Yb)n ratios (Fig. 10b).

The Sr (<187 ppm) and Y contents are low (<5.4 pprgeneral) and similar to Ms-
trondhjemites (Table 4). However, this rock types kary low Sr/Y, (La/Yb)n and
(Yb)n (Figs. 9a and b).

Sr and Nd isotopes

The measurefSrF°Sr ratio of Ms-amphibolites ranges from 0.7037486.f05905,
similarly to the isotopic ratio of the analyzed Mendhjemite (0.705817). The
measured®’Srf°Sr ratios of Qtz-Ms rocks are higher (0.706729 &nf08927).
Values measured of 143Nd/144Nd range from 0.51228210.512997 (Ms-
amphibolites), 0.512745 (Ms-trondhjemite) and 0582 and 0.512709 (Qtz-Ms
rocks).

Following Lazaro and Garcia-Casco (2008) and Lazdral. (2009) all isotopic
measured data were corrected at 114 Ma (Tableg3LE). This age was established
by SHRIMP zircon ages of trondhjemites of the Siedel Convento mélange
(Lazaro et al., 2009). TheNd(114 Ma) value of the analyzed Ms-trondhjemite
(+1.94) deviates from that depleted mantle rocks@oints to significant input of a
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Table 2. Major (wt%) element (ppm) composition efdiphibolites, Ms-trondhjemites, Ms-pegmatites Awnerage trondhjemite from the Sierra del Convenédange.

Rock Ms-amphibolites Ms-trojemites Qtz-Ms rocks

Sample CV139a CV140a CV230c CV230a CV20L¥201g SC-20 CV201h CV230e CU-72-CU-72 CV201d CV201f CV278a-l CV53e-CV53e-ll
SiO, 46.27 46.54 42.08 44.24 75.55 73.80 73.09 65.63 .7272 73.37 73.18 81.15 77.11 77.90 71.47 71.82
TiO, 1.66 231 2.34 1.39 0.03 0.05 0.04 0.06 0.07 0.020.03 0.08 0.13 0.02 0.08 0.12

Al20; 17.54 19.69 17.34 15.78 15.69 16.40 15.99 21.47 3716 15.94 16.22 12.31 14.12 15.12 18.26 17.58
FeOs0 11.11 9.39 12.75 13.45 0.28 0.40 0.61 0.51 0.59 980. 1.03 0.73 0.84 0.76 0.78 0.72

MnO 021 0.22 0.19 0.11 0.03 0.05 0.04 0.01 0.01 040. 0.03 0.01 0.01 0.29 0.02 0.01

MgoO 6.71 7.08 7.90 9.70 0.05 0.25 0.05 0.38 0.31 190. 0.17 0.93 111 0.16 1.05 1.06

CaO 11.84 7.95 13.99 11.01 0.87 0.34 2.28 0.21 1.731.49 1.60 0.14 0.15 0.17 0.19 0.16

NaO 1.32 3.02 121 1.65 5.93 6.92 5.74 9.01 5.77 5.505.40 0.54 0.48 1.66 0.48 0.43

K20 1.08 1.33 0.67 121 0.77 0.95 0.78 1.74 1.08 0.971.12 2.80 3.98 1.69 5.14 5.07

P,Os 0.13 0.52 0.54 0.15 0.03 0.05 0.04 0.07 0.05 0.090.10 0.03 0.03 0.06 0.01 0.02

LOI 1.68 2.15 0.77 114 0.50 0.67 1.73 0.85 122 191. 094 1.38 1.83 161 2.37 2.89

Total 99.55 100.20 99.79 99.83 99.73 99.88 100.389.949  99.92 99.78 99.82  100.10 99.79 99.43 99.85 8899.

Mg# 54.47 59.90 55.11 58.83 26.13 55.32 13.73  159.6 51.00 27.75 24.64 71.62 72.36 29.43 72.73 74.47

Table 3 Rb/Sr and Sm/Nd isotope data of Ms-ampleélspMs-trondhjemites and Qtz-Ms rocks from SielehConvento mélange.

Rock Type Sample Rb Sr 8RbFesr 87Srfesr +2% Sm Nd 1S mANd 43NdA%Nd +26

Ms-amphibolite CV139a 15.6 504 0.089244 0.705481 .00D 4.1 13.9 0.177980 0.512921 0.002
Ms-amphibolite CV140a 19.2 458 0.121178 0.703745 .00® 52 22 0.141026 0.512931 0.002
Ms-amphibolite CV230a 22 273 0.232118 0.705905 0D.0 25 7.6 0.200739 0.512997 0.002
Ms-trondhjemite CV20la 11.5 182 0.182579 0.705817 0.002 0.88 2.6 0.206801 0.512745 0.006
Qtz-Ms rock CV278a 40 181 0.639976 0.706729 0.0041.02 1.89 0.326092 0.512709 0.004
Qtz-Ms rock CV53e 85 98 2.507765 0.708927 0.002 0.87 24 0.220551 0.512550 0.002
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Table 4. Trace element (ppm) composition of Ms-dlogtites, Ms-trondhjemites and Ms-pegmatitesfrom$terra del Convento mélange

Rock  Ms-amphibolites Ms-trondhjemites Qtz-Ms rocks

Sample CV139a CV140a CV230c CV230a CVv201&V201g SC-20 CV201lh CV230e CU-7Z22UJ-72 CV201d CV201f CV278a-l CV53e-1V&3e-li

Zr 98.50 211.50 201.80 62.40 17.80 13.80 2460 5070. 47.00 21.20 22.60 42.50 19.30 25.70 42.00 31.70
Li 7.42 49.43 7.44 9.99 0.42 251 0.00 4.62 0.64 061. 0.64 6.94 6.31 2.68 4.72 4.62
Rb 15.83 20.07 10.41 22.01 12.25 16.06 15.10 30.920.40 15.73 15.08 57.49 78.80 40.82 88.00 85.29
Cs 0.17 0.43 0.11 0.17 0.10 0.23 0.63 0.16 0.30 00.0 0.02 0.30 0.45 1.18 0.32 0.33
Be 0.71 1.77 1.19 1.29 1.00 7.87 0.77 1.02 0.50 309 0.89 1.96 2.38 3.65 2.36 2.20
Sr 509.69 458.03 530.77 258.87 191.50 86.00 388.837.49 409.93 149.65 132.17 21.01 2421 186.81 99.699.01

Ba 1021.76 157.03 573.85 1266.63 4459.62 5063.098.735 4220.04 1095.06 647.36 504.31 9039.87 11810.833.17 6882.23 6328.76
Sc 37.64 27.12 44.94 50.73 0.70 7.68 0.36 0.37 0.000.00 0.00 1.56 4.56 3.72 5.65 4.77
\% 27955 18486 321.94 350.22 3.70 20.17 2.99 14.955.86 2.56 3.13 37.61 51.66 5.26 20.41 18.22
Cr 332.74 29251 405.24 544.63 39.38 3421 129.238.6B 164.89 27.74 136.17 40.34 35.37 26.19 53.970.144
Co 48.80 48.48 53.25 62.69 36.36 28.99 0.00 0.99 87 0. 29.17 118.30 4531 36.91 22.95 25.44 30.84
Ni 7765 19156 146.38 154.25 2.77 3.81 1.33 12.9118.69 0.00 10.92 13.36 18.43 1.66 23.00 18.83
Zn  108.58 7276 146.41 159.39 7.30 3.52 20.49 12.409.18 22.52 19.25 18.92 21.80 29.09 8.00 7.94
Y 28.53 31.84 44.71 22.67 10.67 5.36 0.74 3.27 0.64 1.32 1.47 1.80 4.08 17.37 5.33 541
Nb 7.60 21.36 30.35 4.94 2.46 12.15 0.55 1.95 0.291.22 2.70 4.24 8.18 7.41 5.60 4.50
Ta 0.74 1.64 2.29 0.32 0.56 1.30 0.02 0.26 0.03 00.1 045 0.99 0.65 0.86 0.45 0.47
Hf 0.96 0.37 1.27 0.86 0.37 0.27 0.20 2.63 0.14 50.0 0.08 0.20 0.36 0.44 0.95 0.50

Tl 0.11 0.04 0.10 0.22 0.12 0.12 0.18 0.28 0.21 501 0.14 0.47 0.64 0.24 0.60 0.57
Pb 11.34 1.55 6.59 5.41 20.01 13.89 3.12 6.67 4.839.03 8.21 231 2.99 10.18 5.43 4.98
U 0.40 0.78 1.06 0.61 0.63 1.54 0.12 3.09 0.06 0.230.52 0.90 2.56 10.41 0.77 1.01

Th 0.63 3.12 3.25 0.84 0.93 157 0.22 2.55 004 70.2 046 1.55 6.44 2.33 4.30 3.57
La 8.34 21.75 28.06 6.60 3.13 131 0.77 1.80 0.72 184 574 3.72 10.70 1.26 2.96 3.19
Ce 19.80 47.58 54.27 12.79 4.38 243 1.13 2.60 0.549.04 12.01 4.50 15.05 2.56 5.83 6.05
Pr 3.05 5.55 7.06 1.92 0.65 0.35 0.18 0.34 010 512 164 0.74 2.14 0.45 0.65 0.68
Nd 14.18 22.68 30.26 8.66 2.56 1.63 0.72 1.37 0.384.99 6.86 2.58 8.41 2.23 2.79 2.77
Sm 4.39 5.42 7.36 2.61 0.95 0.58 0.17 0.50 0.09 512 159 0.66 1.95 0.99 0.79 0.76
Eu 2.15 1.71 2.89 1.35 0.63 0.40 0.09 1.13 032 105 051 0.72 1.08 0.23 0.65 0.65
Gd 4.86 5.23 7.21 3.09 1.32 0.81 0.16 0.56 0.10 908 117 0.60 181 1.72 0.83 0.99
Tb 0.85 0.90 1.25 0.57 0.23 0.14 0.03 0.09 0.02 00.1 0.10 0.08 0.23 0.36 0.13 0.15
Dy 5.16 5.53 7.80 4.03 153 0.88 0.16 0.58 0.10 00.3 0.30 0.37 1.06 2.53 0.89 0.94
Ho 111 1.15 1.63 0.88 0.29 0.17 0.03 0.11 0.02 30.0 0.04 0.06 0.16 0.58 0.18 0.18
Er 3.07 3.06 4.50 2.40 0.77 0.48 0.08 0.23 0.05 60.0 0.07 0.14 0.36 1.62 0.53 0.47
Tm 0.45 0.46 0.66 0.35 0.11 0.07 0.01 0.03 001 00.0 0.01 0.02 0.05 0.26 0.08 0.07
Yb 2.64 291 4.14 2.01 0.73 0.44 0.10 0.16 0.05 60.0 0.06 0.13 0.29 1.90 0.54 0.39
Lu 0.37 0.43 0.63 0.30 0.11 0.08 0.01 0.02 0.01 10.0 0.00 0.02 0.04 0.28 0.09 0.05
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Fig. 6. Molecular normative (CIPW) diagram (O'Conndg65), with fields after Barker (1979) and

typical calc-alkaline and trondhjemitic trends, Ms-trondhjemites and Qtz-Ms rocks from Sierra del
Convento mélange and, for comparison, K-poor troedtijes from the Sierra del Convento,
pegmatites and leucocratic segregates from thef@aian Catalina Schist mélange (grey triangles)
and Cenozoic adakites (sources as in Fig. 3).

continental crust/sediment component. TNel (114 Ma) of Ms-amphibolites (from
+5.8 to +6.9) do not overlap the Ms-trondhjemitéuea and these rocks show the
contribution of fluids derived from a sedimentargusce to the oceanic crust
component (i,e., Ms-lacking amphibolites; Lazara d@barcia-Casco, 2008). This
indicates that the partial melting process involviend-present conditions, likely
caused by the influx of external fluids into thepdnibolites (Garcia-Casco et al.,
2008a), and that the external fluid had an isotgpimposition typical of a source
influenced by seawater or subducted (meta)sedimestssuggested by isotope
composition of the Qtz-Ms rocks, the Atlantic Ceetaus Pelagic Sediment (AKPS,
Jolly et al., 2006), which may be used as a prdqyatential subducted sediments,
and sediment columns subducting at several trer(€ngsl11).

In terms of Sr—Nd systematics, the Ms-trondhjerisiteomparable to adakitic rocks
from different localities. However, the Sr isotogignature of the Ms-trondhjemite
shows a significant sedimentary component in thgirorof this type of rocks
compared to adakites, which normally reflect a ificemt contribution of the mantle
wedge in their isotopic signatures (Fig. 11). Maeo both Ms-amphibolites and
Ms-trondhjemites are also comparable to IAB fieldtedmined by Aleutians,
Antilles, and Mariana Arcs rocks (GEOROC databagtp:/fgeoroc.mpch-
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mainz.gwdg.de/georoc/Entry.html). This does not lymp common source and
process of formation since the depleted sourcedakites must be interpreted in
terms of partial melting of MORB followed by inteteon with a depleted supra-
subduction mantle wedge. Notably, the Ms-trondhjemstudied here were trapped
within their parental amphibolites and did not rateg with the mantle wedge.
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Fig. 7. N-MORB (Hofmann, 1988) normalized spidesgdams for: (a) Ms-amphibolites, (b) Ms-

trondhjemites and (c) Qtz-Ms rocks from Sierra @dnvento mélange. The fields of K-poor
amphibolites and trondhjemites from the Sierra @einvento mélange (Lazaro and Garcia-Casco,
2008) have been included for comparison.
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Fig. 8. Chondrite (McDonough and Sun, 1995) nornealiREE patterns for: (a) Ms-amphibolites, (b)
Ms-trondhjemites and (c) Qtz-Ms rocks from Sierel @onvento mélange. The fields of K-poor
amphibolites and trondhjemites from the Sierra @envento mélange (Lazaro and Garcia-Casco,
2008) have been included for comparison.

DISCUSSION

The origin of Ms-protoliths

Lazaro and Garcia-Casco (2008) demonstrated thgtrttoliths of the amphibolites
from the Sierra del Convento mélange are basaitiksr of N-MORB composition
that evolved from a depleted mantle source, anchdiddentify LILE- and LREE-
enriched island-arc, within-plate basalts and/aancplateau-like protoliths. These
amphibolites are best explained as slightly modifiesidues of MORB protoliths,
while the K-poor tonalites-trondhjemites constitptestine slab melts formed during
the initial stage of  subduction of  young oceanic ustr
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Fig. 9. Ms-trondhjemites and Qtz-Ms rocks plotteddiscrimination diagrams for granitic rocks
(Pearce et al., 1984) showing the fields of ocedgej volcanic arc (VA), syn-collisional, and within-
plate (WP) granitic rocks. Grey fields correspora ttondhjemites from the Sierra del Convento
mélange and white fields, to Cenozoic adakite coitipos (references as in Fig. 3). Acid rocks from
the Catalina mélange are plotted in the Ta-Yb diagra

Petrological and geochemical resemblances canthblisked between the K-poor
and Ms-bearing amphibolite blocks studied in thisrkv However, detailed
petrological, elemental and isotopic geochemicala daf the Ms-amphibolites
indicate that these rocks suffered modifications folee or during
subduction/accretion involving the influence ofwater or sediment-derived fluids,
respectively, that allowed the formation of mustevand the concentration in K,
Ba, La, U, and Pb. This fact can be observed ingbwpic signatures that appear
modified by seawater influence or subducted sedirsenrces (Fig. 11).. In our
view, the process perhaps involved seawater alteratf MORB at a sea-floor
environment, but most of the geochemical charastiesi of these rocks were
acquired during high grade metamorphism and pantelting triggered by the
infiltration of fluids derived from subducting seaknts. This inference is based on
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Fig. 10. Ms-trondhjemites and Qtz-Ms rocks plotted(a) (Sr/Y) vs. Y and (b) (La/Ybys. Yh
diagrams with adakite and calc-alkaline arcs fielts defined by Defant and Drummond (1990) and
Martin (1986), respectively. Grey fields correspotud K-poor trondhjemites from the Sierra del
Convento mélange, and white fields to Cenozoic adabkitepositions (references as in Fig. 3). Acid
rocks from the Catalina mélange have been plottdd).in

the presence of Qtz+Ms rocks formed at depth aftecipitation from a sediment-
derived fluid and evidences provided by chemicatizg of muscovite (Blanco-

Quintero et al., submitted).

The petrological and geochemical characteristichefMs-trondhjemites indicate a
similar origin as that of the K-poor trondhjemitgsm the Sierra del Convento
mélange. Field relations, petrological analysisl alemental geochemistry allow us
to infer that these rocks generated by partial inglof a Ms-bearing amphibolitic

protolith or, most likely, a K-poor amphibolitic golith invaded by a sediment-
derived fluid enriched in LILE (Cs, Rb, Ba, U, aRtl). Conditions of melting were
ca. 15 kbar and 750 °C (P-T conditions for sampleL&da; Lazaro et al., 2009).
Isotopic data strengthen this view. The mixing esnbetween MORB and the
isotopic composition of the sediment-derived fl(iid., Qtz+Ms rocks), explain the
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Fig. 11. E'srFosr) vs. t4NdA*Nd) and eNd, diagram.

eNd=((*NdM*Ndsampd“NdAH*Ndeyr)-1)x10°, where CHUR=chondrite uniform reservoir (De
Paolo, 1988). ¢eNd and initial values calculated using*NY14NgEHUR=0.512638,
(47SmIANGHUR=0.1967 (Wasserburg et al.,1981). Compositioseafwater is from McCulloch et al.
(1981) and Sm/Nd data is from Piepgras and Wassgrfi980). Samples were corrected for T=114
Ma (see Lazaro et al., 2009). Data for depleted \BORantle (DMM), depleted DMM (D-DMM), and
enriched DMM (E-DMM) are from Workman and Hart (B)ON-MORB data are from Hart et al.
(1999) and Kelemen et al. (2003); and CretaceousnfilaMORB data are from Jahn et al. (1980).
The adakite field (grey colour line) includes dé&tam Ecuador (Samaniego et al., 2005), Chile (Stern
and Kilian, 1996), Argentina (Kay et al.,1993), Maxi(Aguillon-Robles et al., 2001), and Panama—
Costa Rica (Defant et al., 1992); Marianas, Aleusiaand Antilles arc volcanic rocks field (dashed
line), sediments and sediment columns subductingtreriches from the GEOROC database
(http://georoc.mpch-mainz.gwdg.dggoroc/Entry.html); and the Atlantic Cretaceousdg@t Sediment
(AKPS) field constructed after data from Jolly et @006). Data from Ms-lacking amphibolites and
trondhjemites from the Sierra del Convento (Lazanal &arcia-Casco, 2008) have been included.
Mixing curves calculated between MORB and seawatér@a-Ms rocks are indicated.

distribution of Ms-bearing amphibolites and trorethjtes (Fig. 11). Similarly, the
peraluminous character of the trondhjemites is keglained by infiltration of a
peraluminous fluid during partial melting (Fig. 5).

Metasomatism and melting processes in subduction zes environments: melts
in situ vs. melts in volcanic arcs

In arc magmas, elevated concentrations of largdiioophile elements (LILE; e.qg.,

Ba, K, Rb, Cs, Ca, Sr), U, and Pb relative to Higld-strength elements (e.g., Ti,
Th, Hf, Nb, Zr) are considered key indicators afidl addition to arc magma source
regions. These fluids are released by dehydraticuloducting altered MORB and
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sediments of the slab. Transfer of LILE-, U-, aristdpriched fluids to the mantle
wedge at sub-arc depths can trigger partial melthgperidotite and generate
basaltic magmas with elevated Ba/Th, Sr/Th, Pbéhk, U/Th, as well as radiogenic
Sr (e.g., Breeding et al., 2004). However, thegs&leed fluids can also react with
the subducted oceanic crust triggering partial imgltipon appropriate conditions,
forming melts derived from MORB source having aiseshtary imprint (e.g., Gao
et al., 2007; Castro et al., 2010).

The experiments of Johnson and Plank (1999) inctag at 700 °C and 2.0 GPa
allowed analyzing the type of sediment contributiamm the subducting slab to the
source of arc magmas and the magmas themselvese Bughors determined that
Rb, Sr, Ba and Pb are incompatible and Th is cabipabelow the solidus of
metasediment. Hence, the addition of Th to arc nesgraquires partial melting of
the subducting sediment. The implied relationsvallsing the Ba/Th and Th/Nb
ratios as monitors of effect of addition of fluidad melts derived from subducted
sediment to arc magmas. Both Ms-amphibolites andrdfslhjemites have variable
enrichment in Ba/Th and are poor in Th/Nb, suggesthe influence of sediment
derived fluid (Fig. 12). The Qtz-Ms rocks have heghirh/Nd and relatively low
Ba/Th ratio, suggesting a mixed component influeot@ sediment-derived fluid
and melt. The compositions of the Ms-trondhjemitel @tz-Ms rocks indicate
contrasted processes of sedimentary input in thdwsition environment, though a
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Fig. 12. Ba/Th versus Th/Nb of rocks showing thecetie addition of fluids and melts derived from
subducted sediment to arc magmas (after Fretzaoi., 2002). N-MORB composition after Hoffman
(1988).
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sediment-derived fluid seems to be the agent thkplams the formation of the
studied trondhjemitic and Qtz-Ms rocks (cf. Fretffiet al. 2002); while the Qtz-
Ms rocks may represent the result of the crysttilin of this fluid or melt evolved
from the sediments.

CONCLUSIONS

Major, trace element and isotopic compositionshef Ms-amphibolite from Sierra
del Convento mélange indicate a MORB affinity adtbrby seawater and fluids
evolved from subducted sediments. Fluid availabias the key controlling factor
in the melting process. This process and the P-fditons reached during
subduction/acretion triggered partial melting aodfation of K-rich trondhjemitic
melt having an adakitic geochemical affinity. Thiglt did not escape and react
with the upper plate peridotite, representing adreember (pristine slab melts) of
the volcanic arc series. The hydrothermal Qtz-Msksdhave a strong sedimentary
imprint, with the higher concentrations of mobileraents (K, Ba, etc.) and more
evolved Sr-Nd isotopic composition. These rocksresent the crystallization
products of fluids produced by dehydration of sestary source in the slab and
involved in the partial melting process that getestdhe Ms-trondhjemitic melts.
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ABSTRACT

Geochemistry of whole rock samples of muscovitedbga amphibolite,
trondhjemite, pegmatite and quartz-muscovite raukd their minerals from Sierra
del Convento and La Corea mélanges (eastern Cnbfli@ptes complex circulation
of Ba-rich fluids and melts in the subduction eawmiment. Partial melting of fluid-
fluxed MORB-derived amphibolite formed trondhjemiteagmas that crystallized at
depth. Pegmatites are the result of differentiatbérirondhjemite melts. Qtz-Ms
rocks probably represent primary fluids evolvednfreubducted sediments. All
types of rock have elevated concentrations of laige lithophile elements,
especially in Ba (up to 11810 ppm). Barium enrichtnis related to the release of
fluids and/or melts from slab sediments. Fluid-ro@kteraction produced
crystallization of phengite in parental amphibdit®hengite in all types of rock is
rich in Ba. Zoning of phengite is characterizedBayrich cores and Ba-poor rims,
indicating a compatible behaviour of Ba in the sgddsystems. Zoning in phengite
is governed primarily by the celadonite (tschermekghange vector ((Mg,Fe)Si-
(Al) ), with more moderate contributions of the celsiBaAl-(KSi).;) and
paragonite (NakK) exchange vectors. Late remobilisation of Ba #ttineely low
temperature formed retrograde celsian and cynirhe.compatible behaviour of Ba
in the studied rocks strengthens the importancthefstability of phengite for the
transfer of LILE elements from the subduction te ¥olcanic arc environments.

Keywords: Ba-rich fluid, granitoids, phengite, celsian, sutiion channel, eastern
Cuba, Caribbean plate
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INTRODUCTION

Infiltration of fluids/melts derived from subductsethbs trigger partial melting of the
mantle wedge and the formation of volcanic arcss hvidely accepted that these
fluids/melts transfer large ion lithophile elemerftdLE) from the slab (altered
mafic oceanic crust and/or its sedimentary covethé melting region of the mantle
wedge, as indicated by the trace element sighaueec magmas (e.g., Plank and
Langmuir 1993). Barium is a key LILE that has asg incompatible and mobile
behaviour in the subduction environment. High Bacamtrations are found in
oceanic sediments deposited in regions of highobioal productivity (Dymond et
al. 1992; Plank and Langmuir 1998), principally tdima and radiolarian oozes.
Hydrothermal fluxes can also produce high bariumceatrations in the oceanic
environment (Plank and Langmuir, 1998 and referenberein). Subduction of
these types of rock should eventually transferdaggantities of barium to volcanic
arc magmas (Gill 1981; Kushiro 1990; Tatsumi andjiko 1997).

The nature of fluids evolved in the subduction emwment can be studied in
subduction mélanges (e.g., Bebout and Barton 198&nsen et al. 1997; Bebout et
al. 2007). Two exceptional melanges occurring stexa Cuba (La Corea and Sierra
del Convento) show abundant evidence for fluid moset and fluid-rock
interaction at depth in the subduction environmamiuding formation of jade and
other metasomatic rocks (Garcia-Casco et al. 2C@®denas-Parraga et al. 2010)
and fluid-fluxed partial melting of subducted MORBarcia-Casco et al. 2008a;
Lazaro and Garcia-Casco 2008; Lazaro et al. 200 d®-Quintero et al., 2010a).
These mélanges have been interpreted as fossilstidnd channels formed after
onset of subduction of the Protocaribbean (Atlgdiibosphere in Aptian times (ca.
120 Ma; Garcia-Casco et al. 2006, 2008a; Lazaab. @009). High-pressure blocks
found in these subduction mélanges are mainly ceegpp@f amphibolite with N-
MORB affinity (Lazaro and Garcia-Casco 2008). Arceptional characteristic is
the presence of tonalitic-trondhjemitic bodies,edikand veins. These rocks formed
after fluid-fluxed partial melting of MORB derivaeimphibolites at peak conditions
of 700-750 °C and 1.5 GPa under a hot geotherneslasio during the infancy of
subduction. This makes these rocks important fa study of the nature of
infiltrating fluids and the hydrology of the subdien factory. Elemental and
isotopic geochemical characteristics of amphibslitend tonalitic-trondhjemitic
rocks led Lazaro and Garcia-Casco (2008) to infdepleted fluid likely evolved
from dehydrating serpentinites. However some wvasetof MORB-derived
amphibolite, associated tonalite-trondhjemite, &ath rocks from these mélanges
are rich in Ba and other LILE, suggesting the pneseof additional fluids derived
from sediment in the subduction environment. Irs fh@per, we study in detail for
the first time the mineral and bulk-rock geocheryisif these rocks, and give clues
to understand the behaviour of fluids and meltshvad in the subduction
environment, with emphasis in the mobility of baniand other LILE.

GEOLOGICAL SETTING

The Cuban orogenic belt formed during the Cretasdartiary convergence of the
Caribbean oceanic plate and the North American mgjigurralde-Vinent 1998).

Cretaceous subduction of the Protocaribbean (A#antic) oceanic lithosphere
below the Caribbean plate formed an intraocearicsgstem that collided with the
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Jurassic-Cretaceous passive margin-like terran€asibbeana, the margin of the
continental Maya block (Guaniguanico terrane) drel Bahamas platform in latest
Cretaceous-Tertiary times (Garcia-Casco et al. ROB8rralde-Vinent et al. 2008).
The collision involved tectonic emplacement of ageaunits, including volcanic
arc, ophiolites, subduction mélanges (subducti@nogl), as well as subducted and
non-subducted continental margin rocks, and syoécibasin sequences.

The eastern Cuban block is located to the easteo€Cauto-Nipe sinistral fault (Fig.
la). The most important tectonic units in the neaiern part of the area are the
Cretaceous volcanic arc and the Mayari-Baracoa @dippbi Belt. The ophiolite
sheets override the Cretaceous volcanic arc uhis$,are made of several sections
with mafic to felsic composition and distinct isthrarc signatures (tholeiitic,
boninitic and calc-alkaline; Proenza et al. 20@3sed on paleontological data, the
Cretaceous arc formed during early (Aptian-Albiao) late Cretaceous (Mid
Campanian) times (Iturralde-Vinent et al. 2006)e Nolcanic arc complex of El
Purial, located in south eastern part, was metahosga to greenschist and
blueschist facies conditions (Boiteau et al. 19Z@biella et al. 1977; Somin and
Millan 1981; Millan et al. 1985), probably duringtést Cretaceous times (ca. 70
Ma; Iturralde-Vinent et al. 2006; Garcia-Cascole2@06; Lazaro et al. 2009).

The Mayari-Baracoa Ophiolitic Belt includes mafidaultramafic rocks with supra-

subduction geochemical signatures (Proenza et18BP9; Proenza et al. 2006;
lturralde-Vinent et al. 2006; Marchesi et al. 2Q0Me Mayari-Baracoa Ophiolitic

Belt includes two massifs: the Mayari-Cristal magei the west and the Moa-
Baracoa massif to the east. According to Marchieal.2006) the Mayari-Baracoa
Ophiolitic Belt is represented by highly depletestigotites and cumulate gabbroic
rocks and proposed formation in a back-arc sprgadientre environment. An

important feature of the Mayari-Baracoa OphiolBielt peridotites is that they are
highly altered (serpentinized) as a consequencgeaivater circulation during the
oceanic stage in the suprasubduction environmeoe(Ra et al., 2003).

The largest serpentinite-matrix mélanges are ldcatethe Sierra del Cristal (La
Corea) and the Sierra del Convento (Fig. 1a). Th&€brea mélange is tectonically
below the Mayari-Cristal Massif (Fig. 1b) while 8& del Convento mélange
overrides El Purial complex (Fig. 1c). These métngontain exotic blocks of
various origin, size and composition within a setpete-matrix. Metamorphic

blocks attained high- to medium-pressure and lawhigh-temperature (mainly
garnet-amphibolite, blueschist and greenschistefacSomin and Millan 1981;

Milldn 1996, Garcia-Casco et al. 2006; 2008a; BtaQuintero et al. 2010a). They
formed in a subduction environment during the Gretais (120-75 Ma) subduction
of oceanic lithosphere and latest-Cretaceous (7M&p subduction erosion of the
volcanic arc. The most common rock type, howeveMORB-derived amphibolite

formed in the earliest stages of oceanic subdudioing the Aptian (ca. 120 Ma).
The serpentinitic matrix is essentially made ofashd serpentinite, but massive
antigoritite is also common as blocks within shdaserpentinite matrix (Blanco-
Quintero et al., 2010Db).
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Fig. 1. a) Simplified geological map of northeast&@uba (after lturralde-Vinent, 1998) showing the
main geological units. b) Geologic maps of the Lagacand c) Sierra del Convento mélanges (after
Leyva, 1996) with indication of sample location.
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Fig. 2. a) Garnet-amphibolite with different genéoat of trondhjemite layers (La Corea mélange). b)
Trondhjemitic pegmatite body with graphic-like tert{Sierra del Convento mélange). ¢) Pegmatite
block with big pocked of coarse muscovite (SierraGEnvento mélange). d) Hydrothermal Qtz-Ms
rock (Sierra del Convento mélange).

Epidotexgarnet amphibolites appear as m-size bloEkey are massive to banded
and fine to medium grained, within coarse grainadeties. Peak P-T conditions of
formation were 700-750 °C and ca. 1.5 GPa (Gareie€ et al. 2006, 2008a;
Lazaro et al. 2009). An exceptional characteristiboth mélange complexes is the
presence of K-poor leucocratic bodies, dikes anissvef intermediate to acid
composition (tonalitic-trondhjemitic) intimately saciated with the amphibolites
(Fig. 2a). Leucocratic rocks are medium- to coagmséned, including pegmatitic
varieties, that appear as m-sized blocks, concordgars within amphibolite, and
crosscutting veins, indicating syn-metamorphic iparmelting of amphibolite.
Garcia-Casco (2007), Garcia-Casco et al. (2008h).amaro et al. (2009) estimated
melt crystallization at pressures of 1.2-1.4 GPRdRB/AP, Ar/Ar, and K/Ar data
(Adamovich and Chejovich 1964; Somin and Millan 1984&zaro et al. 2009)
indicates that all these types of rock formed durgarly stage of formation of
mélanges in the subduction environment during theyECretaceous (115-120 Ma)
and slowly exhumed in the subduction channel enwrent during the Late
Cretaceous until they finally exhumed rapidly dgrithhe latest Cretaceous (70-75
Ma) collision stage.

Leucocratic rocks are LILE-poor and show Rb/Sr 8ndNd isotopic characteristic
indicating derivation from a depleted MORB sourdéézaro and Garcia-Casco
2008). However, the diversity of amphibolite andasated leucocratic rocks in
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both mélanges includes Ba-rich rocks not describathte. We studied six samples
of Ba-rich rocks (see Figs. 1b and c for locatioayering the full compositional
spectrum from amphibolite (LCG-14) through trondahie (CV-201A) and
pegmatite (LCM-14 and LC-24 (Fig. 2b and c). In iidd, we studied Qtz-Ms
rocks (CV-53E and CV-201F; Fig. 2d) as represerdgatif hydrothermal material
not considered by Lazaro and Garcia-Casco (2008gsd hydrothermal rocks
appear as veins generally within trondhjemites pedmatites suggesting a close
genetic relationship. Less commonly, quartz-mudeoviocks crosscut the
amphibolites.

ANALYTICAL TECHNIQUES

Whole-rock major and trace elements analysis (Tablevere carried out at the
University of Granada (Centro de Instrumentaciéen@fica, CIC). Major element
and Zr compositions were determined on glass baadde of 0.6 g of powdered
sample diluted in 6 g of kB4O; with a PHILIPS Magix Pro (PW-2440) X-ray
fluorescence (XRF) equipment. The analyses plotteke figures were recalculated
to an anhydrous 100 wt % basis. Trace elementgpextr, were determined by
ICP-MS after HNQ + HF digestion of 0.1000 g of sample powder inefidn-lined
vessel at ~180 °C and ~200 p.s.i. for 30 min, eratfmm to dryness, and subsequent
dissolution in 100 ml of 4 vol.% HNQO

Major element composition of minerals (Tables 2a&)s obtained by WDS with a
CAMECA SX-100 microprobe (CIC, University of Grarsgcand a CAMECA SX-
50 microprobe (Serveis Cientificotecnics, Universif Barcelona). Amphibole
composition was normalized following the scheme_eéike et al. (1997) and Fe
was estimated after the method of Schumacher (@kdeet al. 1997). Garnet
composition was normalized to 8 cations and 12 erggand F& was estimated by
stoichiometry. Epidote, feldspar and lawsonite weoemalized to 12.5, 8 and 8
oxygens, respectively, and assuming, e F€*. White mica and chlorite were
normalized to 22 and 28 oxygens, respectively, asslming Fg. = F€*. The
atomic concentration of elements per formula uist@bbreviated apfu. The Mg
number of rocks and minerals (Mg#) is expresseti@atomic ratio Mg/(Mg+Fg).

Elemental XR images were obtained with the CAMECAX-X®0 microprobe of
Granada University operated at 20 kV, 150 nA beameat, with step (pixel) size
of 3-5 um and counting time of 30 ms. The imagesewsocessed with Imager
software (Torres-Roldan and Garcia-Casco unpultl)slamd consist of the XR
signals of ku lines of the elements (colour coded; expressedannts/nA/s)
corrected for 3.5 yus deadtime. The XR spectraegghmages were clipped to show
the mineral of interest and set on top of a blawk white “Z” image calculated by
the sum of the products of the counts by atomiclmem(Si, Ti, Al, Fe, Mn, Mg, Ca,
Na, Ba, K, P, F and CI) to show the basic texttekdtions of the scanned areas. The
profiles of Figures 9 and 11 show chemical compmsit of phengite (nhormalized to
22 0) and garnet (normalized to 12 O), respectjvedyculated from the elemental
XR images following the procedure of Bence and AlbEEI68) for matrix correction
using the composition of an internal standardshaingite and garnet analyzed with
the electron microprobe and tiidactor table by Kato (2005).
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Fig. 3. a) and b). Photomicrographs of amphiboli€G-14 showing large crystals of muscovite and
garnet porhyroblasts in an epidote-amphibole mattfive profile along garnet is presented in Fig. 11b
¢) and d) Photomicrographs of trondhjemite CV-20l#v&ng magmatic muscovite, quartz and
plagioclase. Plagioclase displays a dirty surfaaeedo alteration. €) Photomicrograph of pegmatite
LCM-14 from La Corea mélange composed of large (>8)rorystals of phengite and quartz, and
scarce albitic plagioclase and fine-grained mustavi) Photomicrograph of pegmatite LC-24 from La
Corea mélange showing primary plagioclase, muscaaiig quartz. g) Photomicrograph of Qtz-Ms
rock from Sierra del Convento mélange CV-201F showange (>3 mm) crystals of phengite and
quartz. h) Photomicrograph of Qtz-Ms rock from &edel Convento mélange CV-201F showing fine-
grained muscovite intergrown with quartz and (scawmbjtic plagioclase. Mineral abbreviations after
Kretz (1983).

Trace element LA-ICP-MS measurements of minera#bi@s 6-7) were performed
at the C.I.C. of Granada University using a 213 Nrcantek Nd-YAG laser
coupled to an Agilent 7500 ICP-MS with a shieldéaksma torch. The ablation was
carried out in a He atmosphere, using a laser Head at 60 um diameter. The
spot was pre-ablated for 45 s using a laser repetiate of 10 Hz and 40% output
energy. Afterwards, the spot was ablated for 60X0aHz with laser output energy
of 75%. To keep the laser focused during ablatiom,sample stage was set to move
5 um every 20 s. NIST-610 glass (ca. 450 ppb df edeament) was employed as an
external standard. In each analytical sessiongfgle thick section, the NIST-610
glass was analysed at the beginning and at theagiddalso after every six spots to
correct for drift. Silicon was used as internalnsi@rd. Data reduction was carried
out using software written by F. Bea (freely avalgaupon request) in STATA
programming language (Statacorp 2005). The pretisialculated on five to seven
replicates of the NIST-610 glass measured in egepgion, was in the range +3 to
+7% for most elements. Further details on techmeathods can be found in Bea
(1996) and Bea et al. (2005).

MINERAL ASSEMBLAGES AND TEXTURES

Amphibolite

The peak mineral assemblage of the amphibolite Earh@G-14 consists of
pargasite — epidote — garnet — titanite — rutitpiartz — apatite (Figure 3a). Pargasite
and epidote define a faint foliation. Garnet forlarge porphyroblasts up to 2 mm in
length that contain inclusions of epidote, quantw ditanite. The abundance of
amphibole and epidote and the lack of peak plagggcmake this amphibolitic rock
unusual. Garcia-Casco et al. (2008a) and Blancoi@énd et al. (2010a) interpreted
the lack of peak plagioclase in amphibolite roaksrf Sierra del Convento and La
Corea mélanges as the result of wet partial medtifrthe amphibolite at 700-750 °C
and ca. 1.5 GPa.

The studied sample is characterized by large deystfamuscovite up to 4 mm in
length that crosscut the foliation of the rock (F8b). Optically, these crystals
appear with patchy to concentric zoning. Inspectibiack-scattered electron and
XR images reveals xenomorphic Ba-rich cores coddule phengitic Ba-poor rims
(see below). The rims are associated to the retdegrassemblage chlorite -
actinolite-magnesiohornblende - albite - titanitattoverprints the peak assemblage.
The texture, fabric and chemical composition (sel®v) of the Ba-rich cores, on
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the other hand, suggest growth influenced by mafilbn of a Ba-rich fluid during
near-peak P-T conditions.

Trondhjemite

Trondhjemite sample CV-201A is a non-deformed leuatic rock consisting of
medium-grained magmatic plagioclase and quartz anBiordinate Ba-rich
muscovite (see below) and epidote (Fig. 3c, d)giBtdase and quartz represent ca
50 % and 30 % of the modal mineralogy, respectiv&patite and rutile are present
in small concentrations. Magmatic muscovite forimsk tabular crystals (2 mm in
length) showing concentric to patchy zoning.

Retrogression affected all types of magmatic ctystlagioclase appears altered to
albite, clinozoisite, lawsonite, phengite and sauts Magmatic epidote shows
overgrowths of retrograde clinozoisite that appesaneedles. Magmatic muscovite
shows retrograde Ba-rich phengite overgrowths, conynassociated to small
retrograde crystals of Ba-feldspars (celsian andiamrite) when adjacent to
plagioclase. This retrograde assemblage indicaggspnessure and low temperature
during retrogression.

Pegmatites

Pegmatite samples LC-24 and LCM-14 are formed bartqu albitic plagioclase,
and muscovite with magmatic textures, commonly khiapke (Fig. 3e, f), and
minor apatite. The grain size of muscovite in theszks can exceed several cm in
length, and display concentric to patchy zoninghitl twinning is very common,
though Carlsbad twinning is also present in pldgse Retrogression is faint,
represented by fine-grained albite and phengite.

Quartz-muscovite rocks

Quartz-muscovite samples CV-53E and CV-201F corgedins of muscovite larger
than 3 mm in length that display concentric to pgatzoning, and are not oriented
(Fig. 3g). Scarce plagioclase crystals are pres@ntall crystals of retrograde
phengite appear in the quartzitic matrix (Fig. 3lm).general, this type of rock
contains larger amounts of muscovite than the p&tgaa

WHOLE ROCK GEOCHEMISTRY
Major elements

Amphibolite

Amphibolite has a SiQcomposition of 48.75 wt.% and pat+K,O of 2.44 wt %
(Table 1) which corresponds to the basaltic contjposiwithin the subalkaline
series in the TAS diagram of Le Maitre et al (19883 4a). Ilts composition is
similar to N-MORB, with relatively low Mg# (0.37)na low to moderate Na20
(1.76 wt.%) and KO (0.68 wt.%) contents. Nevertheless the K20 cdngehigh
relative to typical amphibolite from the Sierra @dnvento and La Corea mélanges
(range 0.05-0.47 wt %; Lazaro and Garcia-Casco8P@nd has a medium-K
affinity in the K,O-SiO, diagram of Peccerillo and Taylor (1976; Fig. 4BRO
content is 0.24 wt%, much higher than typical N-M®R.002 wt. %; Hofmman
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1988; Fig. 4c). The alumina saturation index A/CNKO0.67, [A/CNK = molar
Al,O5/(CaO + NaO + K,0)] classifies this rock as metaluminous, simiaMORB
composition (Fig. 4d), despite of the presence ascovite.

Trondhjemite

The trondhjemite sample has high $i@6.16 wt %) and KO+NgO (6.75 wt %)
contents corresponding to subalkaline rhyolitic position in the TAS diagram
(Fig. 4a). The AlO; and NaO contents are high (15.82 and 5.98 wt % respdgjive
while K;O is low (0.78 wt. %) and ¥O/N&0Q is very low (0.13), plotting in the low-
K tholeiitic series field of Peccerillo and Tayl(976; Fig. 3b). The FeO and MgO
contents are low, with Mg# = 0.17. The BaO conierttigh (0.50 wt%, Fig. 4c).
The rock is peraluminous (Fig. 4d), having A/ICNKL29, as would be anticipated
by the presence of magmatic muscovite.
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Fig. 4. a) Total alkalis vs. silica diagram of ctféication of volcanic rocks from Le Maitre et al.
(1989). b) K20 vs. SiO2 diagram (Peccerillo and [dgy1976). c) BaO vs. SiO2 diagram. d) IAl
(inverse agpaitic index) versus ASI (alumina sdioraindex) diagram with projection of alkali-

feldspars and white micas for reference. Symbols digiure c. The composition of N-MORB is from
Hofmman (1988).

Pegmatites

The pegmatites have very high $i@6.11 and 76.98 wt %) and Ma+ K,O (6.51
and 8.20 wt %) contents, which correspond to suathak rhyolitic composition in
the TAS diagram (Fig. 4a). They have high Na20 §4athd 7.58 wt. %), and
relatively low FeO (< 0.37 wt. %), MgO (< 0.33 vitb), Mg# (down to 0.14 in
sample LC-24) contents. The® contents are relatively high (0.62 and 2.02 wt. %
plotting in the low to medium-K series of Peccerdind Taylor (1976: Fig. 4b). The
BaO contents (Fig. 4c¢) varies from 0.09 wt. % (LO-B 0.61 wt. % (LCM-14), in
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correspondence with larger amounts of white micathie later. The alumina
saturation index indicates peraluminous charadtdé5(and 1.58), very similar to the
trondhjemite sample (Fig. 4d).

Table 1 Major (wt%)and trace elements compositibstadied samples.
Sample LCG-14 CV-201A CV-201F CV-53E Le@-2 LCM-14
Complex Corea Convento Convento Convento Corea Corea
Rock  amph trondh Qtz-Ms  Qtz-Ms pegm pegm
SiO, 46.47 75.55 77.11 71.47 76.09 75.78

TiO, 2.03 0.03 0.13 0.08 0.01 0.03
Al,0; 15.23 15.69 14.12 18.26 15.26 15.35
FeQx 11.36 0.25 0.76 0.70 0.29 0.37
MnO 0.25 0.03 0.01 0.02 0.01 0.01
MgO 6.81 0.05 111 1.05 0.05 0.32
CaO 10.64 0.87 0.15 0.19 0.07 0.16
NaO 1.68 5.93 0.48 0.48 7.58 4.41
K20 0.65 0.77 3.98 5.14 0.62 2.00
P>0s 0.21 0.03 0.03 0.01 0.01 0.02
LOI 3.43 0.50 1.83 2.37 0.35 1.04
Total  98.75 99.70 99.71 99.77 100.33 99.49
Mg# 0.37 0.17 0.59 0.60 0.14 0.46

Rb 12.08 12.25 78.80 88.00 10.22 31.46
Cs 0.20 0.10 0.45 0.32 0.03 0.23
Sr 637.88 191.50 24.21 99.61 13.54 92.54
Ba 2014.99 4459.62 11810.00 6882.23 796.68 5425.75

Sc 42.72 0.70 4.56 5.65 0.18 0.55
Ni 94.12 2.77 18.43 23.00 4.54 23.80
Y 35.12 10.67 4.08 5.33 0.67 2.38
Nb 8.46 2.46 8.18 5.60 0.61 3.29
Zr 126.80 17.80 19.30 42.00 9.40 10.50
Pb 9.84 20.01 2.99 5.43 0.96 13.62
U 0.19 0.63 2.56 0.77 0.05 0.38
Th 0.74 0.93 6.44 4.30 0.16 1.15
La 8.92 3.13 10.70 2.96 0.50 2.62
Ce 21.78 4.38 15.05 5.83 1.09 3.95
Pr 3.25 0.65 214 0.65 0.13 0.43
Nd 15.56 2.56 8.41 2.79 0.59 1.73
Sm 4.67 0.95 1.95 0.79 0.16 0.53
Eu 1.79 0.63 1.08 0.65 0.06 0.47
Gd 5.50 1.32 181 0.83 0.14 0.56
Th 0.95 0.23 0.23 0.13 0.02 0.08
Dy 6.12 1.53 1.06 0.89 0.12 0.44
Ho 131 0.29 0.16 0.18 0.03 0.08
Er 3.59 0.77 0.36 0.53 0.08 0.23
Yb 3.30 0.73 0.29 0.54 0.06 0.20
Lu 0.50 0.11 0.04 0.09 0.01 0.03

Quartz-muscovite rocks

These rocks are similar to pegmatites in termsiOg $/3.38 and 78.78 wt %) and
NaO+K,O (4.56 and 5.77 wt %), having (an apparent) swuthak rhyolitic
composition in the TAS diagram (Fig. 4a). Howeuwbey have much lower N@
(0.49 wt %) and higher FeO (> 0.72 wt %), MgO (88), Mg# (0.60) and much
higher KO (4.01-5.28 wt %) as compared to the pegmatites:ieSpondingly, they
plot in high-K field of Peccerillo and Taylor (197Big. 4b). These rocks have the
highest BaO contents of the sample set analyzeyd 4€; up to 1.32 wt % in CV-
201F) and are strongly peraluminous (Fig. 4d), igwviery high A/CNK (2.63-2.73)
indicating the prevailing presence of muscovitee Themical differences between
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pegmatites and Qtz-Ms rocks are in correspondeiitbetire abundance of mica and
scarcity of plagioclase in the later type of roskcampared to the former.

Trace elements

Amphibolite

The normalized rare earth element (REE) patterth@famphibolite sample shows
enrichments with respect to chondrite C1 (McDonoagt Sun, 1995). The pattern
has negative slope (Fig 5a), similar to E-MORB. dsitive (La/Yb)n value of 1.83

indicates a fractionated REE pattern. It shows n@mBomaly (Eu/Eu* = 1.07) and
only slight HREE depletion with (Gd/Yb)n = 1.19.

This rock shows a flat pattern with similar valdes HFSE (Zr, Ti, Y) than N-
MORB and enrichment in LILE in a N-MORB normalizé@ce element diagram
(Fig. 6a). The most important deviations from N-MB®Rcomposition are
enrichment in Ba, Pb and Sr. The elevated Ba/TB4@j, Pb/Th (13.4) and Sr/Th
(865.5) ratios denote high mobility of Ba, Pb and r8lative to Th. These
enrichments in some mobile LILE are related to ¢ffect of alteration by fluids
derived from subducted sediments (Breeding etCil42and see below). Because of
the high Ba content of the high-temperature cofesuscovite in this sample (see
below), we interpret this stage of alteration ocedrat relatively high temperature.

Table 2: Representative analyses of white micas{abtized to 22 O and 4 OH)

Rock Amph Amph Trond Trond Trond Peg Peg Qtz-Ms -z
type core rim Ms core rim core rim core rim
Si0,  40.90 52.96 44.35 41.30 47.97 42.55 49.02 41.11 .4048
TiO, 1.20 0.04 0.02 0.14 0.05 0.09 0.11 0.02 0.40
Al20; 30.26 23.46 38.15 3211 26.80 34.42 27.47 35.80 .8228
FeO 2.43 3.76 0.04 2.24 4.77 1.67 1.26 1.15 1.72
MnO 0.03 0.02 0.01 0.06 0.36 0.00 0.03 0.03 0.01
MgO 2.15 3.78 0.00 1.31 1.13 1.22 3.32 0.64 3.42
CaO 0.00 0.13 0.01 0.00 0.00 0.00 0.00 0.00 0.00
BaO 8.90 0.25 0.49 8.38 2.64 6.49 1.79 7.33 1.62
Na,O 0.63 0.04 0.13 0.57 0.11 1.12 0.81 0.89 0.47
K;0 7.06 10.41 11.18 7.47 9.90 7.76 9.34 7.66 10.19

Total  93.56 94.85 94.37 93.58 93.72 95.32 93.15 6M4. 95.09

Si 5.96 7.14 5.96 5.97 6.73 5.93 6.73 5.79 6.55
Ti 0.13 0.00 0.00 0.01 0.01 0.01 0.01 0.00 0.04
Al 5.19 3.73 6.04 5.47 4.43 5.65 4.44 5.94 4.60
Fe* 0.30 0.42 0.00 0.27 0.56 0.19 0.14 0.14 0.19
Mn 0.00 0.00 0.00 0.01 0.04 0.00 0.00 0.00 0.00
Mg 0.47 0.76 0.00 0.28 0.24 0.25 0.68 0.13 0.69
Ca 0.00 0.02 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Ba 0.51 0.01 0.03 0.47 0.14 0.35 0.10 0.40 0.09
Na 0.18 0.01 0.03 0.16 0.03 0.30 0.22 0.24 0.12
K 131 1.79 1.92 1.38 1.77 1.38 1.64 1.38 1.76
Mo# 0.61 0.64 0.07 0.51 0.30 0.57 0.82 0.50 0.78

Trondhjemite

The chondrite-normalized REE pattern of this samgerelatively flat and
characterized by moderate REE contents (Fig. Swp positive anomalies in La
and Eu are present, which can be correlated teithgence of epidote in this rock
(see below). These enrichments vyield positive (b (2.91) and Eu anomaly
(Eu/Eu* = 1.71).
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trondhjemite, (c) pegmatites, and (d) Qtz-Ms rocks.

The incompatible trace element pattern normalizedNEMORB composition
illustrates enrichment in LILE and depletion in HE$Fig. 6b). Strong positive
anomalies in Ba and Pb, similar to amphibolite, moéable. The ratios (La/Yb)n
(2.91) and Sr/Y (17.95) are very low compared takitds. The negative Ti anomaly
is presumably related to fractionation of rutilgoigwrental amphibolite. Similar to the
analyzed amphibolite sample, the elevated Ba/TB548), Pb/Th (21.5) and Sr/Th
(205.9) ratios denote high mobility of Ba, Pb amadetative to Th.

Pegmatites
The rare earth element patterns normalized to aften@1 show negative slopes

(Fig 5c¢). Notably, HREE contents are sub chondiitisample LC-24. This feature
is also characteristic of K- and Ba- poor meltsnfed after partial melting of
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amphibolite in the Sierra del Convento mélange §kdand Garcia-Casco, 2008). A
strong positive Eu anomaly is present in sample ECM(Eu/Eu* = 2.61). The
samples show fractioned patterns with HREE deplei® (Gd/Yb)n (1.78 and 2.61)
and the (La/Yb)n (5.33 and 8.80) ratios indicate.

The N-MORB normalized trace element patterns asgatterized by relatively poor
high field strength elements (HFSE) and enrichnemntlLE (especially in Ba, Pb,
Na) and depletion in Ti (Fig. 6¢). These rocks emnaracterized by high Sr/Y ratio
(up to 38.90), similar to that of adakites.

Quartz-muscovite rocks

The chondrite-normalized REE patterns (Fig. 5d) enaracterized by negative
slopes and enrichment of LREE with respect to HREB/Yb)n = 3.72 and 25.24].
Positive Eu anomalies (Eu/Eu* = 1.75 and 2.45)distnctive.

Similar to pegmatites, the N-MORB normalized traekement patterns are
characterized by relatively poor patterns for tHeSH, enrichment in Ba, Pb and
depletion in Ti (Fig. 6d). These rocks display mmade to high Sr/Y (5.93-18.69)
ratios.
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Fig. 6 N-MORB (Hofmann, 1988) normalized spidergdéans for a) amphibolite, b) trondhjemite, c)
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The similarities in trace element composition betwéondhjemite, pegmatites and
Qtz-rich rocks support field relationships suggesta genetic connection. It could
be speculated that pegmatites are the result ofmag differentiation of tonalitic-
trondhjemite magmas, while Qtz-Ms rocks may coutditthe final hydrothermal
products of crystallization of pegmatites. Howewridences given below suggest
that Qtz+Ms rocks represent crystallization froninfiltrating primary sediment-
derived fluid. Such primary fluid may represent theid that triggered partial
melting of MORB-derived subducted amphibolite telgitrondhjemitic-pegmatitic
rocks.

Tabla 3 Representative analyses of plagioclasekdBa-feldspar (normalized to 8 O).

Rock Amph Pegm Pegm trond trond trond trondrond trond trond trond
Mineral Pl Pl PI Pl PI Kfs Kfs Cdsi Celsian Cymrite Cymrite
SiO, 68.91 63.34 6822 6752 66.68 63.37 6111 30.72.7630 31.55 31.73
TiO, 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.05 0.04 0.040.03
Al,0; 19.54 2215 19.67 19.51 20.12 18.12 17.98 26.32 .1726 25.39 25.61
FeQ, 0.05 0.00 0.00 0.01 0.01 0.03 0.01 0.08 0.00 0.020.00
CaO 0.15 4.38 0.33 0.01 0.76 0.00 0.03 0.05 0.02 00 0. 0.03
BaO 0.00 0.00 0.01 0.02 0.09 0.45 3.44 4050 40.2 7543 38.48
Na,O 11.64 952 1171 1194 11.43 0.04 0.08 0.11 0.1 .150 0.13
KO 0.03 0.05 0.05 0.02 0.03 16.52 15.19 0.20 0.3 9 0.8 0.70
Sum 100.33 99.44 99.99 99.04 99.11 9853 97.83 398.®7.59 9558 96.71

Si 3.00 2.82 2.98 2.98 2.95 2.99 2.96 1.98 199 420 204
Ti 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 00.0 0.00
Al 1.00 1.16 1.01 1.02 1.05 1.01 1.03 2.00 199 419 194
Fe*  0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.000.00
Ca 0.01 0.21 0.02 0.00 0.04 0.00 0.00 0.00 0.00 0 0.00.00
Ba 0.00 0.00 0.00 0.00 0.00 0.01 0.07 1.02 1.02 50.90.97
Na 0.98 0.82 0.99 1.02 0.98 0.00 0.01 0.01 0.01 20.00.02
K 0.00 0.00 0.00 0.00 0.00 0.99 0.94 0.02 0.02 0.070.06

MINERAL COMPOSITION
White Mica

Major elements

In amphibolite, phengitic mica shows a strong cosiljanal range in terms of Si
(5.95 — 6.86 apfu), Mg (0.32 - 0.68), Fe (0.1737), Al (4.14 — 5.33), Ti (0.01 -
0.14), Ba (0.08 — 0.57), K (1.31 — 1.85), Na (0-08.36) and Mg# (0.57 — 0.70)
(Table 2; Fig. 7). High Ba contents are recordethincores, which stand out clearly
in XR images (Fig. 8a, b). These cores appear ded@nd overgrown by low-Ba
rims (down to 0.21 apfu). High Ba cores are alsh i Na (up to 0.30 apfu) and Ti
(up to 0.14 apfu), denoting high temperature offthenation. The contents in Ba is
accommodated by the celsian ([BaAl][KQi]lexchange vector, which makes high-
Ba cores to be poor in Si (5.95 — 6.23 apfu) evethé amounts of phengitic
component related to the celadonitic (i.e., tscladgnexchange ([Si(Mg,Fe)][AD)
are moderate to high (Fe+Mg = 0.55 — 0.76 apfu).

Similar complex relations are found in muscovitatrthe trondhjemite sample CV-
201A. High-Ba (0.15 — 0.22 apfu) cores from crystal magmatic appearance are
characterized by Si =5.97 — 6.12 apfu, Ti < 0Mg,= 0.06 - 0.19, Fe = 0.09 - 0.25,
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Al = 550 — 5.88, K =155 - 1.73, Na = 0.10 — 0&% Mg# = 0.32 — 0.46),

indicating that muscovite crystallized at high temgiure from a silicate liquid. The
cores are irregularly corroded and overgrown by-Bavrims characterized by Si =
6.06 — 6.24 apfu, Mg = 0.14 - 0.22, Fe = 0.20 6pR = 1.67 — 1.75, Al = 5.32 —

5.63, Ti = 0.01, Ba = 0.09 — 0.15, Na = 0.12 — (ahfl Mg# = 0.41 — 0.48. These
overgrowths yielded subhedral crystals that propb&ttmed above the solidus of
the rock. Finally, the rims of magmatic muscovite avergrown by thin films of

Ba-rich muscovite (Fig. 8d), with low Si (5.83 -08.apfu), Mg (0.10 - 0.28), Fe
(0.14 - 0.27), K (1.28 — 1.40) and high Al (5.4%.93), Ba (0.31 — 0.47), Na (0.16 —
0.35) and Mg# (0.40 — 0.55). These latest overdgrswormed during subsolidus
retrogression of the sample, concomitant with eelsind cyrmrite replacements
after plagioclase.
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Fig. 7. Composition of white micas from all sampl€#cles = amphibolite (black), triangles =
trondhjemite (red), diamonds = pegmatite (blue)d aguares = Qtz-Ms rocks (green). Solid symbols
correspond to the cores of crystals and empty syl from the rims, but later retrogression in
trondhjemite is indicated by purple triangle.

In the pegmatites, muscovite is also charactertaedhigh-Ba (0.30 — 0.38 apfu)
corroded cores and low-Ba overgrowths (Figs. 7 @adf; Table 2). The former
have also low Si (5.90 — 6.05 apfu), K (1.33 — L.48 (0.23 - 0.37), Fe (0.14 —
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0.20) and high Al (5.47 — 5.76), Na (0.29 — 0.38)d Mg# (0.55 — 0.73). The Ba-
poor rims have high Si (6.15 — 6.80 apfu), K (1-561.70), Mg (0.26 - 0.68), Mg#
(0.56 — 0.82) and low Al (4.39 — 5.45), Ba (0.08.26), Fe (0.09 - 0.24) and Na
(0.15 - 0.36). A representative profile along theseas is presented Fig. 9.

In Qtz-Ms rocks the chemical features of muscowtessimilar to that of other rock
types. They display corroded Ba-rich cores overgroy Ba-poor rims (Fig. 8g, h).
The core composition is poor in Si (5.66 — 6.27uapig (0.01 - 0.39), Fe (0.05 -
0.17), and K (1.37 — 1.65) and rich in Al (5.14 .26y, Ba (0.14 — 0.50), Na (0.15 —
0.31) and variable Mg# (0.14 — 0.72). The Ba-pomrgrowths have high Si (6.38 —
6.69 apfu), Mg (0.32 - 0.69), K (1.60 — 1.80), arig# (0.74 — 0.78) and low Al
(4.43-5.18), Fe (0.11 - 0.21), Ba (0.07 — 0.11¢) Ha (0.06 — 0.29).

The chemical zoning of micas from all types of rac#licates complex fluid/melt
evolution during the evolution of these rocks, ssukssed below.

Table 4: Representative analyses of epidote (ndzedlto 12 O and 1 OH)
and lawsonite (normalized to 8 O).

Mineral Ep Ep Ep Ep Lws Lws
Rock Anf Anf trond trond trond trond
Type  peak retro peak retro retro retro
SiO,  38.60 38.83 38.47 38.97 37.58 39.18
TiO, 0.13 0.23 0.03 0.00 0.00 0.00
Al,O; 27.70 29.70 32.12 33.18 29.62 30.11
FeQ. 6.64 4.26 1.50 0.15 0.37 0.17
MnO 0.11 0.05 0.40 0.14 0.00 0.00
MgO 0.05 0.08 0.02 0.00 0.00 0.00
CaO 23.68 23.09 23.82 23.73 16.65 16.11
Na,O 0.01 0.01 0.00 0.00 0.00 0.35
Sum 96.92 96.25 96.36 96.15 84.22 85.92
Si 3.01 3.02 2.98 3.00 2.05 2.10
Ti 0.01 0.01 0.00 0.00 0.00 0.00
Al 2.55 2.72 2.93 3.01 1.91 1.90
Fe* 0.43 0.28 0.10 0.01 0.02 0.01
Mn 0.01 0.00 0.03 0.01 0.00 0.00
Mg 0.01 0.01 0.00 0.00 0.00 0.00
Ca 1.98 1.92 1.98 1.96 0.97 0.92
Ba 0.00 0.00 0.00 0.00 0.11 0.00
Na 0.00 0.00 0.00 0.00 0.03 0.04
Xps 0.15 0.09 0.03 0.00 0.00 0.00
Trace elements

LA-ICP-MS trace element measurements of the contiposof the cores and rims
of select white micas of all studied samples aesgmted in Tables 6 and 7. The
compositions normalized to N-MORB (Hofmann, 198Bdw similar trends (Fig.
10). In general, the studied muscovite-phengitstaty strongly concentrate Cs, Rb
and Ba, as would be expected (e.g. Zack et al.)20@ile are poorer in HFSE
relative to their respective whole rock composisignote that some elements are
below the detection limit). In general, the LILEsglay fractioned patterns while the
HFSE have relatively flat patterns, in all aspaetsembling the behaviour of the
whole rocks. In the amphibolite sample, the coregiaher in all elements except in
Pb and Sr, which are prominently enriched in theasri(Fig. 10a). In the
trondhjemite and pegmatite samples there is nt¢a difference between core and
rim in terms of trace elements abundances (Figb,1€), except for Ba and other
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LILE that appear concentrated in the cores. InQteMs rock, most LIL elements
are concentrated in the cores (Fig. 10d).

LCG-14 Ba FFIN

Fig. 8. XR images showing geochemical variationhefrite. a) and b) K (&), and Ba (lo] images,
respectively, from amphibolite sample LCG-14; c) adK (Ko) and Ba (lo) images, respectively,
from trondhjemite sample CV-201A; e) and f) KgjKand Ba (o1 images, respectively, from
pegmatite sample LCM-14 (the profile indicated is presented in Fig. 9f); g) and h) K{ and Ba
(Lo images, respectively, from Qtz-Ms rock sample CM-2@ll elemental images are expressed in
counts/s (colour scale bar), clipped to show mugeephengite chemistry, and set on top of calculated
black-and-white images.

Plagioclase

In amphibolite, plagioclase from retrograde pockeithin the amphibole-epidote
groundmass is albite in composition (Xab = 0.9%l&&3). Magmatic plagioclase
from the trondhjemite sample is strongly retrogthde albite. The highest Ca
content detected is 0.04 apfu (Table 3).
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Fresh magmatic crystals of plagioclase from thengdite samples are rich in Ab
component (> 0.97), attesting for a near-minimumlt neomposition of the

pegmatitic magma. Sample LCM-14 bears some graheirin Ca (Xan: 0.14-0.20;
Table 3).

Table 5: Representative analyses of amphibole (abized to
22 O and 2 OH), garnet (normalized to 12 O) andodté
(normalized to 20 O and 16 OH)

Mineral Amp Amp Grt Chl Chl
Type peak retro peak retro retro
SiO, 42.85 53.79 37.78 26.75 26.44
TiO, 0.61 0.03 0.10 0.06 0.01
Al,O; 15.69 2.00 21.29 20.55 18.25
FeQx 14.73 15.42 27.42 21.18 30.24
MnO 0.09 0.15 2.04 0.13 0.26
MgO 9.13 13.61 2.63 17.94 12.34
CaO 11.05 12.05 9.76 0.02 0.13
Na,O 2.48 0.58 0.01 0.02
K20 0.6 0.07 0.03 0.03
Total 97.23 97.7 101.02 86.67 87.72
Si 6.35 7.82 2.97 5.56 5.73
Ti 0.07 0.00 0.01 0.01 0.00
Al 2.74 0.34 1.98 5.04 4.66
Fe* 0.05 0.04 0.00 0.00 0.00
Fe 1.77 1.83 1.81 3.68 5.47
Mn 0.01 0.02 0.14 0.02 0.05
Mg 2.02 2.95 0.31 5.56 3.98
Ca 1.75 1.88 0.82 0.00 0.03
Na 0.71 0.16 0.00 0.01
K 0.11 0.01 0.01 0.01
Mg# 0.53 0.62 0.15 0.60 0.42

K and Ba minerals

The chemical composition of small disseminated Sjgdal crystals overprinting
plagioclase in trondhjemite sample CV-201A corresjsoto orthoclase and celsian
(Table 3). Cymrite also appears associated withianel(Table 3). The coexistence
of near-pure orthoclase and celsian compositiodEdtes solvus relations at very
low temperature.

Epidote

Clinozoisite is the most common composition of #@idote group minerals in
amphibolite with low pistacite content (Xps = FeBAl+Fe3+)] < 0.15; Table 4).
Zoning is generally faint or not present. Magmatigstal of epidote group minerals
from trondhjemite have low pistacite contents (2.1

Lawsonite

Retrograde crystals of lawsonite are very pure dodnot display significant
chemical variations (Table 4).

Amphibole

In amphibolite sample, amphibole is calcic rangimgompaosition from pargasite
trough magnesiohornblende to actinolite. Pargdsite (Na+K)A contents in the
range 0.53-0.60 apfu, while actinolite-magnesiobtemnde has 0.02-0.45 apfu (Fig.
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1la, Table 5). The pargasitic compositions cornedpto grains formed at the
metamorphic peak. They are rich in Na-in-A (maxX80apfu), total Al (max. 2.74),
Mg# (max. 0.55) and Ca (max. 1.79), and poor ir(rf8in. 6.35). The actinolite-
magnesiohornblende compositions correspond togmetde overprints (Fig. 11a).
They are poor in Al (even 0.14) and rich in Si (ma©0) and Mg# (0.56-0.65).

Table.6 Representative LA-ICP-MS analyses (ppmdrefscof phengite of studied rocks.
Sample LCM-14 LCM-14 LCM-14 LCG-14 LCG-14CV-20la CV-20l1a CV-201f CV-201f C0Hf

Type Peg Peg Peg Amph Amph trond trond Qtz-Ms Q&z-M Qtz-Ms

Rb 264.69 199.03 83.74 292.50 294.93 166.62 158.9283.70 135.24 79.79
Cs 6.52 3.91 10.77 0.71 0.59 0.88 0.87 0.41 1.26 59 0.
Sr 26.61 22.95 81.14 211.38 195.87 14.71 15.37 559.1 15.39 173.46
Ba 83979.62 61891.90 49765.47 88512.76 104468.6463180 45100.77 86828.49 62598.93 103385.49
Sc 6.75 11.06 3.93 16.28 18.23 6.86 8.02 471 25.15 2.39

Ni 0.29 0.07 0.53 23.51 18.45 0.94 0.95 5.35 3.94 46 6
Y 2.41 1.87 1.41 16.68 23.45 1.50 1.52 2.62 1.68 69 2.
Nb 17.33 37.96 2.27 19.96 21.22 47.70 41.98 11.00 6.689 7.19

Zr 2.01 6.46 2.58 44.74 43.22 1.31 1.31 0.21 1.49 250
Pb 20.08 14.95 46.95 7.03 7.64 12.24 8.24 17.69 7712. 28.64

U 0.01 0.03 0.02 0.05 0.09 0.01 0.01 0.08 0.07 0.26
Th 0.02 0.03 0.03 0.03 0.01 0.00 0.01 0.08 0.04 150.
La 0.33 0.40 0.32 0.55 0.26 0.54 0.44 0.29 0.24 350.
Ce 0.07 0.34 0.16 1.17 0.41 0.00 0.01 0.03 0.00 8 0.0
Pr 0.02 0.02 0.01 0.18 0.13 0.01 0.00 0.02 0.00 03 0.
Nd 0.08 0.19 0.14 1.35 0.99 0.03 0.00 0.03 0.00 50.0
Sm 0.09 0.03 0.06 0.89 1.07 0.04 0.09 0.00 0.00 2 0.0
Eu 0.01 0.00 0.00 0.07 0.25 0.01 0.00 0.00 0.00 00.0
Gd 0.04 0.06 0.00 1.39 2.39 0.00 0.00 0.00 0.00 00.0
Th 0.02 0.00 0.00 0.28 0.55 0.00 0.00 0.00 0.01 00 0.
Dy 0.02 0.01 0.05 2.17 4.02 0.01 0.00 0.00 0.02 40.0
Ho 0.00 0.00 0.01 0.50 0.99 0.00 0.00 0.00 0.00 00.0
Er 0.00 0.03 0.02 1.47 2.16 0.03 0.00 0.00 0.00 10.0
Yb 0.02 0.03 0.02 1.64 1.80 0.03 0.02 0.16 0.01 90.0
Lu 0.01 0.01 0.02 0.23 0.28 0.00 0.00 0.09 0.02 04 0.
Garnet

Garnet porphyroblasts from the amphibolite sampéergch in almandine (Xalm =
0.50-0.59) and grossular (0.26-0.35), but poonjrope (0.08-0.10) and spessartine
(0.04-0.08, Table 5). Zoning is concentric, typio&lprograde growth in terms of
Sps and Grs components decreasing toward the igmXEb). However, the zoning
is mild suggesting diffusion reequilibration at ngmak conditions. In fact, the
distribution of Mg# is mostly constant, attestingr fan effective diffusion
reequilibration in terms of the Fe-Mg exchange deup

Chlorite

Retrograde chlorite from amphibolite is heterogerseon composition (Table 6),
with Si = 5.48-5.75 apfu, Al = 4.64-5.12 and Mg##2-0.60. The compositional
variability is due to the effect of primary minesdleing retrogressed, with chlorite
formed after amphibole being richer in Mg and pooreFe (Mg = 5.56 and Fe =
3.68) that chlorite formed after garnet (Mg = 391 Fe = 5.48).
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Fig. 9. Profile along phengite of sample LCM-14 (Bég 8e for location).

DISCUSSION

Origin of rocks

Fluid-fluxed partial melting of MORB amphibolite ithe Sierra del Convento and
La Corea mélanges at ca. 1.5 GPa and 700 °C prddoalitic-trondhjemitic melts
that cooled down in the subduction channel (Ga@&aeo et al. 2008a, L4zaro et al.
2009; Blanco-Quintero et al. 2010a). As indicatgdtiese authors, the implied
anomalous high geothermal gradient (>14 °C/km)hia subducted slab can be
explained by onset of subduction combined with swehdn of young oceanic
lithosphere.

Major and immobile trace elements composition ef @imphibolite sample indicate
a basaltic MOR affinity (Fig. 12a), even if LILE afidances indicate enrichments
relative to N-MORB. These enrichments are integateas the consequence of
interaction with Ba-rich fluids, probably similaw those represented by the studied
Qtz-Ms rocks showing strong enrichment in LREE bBhdE (Figs. 5 and 6). Bebout
et al. (1999) established that LILE are removednfisubducted metasediments by
devolatilization, therefore the fluid fluxing of gumibolite probably account for the
observed LILE enrichments. This interaction tookagal in the subduction
environment, once the subducting amphibolite agddo the overriding plate and
attained peak P-T conditions similar to other arbpliie blocks from both mélanges
(i.e., 700-750 °C, 1.5 GPa; Garcia-Casco et alB&0D4azaro et al, 2009). However,
the Ba-poor nature of the retrograde rims of mugeowndicates that Ba-poorer
fluids fluxed the rock during retrogression and wxiation in the subduction
channel.
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Fig. 10. Spider diagrams normalized to N-MORB (Hafim, 1988) of phengites from a) amphibolite,
b) trondhjemite, c) pegmatite and, d) Qtz-Ms rd8&lid and empty symbols correspond to core and

rims, respectively. The compositions of the respeathole rock samples are indicated by thick grey
lines.

The trondhjemite sample CV-201A is inferred to hdeemed after wet partial
melting of MORB-derived amphibolite fluxed by K- dm.ILE-rich fluids derived
from subducting sediments. Enrichment in LILE arebldtion in Nb and other
HFSE (Fig. 12b) strengthen this view. The Ba-ridnes of magmatic muscovite
from sample CV-201A indicates a K-, Ba-, and othdrE-rich melt and that
enrichment in these elements is certainly not gsilt of late alteration. Continued
crystallization and fractionation of Ba in the coref muscovite in this sample
formed Ba-poorer residual liquids that producedpBar magmatic rims. This
indicates a compatible behaviour of Ba in this matjersystem. Local infiltration of
fluids during subsolidus conditions allowed thenfiation of Ba-rich retrograde rims
associated with celsian and cymrite, either asaltref Ba remobilisation or the Ba-
rich nature of low temperature infiltrating fluidr(both).
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Fig. 11. a) Si versus Mg# composition of calcic aibple in the classification scheme of Leake et al
(1997) with indication of the retrograde trend. Téalid symbols correspond to the peak amphibole
while the empty symbols correspond to retrogradesramd pockets. b) Profile of garnet from

amphibolite (sample LCG-14; see Fig. 3a for locatiohote near constant Mg# and inverse

relationship between almandine and grossular.

Based on Rb/Sr and Sm/Nd isotopic signature ofri¢k Ba-poor muscovite-lacking
tonalitic-trondhjemitic rocks from the Sierra debrvento mélange, Lazaro and
Garcia-Casco (2008) indicated that these rocksddrauring partial melting of K-
poor amphibolites infiltrated by fluids primarilyedved from a depleted source. The
most probable source of fluids was subducting sempée, and that mild
enrichment in LILE resulted from late retrogradeedtion during exhumation in the
subduction channel. Indeed, the MORB-normalizedmelgal patterns of
trondhjemite CV-201A strongly contrast in termsBd (and other LILE and Pb)
with the K-poor rocks studied by Lazaro and Gafeésco (2008; Figure 12b).
Hence, in view of the data presented here, a distifluence of a sediment-derived
fluid component in the fluid that triggered partiaklting of amphibolite in the
subduction environment must be accepted.
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Table.7 Representative LA-ICP-MS analyses (ppnijref of phengite of studied rocks.

Sample LCM-14 LCM-14 LCM-14 LCG-14 LCG-14 CV-201&£V-20la CV-201f CV-201f

Type Peg Peg Peg Amph Amph trond trond Qtz-Ms  Q$z-M
Rb 97.16 139.53 134.80 136.97 133.20  302.32 293.5818.36 228.60
Cs 0.54 0.47 0.90 0.25 0.22 3.94 4.57 0.98 1.44

Sr 228.68 156.05 93.90 1453.11 1480.59 11.24 10.2944.73 46.11
Ba 26763.84 24280.49 34282.62 38319.01 37133.0625229 20240.68 18793.57 22608.26

Sc 5.86 4.59 6.81 11.51 9.86 8.76 8.87 11.88 4.87
Ni 30.73 2.90 3.13 11.19 11.30 0.86 0.56 66.10 2.7

Y 0.95 0.82 0.88 2.47 2.64 0.74 0.66 0.64 0.64
Nb 7.94 3.38 20.23 2.02 2.69 63.90 76.37 2.82 6.30
Zr 9.76 5.75 5.18 0.42 6.17 0.75 0.78 0.17 0.09
Pb 115.53 26.60 59.47 22.06 23.16 7.70 8.79 3.07 52 4.

U 0.16 0.02 0.03 0.01 0.00 0.01 0.00 0.07 0.06
Th 0.45 0.05 0.16 0.00 0.00 0.00 0.00 0.06 0.08
La 0.41 0.27 0.47 0.09 0.06 0.25 0.20 0.06 0.07
Ce 0.59 0.24 0.29 0.03 0.04 0.00 0.04 0.00 0.03
Pr 0.07 0.02 0.03 0.02 0.01 0.00 0.00 0.00 0.01
Nd 0.16 0.15 0.14 0.12 0.00 0.00 0.00 0.00 0.06
Sm 0.07 0.08 0.06 0.08 0.06 0.02 0.02 0.00 0.00
Eu 0.01 0.00 0.01 0.03 0.00 0.00 0.00 0.00 0.00
Gd 0.06 0.06 0.00 0.12 0.00 0.00 0.00 0.00 0.00
Tb 0.01 0.03 0.00 0.03 0.00 0.00 0.00 0.00 0.01
Dy 0.06 0.00 0.04 0.22 0.27 0.00 0.01 0.02 0.00
Ho 0.01 0.01 0.01 0.05 0.06 0.00 0.00 0.00 0.01
Er 0.02 0.00 0.02 0.18 0.11 0.00 0.01 0.02 0.00
Yb 0.06 0.01 0.04 0.08 0.06 0.00 0.03 0.01 0.07
Lu 0.02 0.01 0.02 0.02 0.02 0.00 0.00 0.01 0.00

The coarse-grained crystals (>4 mm) of pegmatitdgcate crystallization from a
H,O saturated melt. The close spatial relationshgis/éen these rocks and K- Ba-
rich trondhjemites suggest formation of the fornasr a result of the magmatic
differentiation of the later. Note that Ba in thrertdhjemite magma behaves as a
compatible element, for it is strongly fractionaiednagmatic muscovite, allowing
differentiates to be poorer in Ba. This is confithi®y pegmatites, which are poorer
in Ba than trondhjemite CV-201A (Fig. 12b). Altetivaly, these pegmatitic rocks
may represent #D-saturated minimum melts formed at thgksaturated solidus of
amphibolite fluxed by K- and Ba-rich fluids.

Two possible hypotheses are considered for thdnonf Qtz+Ms hydrothermal
rocks: 1) they may represent rocks that crystallimem the final hydrothermal
fluids which evolved from differentiation of trongimitic-pegmatitic melts, or 2)
they may constitute the precipitation from primasgdiment-derived fluids.
Geochemical data cannot discriminate between thsgmtheses. However, it
should be noted that these rocks are strongly leedlién Ba, as compared to their
potential trondhjemitic-pegmatitic sources. The patible behaviour of Ba in the
trondhjemitic-pegmatitic melt system and (appaggnith the hydrothermal system
(Ba is similarly concentrated in the cores of hydesmal muscovite) would argue
against the magmatic differentiation hypothesisusththese Ms+Qtz rocks may
represent a direct evidence for the circulatiomigh temperature sediment-derived
primary fluids rich in K and Ba in the subductiamve@onment.
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Fig. 12. N-MORB (Hofmman, 1988) normalized spidiegthms of a) amphibolite sample LCG-14,
and b) trondhjemite, pegmatites Qtz-Ms rocks. Tiey elds represent the composition of a) low-K
muscovite-lacking amphibolite rocks and b) low-K cawite-lacking trondhjemite rocks from Sierra
del Convento mélange (data from L&zaro and Garciae8a2008).

Barium and barium-rich minerals

The presence of Ba in K-minerals is common, fos¢helements display a similar
behaviour in natural systems as a consequenceewfdimilar ionic radii. Because
both cations have different charges, however, pm@tion of Ba in the structure of
K-minerals takes place by means of a coupled caxmhange involving Al and Si,
i.e. the celsian coupled substitution BaAl(SiK)his exchange vector is inferred
from the existence of solid-solution series betwdlea@ Ba- and K-analogues,
intermediate compounds, and Ba end-members witlapipeopriate stoichiometry,
as clearly illustrated by orthoclase and celsian.

Such simple exchange vector scheme is not stréoghiard in complex mineral
solid solutions such as the micas. In these roitles,chemical changes expected
after operation of the celsian exchange are obdduwyether substitutions involving
octahedral cations (e.g., the celadonite excha(deg,Fe)Si(Al),) and interlayer
cations (e.g, the paragonite exchange Nakn the studied rocks, Ba is enriched in
the cores of muscovite crystals having significki@+Mg and Na contents,
indicating the intervening operation of these exgj&s. Because enrichment in Ba
implies depletion in Si (and enrichment in Al), aedrichment in Fe+Mg implies
enrichment in Si (and depletion in Al), the reswtichemistry of the mica is
obscured in terms of tetrahedral cation proportions

Principal Component Analysis (PCA) was used in t@ngpt to obtain the relative
contribution of the main exchange vectors explgnmica composition in the
studied rocks. First, each sample was treated a@@har Results indicate similar
conclusions. Furthermore, similar conclusions watined using the whole data
set of analyzed white micas. In all cases the Fraticipal Component obtained
explains more than 90 % of the statistical variantehe data set used. As an
example, we give here the results obtained for muite from Qtz-Ms rocks. This
First Principal Component has the form of the failog complex exchange vector:

0.47 Si + 0.35 Mg+Fe + 0.17 K= 0.79 Al + 0.18 BA.85 Na
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Fig. 13. Ba/TiO2 versus Ba diagram (Sorensen e1@97) of studied rocks and phengite showing the
mixing curves between N-MORB (Hoffman, 1988) and\@tzocks (sample CV-201F), representing a
potential sediment-derived slab fluid. Lines reprgtg melting of amphibolite (LCG-14) to form
trondhjemite (CV-201A) and differentiation of trojethite (CV-201A) to form pegmatite (LC-24) are
also showed. Phengite symbols: circles = amphibo{ltéack), triangles = trondhjemite (red),
diamonds = pegmatite (blue), and squares = Qtz-lsks (green), with filled and empty symbols
corresponding to the cores and rims of crystalgpeztively. Late retrogression of phengite from
trondhjemite CV-201A is indicated by purple triargle

that explains 96.79 % of the chemical variance o§covite. The mass- (-0.03) and
charge-balance (-0.03) of this complex exchangéovere small and can be related
to analytical error and/or the lack of considenatid F€*, interlayer vacancies, and
excess of octahedral occupancy in the calculatidfigen this vector is decomposed
in simple exchange vectors, the results indicat tihe celadonite exchange
((Mg,Fe)Si{"AIV'Al),) contributes 67.31 % to the total chemical vatigbbf the
micas. The celsian exchange BaAl(Sikgontributes moderately, 23.07 %, while
the paragonite NaKexchange contribution is faint (9.62 %). The intpoce of the
celadonite exchange is a relevant conclusion.,Fiestause it allows considering the
relatively Si-poor Ba-rich compositions as phemgigven if the amounts of Si are
low, suggesting a relatively high pressure of @abization at high temperature.
Second, because the sluggish kinetics of the ceigd@xchange in the micas did
not allow homogenization in crystals formed at higmperature (e.g., Dempster,
1992; Garcia-Casco et al. 1993), explaining thegmation of the strong chemical
core-rim zoning that characterize the studied micas

Celsian and cymrite are common minerals in rocks\édl in subduction complexes.
Typically, these minerals are related to metasanednsformations induced by Ba-
rich fluids in the subduction channel, includingg#tite deposits (e.g. Harlow 1994;
Shi et al., 2010 and references therein). Recef@lgrcia-Casco et al. (2009)
reported jadeitite deposits in the Sierra del Catwemélange. The presence of
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celsian and cymrite-forming fluids in the studiemtks strongly suggest a genetic
link between these fluids and jadeitite-formingdithe studied mélanges

LILE-rich fluids and melts in the slab and implications for mantle wedge
processes

According to Lazaro and Garcia-Casco (2008) thalttertrondhjemitic rocks from

the Sierra del Convento mélange originated by flodliced partial melting of
subducted metabasite. These authors stressedhéhdtuid was evolved from a
dehydrating depleted oceanic source. The studsediijemitic and pegmatitic rocks
have immobile elements (HFSE) contents that aresistamt with formation after
partial melting of MORB-derived amphibolite, buteth substantial enrichment in
LILE demonstrates a different nature of the indiling fluid. A normal product of

subduction of metabasite is the continuous loskloE due to dehydration. The
higher LILE content of the studied amphibolite séeanpCG-14 compared with

typical MORB and amphibolite blocks from the Siedel Convento mélange (Fig.
12a) demonstrates that the former represents stestilMORB that underwent
enrichment of LILE from slab fluid components. Theesence of white mica in
these rocks indicates, on the other hand, thataKaml other LILE are fixed during
fluid infiltration at high temperature in the sulation channel.

Processes of fluid-amphibolite interaction and mgltand differentiation of
trondhjemitic rocks explain the chemical varialiliof studied samples. This is
illustrated by means of modelling of mixing betweRAVIORB and a potential
sediment-derived slab fluid using Ba and TiSorensen et al. 1997; Fig.13). The
calculations suggest that ca. 15 % of Qtz-Ms fedhponent was added to MORB
in order to produce their observed Ba enrichmeit. (E3). The trondhjemite rock,
formed by partial melting of MORB-amphibolite, heimilar Ba contents but lower
TiO,. These compositions can be explained by the pcesehrutile and titanite in
residual amphibolite. The process of differentiatad the melts, on the other hand,
produced fluid-saturated pegmatites with similar/TB@, ratio but lower Ba
contents, as a result of the incompatible behavib®a (fractionated in phengite).

Flux of slab-derived fluid and/or melt through tthepleted mantle wedge promotes
the formation of LILE-rich and HFSE-poor arc magniBseeding et al. 2004). The
demonstrated circulation of fluids and melts in ®ierra del Convento and La
Corea mélanges makes suitable the formation afnagmas by means of fluid/melt
infiltration into the mantle wedge. However, theage no local or regional
indications for the transfer of the studied subrnetelated fluids and melts to the
associated mantle wedge and the volcanic arc., Birststudied rocks do not show
geochemical characteristics that can be relats@toficant interactions with mantle
wedge peridotites. In addition, contemporaneousarot arc rocks do not show
strong enrichment in Ba and Pb and depletion in BREhd other compatible
elements. For example, tonalite arc magmas of ainaigjle (110-115 Ma) similar to
those from the eastern Cuba mélanges occurringdrvolcanic arc Los Ranchos
Formation of the Dominican Republic (Escuder-Vieuat al. 2006) show clear
differences in terms of trace elements composiffeg. 14). The magmatic rocks of
the eastern Cuba mélanges are poorer in HFSE aiche in LILE, suggesting
contrasted processes of formation. In fact, toeslirom Los Ranchos Fm were
formed by melting at the base of thickened earty @ust (Escuder-Viruete et al.
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2006), while the eastern Cuba mélange rocks foradetbst synchronously by
partial melting in the subduction environment.
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Fig. 14. N-MORB (Hofmman, 1988) normalized diag@mparing the studied leucocratic rocks from
eastern Cuba mélanges (grey field; this paper) wittanic-arc tonalites from Dominican Republic
(black triangles; data from Escuder-Viruete et2006).

Phengite is the principal mineral carrying Cs, Rid @Ba in the subduction
environment (e.g. Harlow 1995; Sorensen et al. 198¢k et al. 2001, Bebout et al.
2007; this paper), and its stability in subductsigbs is a major critical factor in
transferring matter to the hanging wall plate (Sichrh996; Domanik and Holloway
1996; Hermann 2002). The fact that phengite criya¢al at depth in the subduction
environment of the Sierra del Convento and La Canékanges (ca. 50 km; Garcia-
Casco et al. 2008a) implies that LILE were trappedphengite and were not
transported to the mantle wedge. Thus, the fluidksrof the Sierra del Convento
and La Corea meélanges acted as sinks rather thamesofor LILE elements,
preventing their transfer to the volcanic arc. @oldeothermal gradients prevents
partial melting at shallow depths, however, allogvitlecomposition of phengite at
sub-arc depths (100-150 km) and the transfer oELtih the sub-arc mantle and the
volcanic arc. This may explain Ba enrichments intemporaneous (120-110 Ma)
volcanic arc basaltic formations of Hispaniola (&gcuder-Viruete et al. 2010, and
references therein). These inferences strengtremtportance of the thermal state
of subducting slabs and, hence, the of phengitalityafor the transfer of matter
from the slab to the hanging wall plate and forghechemistry of arc magmas.
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CONCLUSIONS

Major and trace element composition of phengiteibgaBa-rich amphibolite,
trondhjemite, pegmatite and Qtz+Ms rocks from Lad2oand Sierra del Convento
mélanges (eastern Cuba) demonstrate the circulafi®a-rich fluids and melts in
the subduction environment. The amphibolite represssubducted MORB material
affected by fluid infiltration at high temperaturEhe trondhjemite was formed by
fluid-fluxed melting of amphibolite and represemitistine slab melts that did not
react with the upper plate mantle. Crystallizatbtbrmagmatic phengite rendered Ba
a compatible behaviour during crystallization ofitm€&he pegmatites are interpreted
as magmatic products after differentiation of tigjedhitic melts, while Qtz-Ms
rocks probably represent material crystallized franprimary sediment-derived
fluid. Principal Component Analysis (PCA) indicatdsat phengite chemistry is
primarily governed by the celadonite (tschermalghaxge vector ((Mg,Fe)Si-(Al)
») combined with the celsian (BaAl-Kgiand paragonite (Nal exchange vectors.
The contrasted chemistry of Ba-rich cores and Ba-pions of phengite indicates a
complex evolution of fluids/melts towards Ba-poongposition, which is explained
by the compatible behaviour of Ba in the studiedtays. Crystallization of the
studied magmatic rocks in the subduction envirorinmeade phengite to act as a
sink, rather than a source, for Ba (and other LIRE, Sr), preventing the transfer of
these elements to the mantle wedge. This strengttienimportance of phengite
stability in the subduction environment for contodlthe flux of material from the
slab to the volcanic arc environment.
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ABSTRACT

A variety of metaultramafic (serpentinite) rocks lia Corea mélange, Sierra de
Cristal, Eastern Cuba, show differences in chemitattural and mineralogical

characteristics demonstrating a variety of prdislitThe mélange originated during
the Cretaceous as part of the subduction chanmeicated with the Caribbean

island arc. This mélange contains high pressurekblin a serpentinite matrix and
occurs at the base of the large tabular Mayarit&righiolite. Two principal groups

of serpentinites have been identified in the méarg) antigorite serpentinite,

mainly composed of antigorite and b) antigoritediite serpentinite, composed of
mixtures of antigorite and lizardite and bearingstidictive porphyroblasts of

diopsidic clinopyroxene. Antigorite serpentinitege aclosely related to tectonic

blocks of amphibolite (representing subducted MORM)d constitute deep

fragments of the serpentinitic subduction chanoeigd during hydration of the

mantle wedge. The composition of the antigoritediite serpentinites and the
presence of clinopyroxene porphyroblasts in thetef rock suggest that abyssal
Iherzolite protoliths transformed into serpentinefore and during incorporation

(as tectonic blocks) in the shallow part of the dudiion channel. Although the

studied rocks have different origins, mineralogicampositions and textures, they
display similar PGE compositions, suggesting thasé elements experienced no
significant redistribution during the metamorphiddoth types of serpentinites were
exposed together in the La Corea mélange duringldtee Cretaceous, during

obduction of the overriding Mayari-Baracoa ophioltielt that led to exhumation of

the subduction channel (mélange).

Keywords: Serpentinite, Subduction channel, La Corea Méla@giba, Caribbean.
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INTRODUCTION

Ophiolite-related ultramafic rocks, commonly strigngerpentinized, appear along
the margins of Caribbean Plate, being most abundanthe northern edge,

principally on Cuba (Lewis et al., 2006a and reafess therein). These ultramafic
rocks represent fragments of oceanic and sub-#rosfpheric mantle that were
altered, completely or partly, to serpentinitesfloyds during their evolution and

accretion to the Caribbean orogenic belt. In Ctibase ophiolitic bodies are related
to serpentinite-matrix mélanges containing highsptuee (HP) blocks of different
origin and composition (e.g., Garcia-Casco et 2006, and references therein).
These mélanges can be interpreted as the exhunitiction channel of the

Caribbean subduction zone (e.g. Gerya et al., 2002)

Two serpentinite-matrix mélanges have been docuedeint eastern Cuba, 100 km
apart: La Corea and Sierra del Convento mélanggs XFSomin and Millan, 1981;
Garcia-Casco et al., 2006). The origin and evatutid the HP (garnet-epidote
amphibolite and blueschists) blocks from both mgésnhas been studied by Garcia-
Casco et al. (2006, 2008a), Lazaro and Garcia-CgXa@8), Lazaro et al. (2009)
and Blanco-Quintero et al. (in press). However, datailed petrological and
geochemical studies have been performed to chamteélange serpentinites.

The serpentinitic rocks present in La Corea mélahgege mineralogical and
geochemical characteristics that indicate varie@l €snditions of formation and
variable protoliths. The mélange formed during &cebus times in response to SW-
dipping subduction beneath the northern Caribbéate.pin this paper we provide
new petrological and geochemical data of repretieataerpentinite samples from
the La Corea mélange in order to evaluate its eathe environments of formation
of serpentinites, and the implications for tectdnieractions between the Caribbean
and North American plates.

GEOLOGICAL SETTING

The Cuban fold and thrust belt formed during Mesozo middle Eocene times in
the active Caribbean-North American plate marginisl now accreted to the
southern margin of the North American plate (Fig).IThe Cuban orogenic belt
includes several imbricated geologic complexes,luiting fragments of the
Caribeana terrane (Cangre, Pinos, Escambray andnc&su metamorphic
complexes), the Bahamas platform (Cayo Coco, Remeedlamajuani belts), the
margin of the Maya block (the Guaniguanico terramp different volcanic arc
complexes of Cretaceous and Paleogene ages resheatiphiolite bodies forming
the northern and eastern ophiolite belts, and syr@t post-orogenic sedimentary
basins (lturralde-Vinent, 1998; Iturralde-Vinentatt 2006, 2008; Garcia-Casco et
al., 2008Db).

The most important tectonic units in northeasteutaCare the ophiolites and the
Cretaceous volcanic arc (Fig. 1b). Systematicallg Cretaceous volcanic arc
appears tectonically below the ophiolites. The &rebus volcanic arc units contain
a number of basic to acid volcanic units havingtinli$ island arc tholeiitic,
boninitic and calc-alckaline signatures (IturraMi@ent et al., 2006; Proenza et al.,
2006; Marchesi et al., 2007). The age of thesedtions has been paleontologically
estimated to range from early Cretaceous (Aptidniahl) to late Cretaceous
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(Campanian) times (lturralde-Vinent, et al., 2006he Purial volcanic complex,
located in the southern part of the region, is metphosed to the greenschist and
blueschist facies (Boiteau et al., 1972; Cobiellaale 1977; Somin and Millan,
1981; Millan et al., 1985).

The ophiolite complex is represented by the Mafaniacoa Ophiolitic Belt
(MBOB). The MBOB constitutes strongly deformed dadlted mafic-ultramafic
thrust sheets overriding the Cretaceous volcanec ard Maastrichtian-Danian
olistostromic formations related to obduction (telde-Vinent et al., 2006). The
direction of tectonic transport is NNE (Nufiez-Cambt al., 2004), as expected for
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a SW-dipping subduction zone. The MBOB shows sgpizduction geochemical
signatures (Proenza et al., 1999, 2006; Gervillal.et2005; Marchesi et al., 2006,
2007), and include the Mayari-Cristal massif to thest and the Moa-Baracoa
massif to the east (Fig. 1b). According to Marclesl. (2006) MBOB is composed
of highly depleted peridotites and cumulate galibrocks. MBOB peridotites are
highly altered (serpentinized) by seawater durimg @aceanic stage (Proenza et al.
2003). The Moa-Baracoa massif represents MORBHikek-arc lithosphere while
Mayari-Cristal is transitional (MORB to IAT) mantlecated closer to the paleo-
volcanic arc (Marchesi et al., 2006).

The Mayari-Cristal massif is > 5 km thick and isd@aup of harzburgite tectonite
hosting minor subconcordant dunite layers and slibate discordant microgabbro-
diabase dykes. Some authors have described a dftbéde complex in the

northwestern part of the massif (e.g., Fonsecal.etl885), but Marchesi et al.

(2006) argues that this is a subvolcanic compledemap of massive microgabbros
in tectonic contact with harzburgite tectonites.e TMayari-Cristal harzburgites
display porphyroclastic texture. They are Cpx-p@od generally have higher
Opx/0l ratios than the Moa-Baracoa harzburgites r{kesi et al., 2006). The
harzburgite tectonites show a NE-SW oriented folatipping NW (Marchesi et

al., 2006), and the contact with the dunites issha

The La Corea mélange, containing high pressurdceltuicks, is located in tectonic
contact with ultramafic rocks of the Mayari-Cristahssif (Fig. 1b). The tectonic
position of La Corea mélange suggests that thismetphic complex is overridden
by the ophiolites, and that both override the Qredas volcanic arc units and the
Maastrichtian-Danian olistostromic synorogenic ak Micara and La Picota
formations. The mélange is made up of exotic blooksdiverse origin and
composition (garnet-amphibolite, blueschist ancegsehist are dominant) within a
serpentinite matrix. Metamorphism of the amphileslitevolved under high- to
medium-pressure (ca. 700 °C, 15 kbar) relatedhot subduction environment from
high- to low-temperature following counterclockwise-T paths related to
exhumation in the subduction channel (Blanco-Quané&s al., in press).

The most abundant rock type is a MORB-derived dpitfgarnet amphibolite that
contains a peak metamorphic assemblage made aigiargepidote, titanite, rutile
+ quartz * garnet + phengite * plagioclase and ssmg apatite (Blanco-Quintero et
al., in press). The amphibolite blocks are masdivebanded and of m-size.
Metaleucocratic rocks (tonalites-trondhjemites)waas veins and blocks intimately
associated with the amphibolites. The tonalitesehpemites are medium- to
coarse-grained, including pegmatitic varieties, anel composed of quartz, albite-
oligoclase, epidote, + calcic amphibole (pargaattnolite) + muscovite-phengite.
These rocks formed after partial melting of subddd’lORB amphibolites at 700
°C, 15 kbar (Blanco-Quintero et al., in press). @ttectonic blocks within the

mélange include schists of variable composition aridin. Ultramafic rocks are

mainly massive to foliated antigoritite forming theélange matrix. Occasionally
massive antigoritite blocks are included as boudmnstrongly foliated antigorite

rocks. In addition, blocks of serpentinite with fitescrystals are surrounded by
foliated antigoritite. Masses of tremolite-actinelrocks (composed of > 95 % radial
and tabular amphibole) and other metasomatic ptedot mafic and ultramafic

composition are present.
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Available isotopic data (Adamovich and ChejovicB64; Somin and Millan, 1981)
indicates that the subduction channel mélange bégaorm ca. 110 Ma. Final
exhumation of the mélange occurred during theahitirusting of the ophiolitic and
volcanic arc units in the Late Campanian-Maastiachi(lturralde-Vinent et al.,
2006; Lazaro et al., 2009).

In this study we characterize serpentinite rockesmfrthe La Corea mélange,
including antigorite serpentinites (5 samples: L&@.C-M-17, LC-55, LC-56 and
LC-58) and antigorite-lizardite serpentinites (&pées: LC-66, LC-88 and LC-97).

ANALYTICAL TECNIQUES

Major element compositions were determined on glassds, made of 0.6 g of
powered sample diluted in 6 g of,ByO;, by a PHILIPS Magix Pro (PW-2440) X-
ray fluorescence (XRF) equipment (University of f@da, Centro de
Instrumentacion Cientifica, CIC). Precision was tdretthan +1.5% for a

concentration 0£10 wt% and +2% for a concentration <10 wt%. Thedakt listed

in Table 7. Platinum-group element concentratiorsewdetermined by isotopic
dilution using ICP-MS after nickel sulfide fire ags in the Genalysis Laboratory
Services Pty. Ltd. at Maddington (Western Austjalfallowing the method

described by Chan and Finch (2001). The deteciioitslwere 1 ppb for Rh, and 2
ppb for Os, Ir, Ru, Pt, Pd. The results are preskim Table 8.

Powder XRD data were collected with a PanalyticaPext PRO MPD X-ray
diffractometer with monochromatized incident CulKradiation at 45 keV and 40
mA, and equipped with a x'Celerator detector ofivectength of 2.112° at the
Serveis Cientificotécnics of the Universitat de &dona (Spain). The patterns were
obtained by scanning powders from 4°-8@® @ samples crushed in an agate
mortar to a particle size < 20 mu. Quantitative eréth phase analyses of samples
were obtained by full profile Rietveld refinemersing powder diffraction data. The
mineral identification software used was TOPAS V3.0

Mineral compositions were obtained by electron ppcobe using a WDS-
CAMECA SX 50 at the Serveis Cientificotecnics oé tbniversitat de Barcelona
(Spain). Excitation voltage was 20 kV and beamenird5 nA. Most elements were
measured with a counting time of 10 s, except fo(39 s). The chemical data for
serpentine, clinopyroxene, talc and chlorite contfmos were normalized to 14, 6,
22 and 28 oxygens respectively, andede= F€'. Garnet composition was
normalized to 8 cations and 12 oxygens, antl ®as estimated by stoichiometry.
The atomic concentration of elements per formulgsus abbreviated apfu. The Mg
number of minerals (Mg/(Mg+E8 is expressed as Mg#. Mineral abbreviations are
after Kretz (1983).

PETROGRAPHY AND SERPENTINE MINERALS

On the basis of mineral assemblages and texturemetdultramafic rocks, two

principal groups of serpentinite have been idesdif{Figs. 2 and 3): (i) antigorite
serpentinite and (ii) antigorite-lizardite serpaité.

Antigorite serpentinites (group 1) consist mainlfy amtigorite (up to 94 %), with

minor talc-magnesite-dolomite (Fig. 2a-d, Fig. 3dpwever, some samples (e.qg.
LC-55) contain abundant talc (Fig. 2c). Kinking tafc crystals, typical of plastic

deformation (Escartin et al., 2008), is common. idarite grains are partially
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replaced by magnesite and minor dolomite (Fig. &ystematically, the relicts of
Cr-spinel grains are altered to ferrian chromitd amagnetite, and chlorite appears
forming rims around altered spinel.

Serpentinites of group | are characterized by regugdomorphic textures, typically
showing the characteristic interpenetrating neediesantigorite (Fig. 2a, b, d;
O’Hanley, 1996).

The antigorite-lizardite serpentinites (group Iipntain the mineral assemblage
antigorite-lizardite-diopsidic clinopyroxene-chlote-magnetite-ferrian
chromitexbrucite. They are characterized by porpblastic texture, showing relicts
of bastitized clinopyroxene porphyroblasts up tané in size (Fig. 2e). The
dominant serpentine mineral is antigorite (Fig, Bijt lizardite has been indentified
in thin section and by XRD (Figs 2g, 3b). Clinopyeaoe porphyroblasts are partly
overgrown/replaced by fine-grained clinopyroxenentigorite, chlorite and
magnetite (Fig. 2h). The hedenbergite componewtinbpyroxene was oxidized to
magnetite, which is mainly associated with serpentilong exfoliation planes and
the rims of the grains of clinopyroxene. Primaryspimels were not found; only
their alteration products, ferrian chromite and lyefermed magnetite, are present.
In addition, chlorite forms rims around alteredngbi Andradite garnet is present in
veins crosscutting the serpentine matrix. It isoodess and forms granular
aggregates.

In general, antigorite-lizardite serpentinites pree pseudomorphic textures (Wicks
and Whittaker, 1977, O’Hanley, 1996): (i) bastitaier clinopyroxene and (ii)
hourglass textures (Figure 2g). Theses texturebeanterpreted as the result of low
grade metamorphism (i.e. ocean floor metamorphism).

Serpentine minerals

In order to identify and quantify the amount of martine minerals (chrysotile,
lizardite and antigorite) and the lattice paran®et@rthese structures, the observed
random X-ray powder diffraction profile was sim@dtusing several structural
models of antigorite polymorphs (Rietveld metho@ommonly, antigorite in
serpentinites forms a polysomatic series of shiéeates of variable structure and
composition (e.g. Mellini et al., 1987). The vaioat of a parameter is expressed in
terms ofm, which is the number of SiQetrahedra seen in a projection along [010]
within a full wavelength of the modulated structure

The calculated XRD profile of group | serpentinisample LC-58) agrees well with
two serpentine polymorphs (Fig. 3a), one with aitg polysome m=16 with 16
tetrahedra spanning a wavelength along dhaxis as proposed by Capitani and
Mellini (2006) and the other with antigorite polyse m=17 (Capitani and Mellini,
2004). The structure with m=16 resembles that efrtie17 polysome. In both, a
continuous wavy tetrahedra sheet layer (linked tacike-like layer) reverses
polarity through sixfold and eightfold tetrahedrangs. The even number of
tetrahedra in m=16, leads to symmetric half-waagseriodicb/2 shift involving the
eightfold rings, and the doubling of a parametére Tesult is a C monoclinic cell.
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Fig. 2. Cross-polarized light photographs of antigerserpentinite (a to d) and antigorite-lizardite
serpentinite (e to h). a) Nonpseudomorphic interpatieg texture typical of antigorite. b) Talc-
bearing antigorite serpentinite. Antigorite is paity replaced by talc. ¢) Kinking of talc in talc-
bearing antigorite serpentinites. d) Detail of arite interpenetrating texture. Antigorite grainse
partially replaced by magnesite and minor doloméePorphyroclastic texture showing clinopyroxene
(diopside). f) Clinopyroxene partly replaced by rilols of antigorite. Antigorite is a product of
recrystallization of lizardite; g) Type-1 lizarditeourglass texture, showing the optical uniformify o
lizardite across the mesh cell; h) Porphyroblastid fine grained diopsidic clinopyroxene.

The antigorite with polysome m=16 yields the bestfdr the most abundant in
group | serpentinite (93.2 wt %) and the fitteditat parameters are: a=81.878(5),
b=9.264(5), c=7.248(2) A anfl = 91.409(5)°, space group C2/m. The antigorite
with m=17 is scarce, 2.5 wt %, and the obtainechmaters are: a=43.505(6),
b=9.251(1), c=7.263(1) A arfii= 91.32(1)°, space group Pm. Other mineral phases
present in the sample are: talc (1.0 wt %), magmgdi2 wt %), dolomite (1.6 wt

%) and magnetite (0.5 wt %). Mellini et al. (19&d Li et al. (2004) suggested that
m=17 is typical for antigorite formed under grednstfacies conditions.

In group-Il serpentinites (sample LC-88) the catedl profile agrees well with the
antigorite polysome m=16 and lizardite 1T (Melliand Viti, 1994) (Fig. 3b).
Antigorite is the most abundant serpentine mingd8.3 wt %) with lattice
parameters a=81.551(6), b=9.247(10), c=7.266(4hdpa= 91.00(11)°. Lizardite is
also abundant (15.7 wt %), with lattice parame#sys.322(2), c= 7.295 (6) A and
space group P31m. Other phases identified in thigoe are: diopside (17.7 wt %),
clinochlore (10.3 wt %), magnetite (8.1 wt %) anthon brucite.

In summary, all investigated antigorites of the@@rea mélange presents polysome
values with m=16. However, the variability of thefined a parameter in these
samples is too low to permit correlation with thetamorphic grade as suggested by
Mellini et al. (1987) and Li et al. (2004).

MINERAL CHEMISTRY

Serpentine

Serpentine from antigorite serpentinites have Sjireg 3.94 — 4.04 apfu, Mg = 4.94
—5.08 apfu, Fe = 0.5 - 0.59 apfu, Cr < 0.05 apfiildi < 0.05 apfu (Table 1). In the
ternary diagram Mg-Si-Fe (molar proportions, Fig. the analyzed grains of
serpentinite confirm with antigorite composition lléving D’Antonio and
Kristensen (2004) classification. The Al contents &lative high (0.21 — 0.30
apfu). High Al and Cr could produce highest st&piln temperature for antigorite
(Padrén-Navarta et al., 2010). The Mg # ratios0a88 — 0.91.

Serpentine from antigorite-lizardite serpentinitesre Si = 3.94 — 4.03 apfu, Fe =
0.19 — 0.26 apfu, Mg = 5.34 — 5.41 apfu, Cr < 0adpu and Ni < 0.03 apfu,

showing relative high Al = 0.17 — 0.30 apfu (TaB)eln the ternary diagram Mg-Si-
Fe (Fig. 4) most point analyses represent antgardmposition, although some
points with less Si content indicate lizardite amd/chrysotile composition

(D’Antonio and Kristensen, 2004). The Mg# (0.95 97 is higher than in the
antigorite serpentinites. These higher values do cwrelate with bulk rock

composition, suggesting distinct P-T conditiongjafwth.
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Fig. 3. XRD profile refinements of representatinples of antigorite- (LC-58) and antigorite-
lizardite- (LC-88) serpentinites showing experimérntdue), calculated (red), calculated antigorite
(turquoise), and difference (grey) profiles. Thea@y positions for all identified mineral phases are
indicated at the base of the diagram.

Talc

Talc, present in antigorite serpentinite sampleslinost pure (Table 4), with Si =
8.00 — 8.07 apfu and Mg = 5.60 — 5.73, and low Bel¥ — 0.28 apfu and Al < 0.01
apfu contents (Fig. 5). Mg# is, correspondinglyyMaigh (0.95 — 0.97).
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Fig. 4 Ternary atomic Mg-Si-Fe diagram showing themical variability of serpentine minerals from

La Corea mélange. The fields for lizardite, chrylgoéind antigorite were compiled by D*Antonio and
Kristensen (2004).

Fe(tot) 50 Mg

Table.1 Representative analyses of serpentine &atigorite serpentinites (hormalized to 10 O and 8
OH).
Sample LC-58 LC-58 LC-58 LC-58 LC-58 LC-55 LC-55 155 LC-55 LC-55

Sio, 4281 43.01 42.46 43.16 42.46 41.84 41.58 42.04 5441 41.91

Tio,  0.02 0.04 0.03 0.03 0.03 0.04 0.02 0.03 0.02 0.03
AlLO; 1.86 2.31 2.20 2.07 1.88 2.49 2.66 2.47 2.46 2.24
Cr0; 0.26 0.34 0.37 0.17 0.17 0.56 0.58 0.62 0.62 0.53
FeQua 6.39 6.31 6.59 6.78 6.50 7.41 7.08 7.05 7.03 7.05
MnO  0.04 0.03 0.09 0.08 0.04 0.02 0.00 0.05 0.01 020.
MgO  36.00 35.75 35.64 36.26 36.01 34.86 34.74 35.0535.54  34.69
NiO 0.15 0.12 0.18 0.15 0.26 0.19 0.25 0.12 0.34 130.
caO  0.00 0.01 0.01 0.00 0.00 0.01 0.00 0.01 0.03 02 0.
Total 87.53 87.92 87.57 88.70 87.35 87.42 86.91 487. 8759 86.62

Si 4.03 4.03 401 4.02 4.02 3.98 3.97 3.99 394 140
Ti 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 00.0
Al 0.21 0.26 0.24 0.23 0.21 0.28 0.30 0.28 0.27 50.2
Cr 0.02 0.03 0.03 0.01 0.01 0.04 0.04 0.05 0.05 400
Fe* 0.50 0.49 0.52 0.53 0.51 0.59 0.57 0.56 0.56 0.56
Mn 0.00 0.00 0.01 0.01 0.00 0.00 0.00 0.00 0.00 00.0
Mg 5.06 5.00 5.02 5.04 5.08 4.94 4.94 4.96 503 54.9
Ni 0.02 0.02 0.03 0.02 0.04 0.03 0.04 0.02 005 20.0
Ca 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 00.0
#Mg 0.1 0.91 0.91 0.91 0.91 0.89 0.90 0.90 0.90 900.
Chlorite

Chlorite, present in antigorite-lizardite serpeitéis, has high Si (5.99 — 6.85 apfu)
and Mg (9.71 — 10.27 apfu) contents, and is poohlig2.17 — 3.28 apfu) and Fe

(0.52 — 0.87 apfu; Table 5). The contents of Ct§6- 0.30 apfu) are not as high as
in other serpentinite bodies were chlorite formegdalteration of spinel (Jan and

Windley, 1990; Proenza et al., 2004; Abu El Ela &adahat, 2009). The high Si

contents and Mg# (0.92 — 0.95) classify these @has clinochlore (Bailey, 1980).

Nevertheless, Al contents are lower than stoichtdmeclinochlore (Fig. 5),
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probably as a result of intergrowth of serpentitagers within chlorite (cf. Cressey
et al., 2008).

Clinopyroxene

The porphyroblasts of clinopyroxene present ingamtie-lizardite serpentinites are
diopside £ Ensg Wo4950 FS; Morimoto et al.,, 1989; Table 3), with Si contents
ranging 1.97 — 1.99 apfu, Mg = 0.96 — 1.03 apfu,=C&a95 — 1.01 apfu, and very
low Fe contents (< 0.05 apfu). Correspondingly, Mgi#ery high (0.96 — 0.97).
Other elements, namely Al and Na, have very lowceatration (<0.03 apfu).

Table.2 Representative analyses of serpentine émtigorite-lizardite serpentinites
(normalized to 10 O and 8 OH).
SampleLC-88 LC-88 LC-88 LC-88 LC-66 LC-66 LC-66 168-
SiO, 42.53 42.52 43.66 42.80 43.49 43.09 43.06 4221

TiO, 0.06 0.00 0.02 0.03 0.02 0.00 0.04 0.03
Al,O; 2.21 242 154 2.50 2.48 2.40 247 2.76
Cr,0; 0.31 0.29 0.18 0.25 0.38 0.45 0.35 0.07
FeQoa 2.95 2.75 2.83 3.23 2.80 2.50 2.49 3.34
MnO 0.14 0.07 0.10 0.06 0.09 0.14 0.19 0.07
MgO 38.86 38.47 39.23 38.67 39.10 39.41 38.72 38.43
NiO  0.07 0.12 0.20 0.17 0.16 0.12 0.13 0.00
CaO 0.01 0.33 0.00 0.01 0.00 0.02 0.01 0.29
Total 87.14 86.97 87.76 87.72 88.52 88.13 87.46 2@7.

Si 3.97 3.97 4.03 3.97 3.98 3.97 3.99 3.94
Ti 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Al 0.24 0.27 0.17 0.27 0.27 0.26 0.27 0.30
Cr 0.02 0.02 0.01 0.02 0.03 0.03 0.03 0.01
F&" 0.23 0.21 0.22 0.25 0.21 0.19 0.19 0.26
Mn  0.01 0.01 0.01 0.00 0.01 0.01 0.01 0.01
Mg 5.40 5.36 5.40 5.34 5.34 5.41 5.35 5.35
Ni 0.01 0.02 0.03 0.02 0.02 0.02 0.02 0.00
Ca 0.00 0.03 0.00 0.00 0.00 0.00 0.00 0.03
#Mg 0.96 0.96 0.96 0.96 0.96 0.97 0.97 0.95

Andradite garnet

Andradite garnet, present in antigorite-lizardiggpentinites, has Si = 2.85 — 2.93
apfu, Ca = 3.04 — 3.09 apfu, andFe 1.61 — 1.88 apfu, with significant Ti contents
(up to 0.32 apfu) and low concentration in Al (8©apfu), Cr (< 0.04 apfu) and Mg

(< 0.06 apfu; Table 6). This type of garnet is defit in silica as is typical of high

Ti-garnets from ultramafic rocks (Muntener and Henm, 1994 and references
therein).

WHOLE ROCK GEOCHEMESTRY

Major element composition

All studied serpentinite samples have large LO$t(lan ignition) values (> 10 wt%;
Table 7), indicating that they are almost pure eetipite, only sample LC-55 has
higher LOI content, suggesting alteration. Antig@rserpentinites have MgO =
35.06 — 36.32 wt %, SiO= 36.97 — 42.88 wt %, FeO = 6.78 — 7.39 wt %A=
1.49 — 2,51 wt % and CaO = 0.73 — 1.93 wt %. Antigdizardite serpentinites
have MgO = 34.72 - 37.48 wt %, Si© 40.19 — 40.86 wt %, FeO = 6.37 — 7.33 wt
%, Al,O3 = 2.38 — 2.93 wt % and CaO =1.12 — 3.72 wt %. Mig&Z in both groups

is similar (89.41 — 91.00). The higher concentratdd CaO in antigorite-lizardite
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serpentinites is in correspondence with the presehclinopyroxene and andradite
garnet in these samples while the highejQalis associated with the presence of

chlorite.
® end-members
¥ antigorite serpentinite
nite

A antigorite-lizardite serpenti

Al-clinochlore ®

Al-clinochlore

elinachlore 1 clinochlore &5
Si \&0 a2 Fe(tot)+Mn+ g} Chl
S5 zneMgNi
Serp
Tic W
d -'4_9/‘7 . . _
Si ,@\0 @‘\\\0 ‘&){{@ \é\@ Fe(tot)+Mn+Zn+Mg+Ni
606 ‘\\_\ ’\0{%

Fig. 5 Atomic Si-(Al+Cr)-(Fe+Mn+Zn+Mg+Ni) diagram shaing the composition of chlorite and
serpentine from antigorite-lizardite serpentinitesd serpentine and talc from antigorite serpengigit
Representative end-members are also projected. tNatehlorites are deficient in Al.

The bulk composition of antigorite serpentinited antigorite-lizardite serpentinites
(Table 7) allow classifying the protoliths as hamdtes and lherzolites using the
OI-Opx-Cpx diagram in mole proportions (Fig. 6),daaccording to the fields
defined by Le Maitre et al. (2002). The diagramrespnts the projection of bulk
compositions (defined by Si0OAI,Os, FeQ,, MNO, MgO and CaO) in the Fo-En-Di
space after projection from the exchange vectoMdreand FeMn and the Ca-
Tschermak molecule CafS8iOs;, as calculated using software CSpace (Torres-
Roldan et al., 2000). All antigorite serpentinitarples correspond to harzburgitic
protoliths, while the antigorite-lizardite serpeies suggest Iherzolitic-harburgitic
composition. A comparison of the whole rock compioss of serpentinites from La
Corea mélange with other regionally related ultrien@cks are presented in Figure
7. These include the Mayari-Baracoa Ophiolite Bielierpreted as highly refractory
peridotites from a arc/back arc environment; Maschet al., 2006), Monte del
Estado complex in Puerto Rico (interpreted as abypsridotite; Lewis et al.,
2006b; Marchesi et al., this volume), Central Csbpentinites from Zaza zone and
Dominican Republic serpentinites from Caml and &#pbnal fault zones
(interpreted as forearc peridotite; Hattori andli@yi2007; Saumur et al., 2010) and
Dominican Republic peridotites from Rio San Juan &uerto Plata complexes
(interpreted as abyssal peridotite; Saumur et 26110). The antigorite-lizardite
serpentinite samples show compositions similah&lherzolites of the Monte del
Estado ultramafic complex and abyssal peridotitesnfRio San Juan and Puerto
Plata complexes, Dominican Republic. Furthermohe, &ntigorite serpentinites
have composition similar to abyssal peridotites avith Dominican Republic
serpentinites from Rio San Juan and Puerto Platgplexes.
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Fig. 6 Calculated molar OIl-Opx-Cpx diagram for semfieites from La Corea mélange (see text for
calculation).

Table.3 Representative analyses of clinopyroxesra fintigorite-lizardite serpentinites (normalized t
6 O).

Sample LC-97 LC-97 LC-97 LC-97 LC-97 LC-97 LC-97 1 LC-97 LC-97
SiO;  54.13 54.81 54.18 54.43 53.97 53.93 54.44 53.75 .2554 54.08

TiOz 0.02 0.05 0.00 0.03 0.07 0.04 0.02 0.13 0.06 0.04
Al,O;  0.22 0.42 0.16 0.06 0.25 0.27 0.12 0.43 0.61 0.62
CrO; 0.12 0.09 0.07 0.10 0.20 0.13 0.19 0.14 0.20 0.27
F&Ostotal 1.33 1.13 1.49 151 1.35 151 1.38 1.70 1.30 1.35
MnO 0.07 0.02 0.07 0.06 0.06 0.06 0.05 0.15 0.04 090.

MgO 18.12 18.61 17.83 17.96 18.26 18.09 18.06 18.4018.27 18.48
CaO  25.17 24.70 25.10 2541 24.77 24.71 25.23 24.4924.38 24.39

Na,O 0.14 0.28 0.21 0.11 0.20 0.18 0.15 0.18 0.27 0.23
K20 0.00 0.03 0.00 0.00 0.01 0.00 0.01 0.01 0.00 0.00
Sum  99.32 100.14 99.11 99.67 99.14 98.92 99.65 3899. 99.38  99.55

Si 1.97 1.98 1.98 1.98 1.97 1.97 1.98 196 971. 1.97

Ti 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 000. 0.00

Al 0.01 0.02 0.01 0.00 0.01 0.01 0.01 0.02 0.03 30.0
Cr 0.00 0.00 0.00 0.00 0.01 0.00 0.01 0.00 010. 0.01

Fe* 0.04 0.03 0.04 0.04 0.04 0.04 0.04 0.05 0.04 0.04
Mn 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.000.00

Mg 0.99 1.00 0.97 0.97 0.99 0.99 0.98 1.00 990. 1.00

Ca 0.98 0.96 0.98 0.99 0.97 0.97 0.98 096 950. 0.95

Na 0.01 0.02 0.02 0.01 0.01 0.01 0.01 0.01 020. 0.02

K 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 000. 0.00
Sum 4.01 4.01 4.00 4.00 4.01 4.00 4.00 4.01 4.00 01 4.

Wo 49.97 48.83 50.30 50.41 49..38 49.54 50.11 48.9048.96  48.69
En 50.03 51.17 49.70 49.59 50.62 50.46 49.89 51.1051.05 5131
Fs 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 00.0
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Platinum group elements composition

The studied samples have low total platinum grodpments (PGE)
concentrations (20-63 ppb, Table 8). The antigdidrdite serpentinites show
similar values in all samples (35-40 ppb), while thntigorite serpentinites
display somewhat larger variations (20-63 ppb).gkneral, all samples are
characterized poorly fractionated IPGE (Os, Ir, Ralterns, with relatively flat
IPGE segments consistent with the interpretatiam ttiey are all mantle residues
(Fig. 8a, b). These PGE patterns are very simdahéat of the primitive upper
mantle (Becker et al., 2006). The composition @& $tudied samples are also
similar to serpentinites of diverse origin (abysé$atearc) from the Dominican
Republic (Saumur et al., 2010).

In the Os versus Ir diagram (Fig. 8c) the sampllesws chondritic PGE
abundances and weak enrichments relative to senpeat abyssal peridotites
(Snow and Reisberg, 1995; Luguet et al., 2003). TFlkum contents and
Ir/(Pt+Pd) ratios also indicate a mantle peridotitigin for their host protoliths
(Fig. 8d). In general, the PGE distribution inda&sathat the PGE contents of the
protoliths have not been significantly affected ragtamorphism, in agreement
with similar observations by Groves and Keays (}9HFichard and Tarkian
(1988), Angeli et al. (2001) and Proenza et alo@0

Table.4 Representative analyses of talc from antgaerpentinites (normalized to 20 O and 4
OH).

Sample LC-58 LC-58 LC-58 LC-58 LC-58 LC-58 LC-55 {35 LC-55 LC-55
SiO, 6240  62.85 6255 6361 6227 6144 6249  62.76 .4661 62.63

TiO, 0.05 0.04 0.00 0.02 0.02 0.04 0.02 0.05 0.05 0.01
Al,O;  0.04 0.02 0.04 0.03 0.00 0.01 0.01 0.04 0.00 0.01
FeQoa 2.49 2.34 2.20 212 2.10 2.33 161 241 2.60 211

MgO 29.54 29.54 29.70 29.88 29.82 28.63 29.61 29.5429.38 29.57
Total 94.52 94.79 94.49 95.66 94.21 92.45 93.74 8M™4. 93.49 94.33

Si 8.03 8.05 8.03 8.06 8.02 8.07 8.06 8.04 008. 8.05

Ti 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 o010. 0.00
Al 0.01 0.00 0.01 0.00 0.00 0.00 0.00 0.01 0.00 00.0
Fe* 0.27 0.25 0.24 0.23 0.23 0.26 0.17 0.26 0.28 .230
Mg 5.66 5.64 5.69 5.64 5.73 5.60 5.70 5.64 705. 5.73
Mg# 0.95 0.96 0.96 0.96 0.96 0.96 0.97 0.96 095 960.

ISOCHEMICAL P-T PROJECTION

Isochemical P-T projections (pseudosections) wateutated for representative
bulk-rock compositions of the two groups of serpetes studied and the results
were compared with the observed phase assemblagesprojections were
computed with software PerpleX (Connolly, 2005)efthodynamic data were
taken from the internally consisted database ofaddland Powell (1998). Solid
solutions considered are from Holland and Powe898) for olivine, from
Holland and Powell (1996) for orthopyroxene andhatiyroxene, and from
Holland et al. (1998) for chlorite. Talc, antigeriand tremolite were treated as
ideal binary Fe-Mg solid solutions. Lizardite wast mcluded in the calculations
due to the lack of thermodynamic data for this phd$e fluid phase, assumed to
be pure HO, is considered to be in excess. The antigoritpesginite sample
LC-58 was modeled in the CFMSH (CaO-FeO-MgO-SH#0) system (Fig.
9a). The bulk rock composition of this sample wiagh#ly transformed in order
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to account for the Mg and Ca contents present éndérbonate phases (not
considered in the calculations).

1.6
A antigorite serpentinite
m antigorite-lizardite serpentinite
| Mariana
Forearc
= 1.4
3;* Mayari-Baracoa harzburgite
o |
n
Ie) Monte del Estado
g 121 lherzolite
I
\
| PM
Forearc \_
Ce_n@ral Cuba & . A Abyssal peridotite
Dominican l;{elpubllc Dominican Republic Melt
0 0.02 0.04 0.06 0.08 0.1 0.12

Al/Si(wt%)

Fig. 7. Weight ratios of Mg/Si versus Al/Si of srtinite samples from La Corea mélange. Plotted
for comparison are the fields of Mayari-Baracoa ftaurgites (Marchesi et al., 2006), Monte del

Estado lherzolites (Marchesi et al., this voluna)yssal serpentinites from Dominican Republic
(Saumur et al., 2010), and forearc serpentinitemmfrCentral Cuba and Dominican Republic

(Hattori and Guillot 2007, Saumur et al., 2010)ekis for Mariana forearc and abyssal peridotites

complied by Hattori and Guillot (2007). PM is themitive mantle estimate of McDonough and

Sun (1995).

The antigorite-lizardite serpentinite sample LCy®#&s modeled in the system
CFMASH (CaO-FeO-MgO-ADs-SiO-H,0) (Fig. 9b). Small proportion of
FeQqa Was extracted to account for the presence of niégripot considered in
the calculations).Table.5 Representative analydeshiwrite from antigorite-

lizardite serpeninites (Normalized to 20 O and 1).O

The results of the calculations indicate a widegeaof P-T conditions below ca.
500 °C for the formation of antigorite serpentigitd=ig. 9a). The predicted
assemblage for these conditions is made mostlynbgaite, with minor talc, as
observed in the studied samples. However, the leadézlirelations indicate the
presence of minor tremolite, not observed in thelisd samples. This is likely
due to the effect of non-accounted £&mponent and carbonate (dolomite)
phases. Because these rocks are interpreted asatix of the subduction
channel (i.e., high-T mélange formed above the gctioh zone; see below),
they should have followed a retrograde trajectamyilar to that to the tectonic
blocks of subducted oceanic material. For thessoreawe have calculated
mineral abundances in one point along the P-T drajg followed by high
pressure amphibolite blocks of the La Corea mélgBpnco-Quintero et al., in
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Sample LC-88 LC-88 LC-88 LC-88 LC-88 LC-88 LC-66 166 LC-66

Si0; 34.30 34.76 34.43 34.79 34.95 36.06 31.29 32.37 .9332

TiO, 0.03 0.02 0.01 0.02 0.00 0.00 0.07 0.05 0.01
Al,0; 10.57 10.64 10.95 10.57 10.06 9.67 14.55 12.95 3612.
Cr,0; 0.96 1.01 1.64 1.62 161 1.54 1.97 0.96 0.96
FeQoa 3.39 3.23 3.49 3.43 3.30 3.25 5.45 3.54 3.45
MnO 0.08 0.12 0.02 0.07 0.10 0.08 0.07 0.11 0.06
MgO  35.60 35.19 35.21 35.06 35.22 35.78 34.04 34.8034.99
NiO 0.05 0.14 0.11 0.12 0.14 0.05 0.17 0.23 0.18
CaO 0.09 0.08 0.08 0.08 0.06 0.05 0.01 0.00 0.04
Total  85.07 85.19 85.94 85.76 85.44 86.48 87.62 0185. 84.98

Si 6.64 6.71 6.61 6.69 6.74 6.85 5.99 6.29 6.39
Ti 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.00
Al 241 242 2.48 2.39 2.29 2.17 3.28 2.96 2.83
Cr 0.15 0.15 0.25 0.25 0.25 0.23 0.30 0.15 0.15
Fe* 0.55 0.52 0.56 0.55 0.53 0.52 0.87 0.58 0.56
Mn 0.01 0.02 0.00 0.01 0.02 0.01 0.01 0.02 0.01
Mg 10.27 10.12 10.07 10.04 10.12 10.14 9.71 10.08 0.12

Ni 0.01 0.04 0.03 0.03 0.04 0.01 0.05 0.07 0.05
Ca 0.02 0.02 0.02 0.02 0.01 0.01 0.00 0.00 0.01
#Mg 0.95 0.95 0.95 0.95 0.95 0.95 0.92 0.95 0.95

Table.6 Representative analyses of garnet frongarite-lizardite serpentinites (normalized to 12
0).
Sample LC-66 LC-66 LC-66 LC-66 LC-66 LC-66 LC-66 166 LC-66

SiO,  33.92 34.25 33.50 33.67 33.80 34.12 33.14 33.70 .6333

TiO, 3.86 2.79 4.53 4.94 4.09 1.38 4.03 4.63 4.34
Al;O;  0.29 0.22 0.30 0.28 0.29 0.44 0.30 0.32 0.26
Cr,0; 0.27 0.05 0.08 0.40 0.42 0.54 0.37 0.29 0.34
F&Osi0ta127.02 27.59 26.17 26.12 26.55 29.21 26.89 25,52 .3626

MnO 0.07 0.04 0.02 0.08 0.13 0.05 0.09 0.06 0.07
MgO 0.33 0.33 0.46 0.41 0.32 0.14 0.36 0.39 0.38
NiO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.17

CaO  33.25 33.27 33.41 33.30 33.45 33.26 33.13 33.7733.70
Total 99.01 98.54 98.47 99.20 99.05 99.14 98.31 638. 99.25

Si 2.89 2.93 2.87 2.86 2.88 2.91 2.85 2.87 2.86
Ti 0.25 0.18 0.29 0.32 0.26 0.09 0.26 0.30 0.28
Al 0.03 0.02 0.03 0.03 0.03 0.04 0.03 0.03 0.03
Cr 0.02 0.00 0.01 0.03 0.03 0.04 0.03 0.02 0.02
Fe*® 168 1.76 1.65 1.58 1.66 1.88 1.73 1.61 1.68
Fe* 0.06 0.02 0.03 0.09 0.04 0.00 0.01 0.03 0.00
Mn 0.01 0.00 0.00 0.01 0.01 0.00 0.01 0.00 0.01
Mg 0.04 0.04 0.06 0.05 0.04 0.02 0.05 0.05 0.05
Ni 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01
Ca 3.04 3.05 3.06 3.04 3.05 3.04 3.05 3.09 3.07

(*) Calculated by stoichiometry

press). The results indicate that the abundancastigorite and talc are 93.63 wt
% and 3.93 wt %, respectively, similar to estimafimm XRD data (see above).
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Fig. 8 Primitive mantle (McDonough and Sun, 1998)malized PGE abundances of a) antigorite
serpentinite and b) antigorite-lizardite serpentini For reference, the composition of primitive
upper mantle (PUM; Becker et al. 2006) and of ablasid forearc serpentinites from Dominican
Republic (Saumur et al., 2010) are plotted (greyd§). c) Ir versus Os diagram for samples from
La Corea mélange; the field of abyssal peridotitafiter compilation of Agranier et al. (2007); d)
Ir versus Ir/(Pt+Pd) diagram for samples from Lar€a mélange. It can be appreciated that the
samples are similar to mantle peridotite and ndtarhafic cumulates. The mantle peridotite and
ultramafic cumulate regions (grey fields) are colegpiby Hattori and Guillot (2007).

Table.7 Bulk rock chemical composition of serpétgirsamples from La Corea. Group A
correspond to antigorite serpentinites and groupdBrespond to antigorite-lizardite serpentinites.

SampleLC-M-17 LC-G-4 LC55 LC56 LC58 LC66 LC88 LC97

Group A A A A A B B B
Si0,  38.79 40.80 36.97 42.88 41.28 40.19 40.86 40.55
TiO, 0.04 0.06 0.04 0.09 0.08 0.11 0.07 0.07
Al,0s3 1.49 2.41 1.73 2.51 1.96 2.44 2.93 2.38
FeQx 7.03 6.96 6.78 7.39 6.98 6.82 6.37 7.33
MnO 0.11 0.11 0.16 0.10 0.09 0.13 0.13 0.14
MgO  36.32 35.52 35.06 35.31 36.00 37.48 36.17 34.72
CaO 1.20 0.68 1.93 b.d.l 0.73 1.12 2.30 3.72
P,Os 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01

LOI 13.52 12.11 17.17 10.88 12.23 11.33 10.77 10.14
Total 98.51 98.66 99.85 99.17 99.36 99.63 99.61 0@9.
Mg# 0.84 0.84 0.84 0.83 0.84 0.85 0.85 0.83
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Table.8 Whole rock analyses on platinium group eles (PGE) of representative samples from
La Corea mélange. Group A correspond to antigoriepentinites and group B correspond to
antigorite-lizardite serpentinites.

SamplesLC-G-4 LC-M-17 LC-55 LC-56 LC-66 LC-88 LC-97

Group A A A A B B B

Ir 5 3 4 4 4 4

Os 4 3 4 3 3 3 4

Pd 21 7 5 7 9 13 10

Pt 18 0 10 3 5 10 10

Rh 5 2 5 2 4 3 3

Ru 10 5 10 7 10 7 9

Suma 63 20 38 26 35 40 40

IPGE 19 11 18 14 17 14 17

PPGE 44 9 20 12 18 26 23
IPGE/PPGE 0.43 1.22 0.90 1.17 0.94 0.54 0.74
Ir/(Pt+Pd) 0.13 0.43 0.27 0.40 0.29 0.17 0.20

IPGE: Os, Ir, Ru. PPGE: Rh, Pt, Pd

The results of calculations for the antigoritedite sample indicates that talc is
not stable in the low temperature part of the diagi(< 600 °C; Fig 9b), as
opposed to the calculations for the antigorite eetipite sample and in
agreement with observed assemblages. In additiojte, clinopyroxene, and
chlorite appear as stable phases in the low temperdield (< 400 °C), in
agreement with the observed assemblages. The mweditable coexistence of
diopsidic clinopyroxene at low temperature sugg#ss the Cpx porphyroclasts
of the studied samples represent former peridgiigphyroclasts reequilibrated
during low-grade metamorphism. Since these rocksstitate tectonic blocks
interpreted to have been accreted to the mélangelatively low temperature
(see below), their P-T evolution should have met tétrograde paths of the
exhuming rocks of the subduction channel late dutite evolution of the latter.
In fact, the calculated mineral proportions at dbads appropriate for
greenschist facies along the retrograde P-T patheoéxotic blocks of La Corea
mélange (i.e., 300 °C and 6 kbar: Atg 66.46 wt §x €5.20 wt %, Chl 14.65 wt
% and Brc 3.70 wt %; Fig. 9b) closely match thepomtions obtained after XRD
data recalculated for magnetite = O.

DISCUSSION

The geologic setting of formation of ultramafic quexes is best determined
using proxies such as the concentration of Cr, id &i in Cr-spinel (Irvine,
1967; Dick and Bullen, 1984; Arai, 1992). The sadtimetaultramafic rocks of
La Corea mélange do not preserve primary Cr-spimbich is systematically
altered to ferrian chromite or Cr-bearing magnetfso, no primary silicates
(olivine and pyroxene) have been preserved, sifagsitlic clinopyroxene of the
antigorite-lizardite rocks is interpreted as metgsh@ in equilibrium with
antigorite. However, the fact that both types afkrbhave antigorite as the most
abundant phase indicates a moderate temperatweréntinization. Antigorite
is the high temperature stable polymorph of thepesgine group minerals
(Evans, 2004), and Ulmer and Trommsdorff (1995)sented experimental
results indicating antigorite stability up to 720 &nd 20 kbar and 620 °C and 50
kbar. These results are in agreement with formaifamntigorite-bearing rocks in
the subduction environment for a broad range ofd®ditions. Though the P-T
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Fig. 9 Isochemical P-T equilibrium phase diagram &) antigorite serpentinite (LC58) and b)
antigorite-lizardite serpentinite (LC97) calculatedth Perplex. Mineral code: Ol (olivine), Atg
(antigorite), Tlc (talc), Cpx (clinopyroxene), Oparthopyroxene), Chl (chlorite), Tr (tremolite),
Brc (brucite). The P-T path in a) is for tectoniotks of subducted amphibolites incorporated into
the subduction channel (Blanco-Quintero et al.,piess). The same P-T path is depicted with
dotted line in b). In dashed and solid lines irdépresent the inferred P-T paths during ocean-floor
evolution of abyssal peridotites and during incagitmn into the subduction channel, respectively.
The calculated abundance of minerals for the iddrconditions of formation of both types of
rocks is indicated.

Gt-5 Gt-4 Gt-3 Gt-2

21 ' I (Later Cretaceous) : | fll | /I. |

17— .rlf /’
I
! Subducted material
- / accreted to
/ antigorite-lacking
/ , mantle wedge
131 / /
— / Subduction channel
_8 L Serpentinite blocks of /I begins to form at_15 kbar
X different origin join in
o 9 the subduction channel
- , _|
Exhumation of HP blocks
Cpx deformed and antigorite serpentinites

during subduction

Antigorite stability field

1 ? L | 1 | 1 1 | 1
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Fig. 10 Schematic P-T diagram showing the modelutionl of studied rocks. Dashed lines:
evolving isotherms from onset of subduction to neasubduction (not scaled). Diamonds: Points
along the inferred path of antigorite serpentinitfsom mantle wedge to subduction channel).
Square: points along the inferred path of antigedizardite serpentinites (abyssal serpentinite)
during and after accretion (from the subduction mhel to the mélange). The antigorite stability
field corresponds to the calculation of Fig. 9a.

conditions of formation of the serpentinites stddieannot be defined with
precision, probable conditions can be deduced gakito account the dynamics
of subduction channels and the evolution of higkspure exotic blocks included
in the La Corea Mélange.

Dehydration of subducted altered oceanic crustsaaiment from the incoming
plate evolves large amounts of®ifluid to the upper-plate mantle, for which
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models predict the possibility of partial meltingagppropriate high temperature
or serpentinization at low-medium temperature (e@erya et al., 2002).
Subduction channels, being formed by a serpentimétrix and HP blocks
accreted from the subducting plate and/or detadtwed the overlying fore-arc
lithosphere, may also contain exotic blocks of eetipite formed in these
environments. The strong alteration of spinel ahe $systematic absence of
primary phases (e.g., olivine, orthopyroxene) amications of elevated fluid
fluxes and moderate temperature of formation, dE#@ted by the pseudosection
calculations (Fig. 9). In this context, we intettpamtigorite serpentinites as the
deep seated serpentinitic matrix of the subduatimnnel formed after hydration
of the boundary layer of the upper plate (harzhiimlgmantle. The bulk-rock
major (Fig. 7) and PGE (Fig. 8) chemistry of thipd of rock suggests a deep-
seated harzburgitic protolith similar to abyssalguite. Harzburgites are known
in abyssal and mantle wedge environments, but derieg field evidence and
mineralogy composition we propose that the antigaerpentinites are derived
from the hydrated mantle wedge. This interpretatimplies that subduction
channel serpentinites do not necessarily reseraBldual harzburgites typical of
fore-arcs (e.g., Mayari-Baracoa ophiolitic complex)

The antigorite serpentinites of the subduction aeashould have followed a P-
T path similar to that of subducted blocks accratedhe upper plate mantle.
Exotic blocks of amphibolite were metamorphosedaatl5 kbar, 700 °C, when
they were accreted to the upper plate mantle (Bl&hgintero et al., in press). At
these conditions, the calculated pseudosection afttigoritite serpentinites
indicates anhydrous peridotite mineral assemblagexisting with HO-fluid
(i.e., hydrous peridotite; Fig. 9a). Blanco-Quintet al. (in press) indicated that
these conditions were followed by near-isobaridiogdn the accreted blocks of
amphibolite, as expected after refrigeration of théduction zone due to
continued subduction (Gerya et al., 2002). Suchago cooling P-T path is also
expected for the hydrated peridotite of the uppatep which would hydrate (i.e.,
formation of tremolite and talc; Fig. 9a) due ta timflux of fluids from the
subducting slab. Once antigorite starts forming 6& °C, 15 kbar; Fig. 9a), the
subduction channel start formation and rocks (leotbtic tectonic blocks and
hydrated metaharzburgitic matrix) would begin to déwumed. This is to be
expected due to the plastic behavior of serpeittiniicks (Gerya et al., 2002;
Guillot et al., 2009) and implies that the P-T matf the subduction channel
rocks suffer an inflection, with increasing decoagsion upon cooling (Fig 9a).
Further influx of fluids evolved from the subdudiplate would allow continued
hydration and the formation of almost pure antigterin the exhuming matrix of
the subduction channel at conditions below 500C 18 kbar (Fig. 9a).

The Iherzolitic bulk rock composition of the antige-lizardite serpentinites
suggests a different protolith, probably an abyssaidotite. The presence of
abyssal and supra-subduction zone peridotite (fitgtarocks in subduction
channels can be explained by three hypothesed, Barsaltic crust produced at
slow spreading centers (Atlantic type) is normaliin or even absent, allowing
abyssal peridotites to be incorporated in the satigu channel and mixed with
metamafic rocks accreted from the incoming plat laydrated ultramafic rocks
of the mantle wedge. Similar rocks are describedmélanges from the
Dominican Republic (Gorczyk et al., 2007, Saumuialket 2010). Second, the
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preservation of abyssal-type peridotites in foreagions has been interpreted as
trapped older lithosphere that did not participetesubduction zone melting
(Batanova and Sobolev 2000). Finally, it is alsegole the inflow of younger
abyssal lithosphere along the margins of transfoowmaded trench systems, as
proposed for the South Sandwich arc (Parkinsonl.ef392; Parkinson and
Pearce 1998; Pearce et al. 2000).

byssal serpentinites

. < | incorporated to

. subduction channel

~(antigorite-lizardite serpentinite)
: 50

mantle wedge

(antigorite serpentinite) 1000 ‘;(; -
18005C. ... G .
B : 1206 °C

100
(km)

|Caribbean plate I |Prot6-Caribbean plate]

.
p
P

Fig. 11 Schematic cross-section showing the tectommdiguration of the Caribbean region during the
Cretaceous and the origin of the studied rocks. fhileemal structure of the subduction zone and the
stability of serpentinite is after Gerya et al. @) Fig. 7a) for a young plate (20 Ma) after 500 kin
convergence.

Late Cre’;aceous|

’

The Proto-Caribbean oceanic lithosphere (Atlantiay formed as result of breakup
and disruption of Pangea during Late Jurassic e lGrietaceous. Geological and
geophysical evidence suggests a slow spreadingercémtthe Proto-Caribbean
region during the Mesozoic (e.g., Pindell et abD0® 2006) which may have
allowed the formation of serpentinite after hydvati of abyssal peridotite.
Furthermore, chemical similarities among the amtigdizardite serpentinites and
the Monte del Estado (Puerto Rico) ultramafic roqksg. 7), interpreted as
fragments of the Proto-Caribbean lithosphere (Leatial., 2006b; Marchesi et al.,
this volumen), strengthen the view that the forrgre of rock from La Corea
mélange represents fragments of the Proto-Cariblmasanic lithosphere that
escaped deep subduction. This view is consistetit thie brucite, lizardite, and
andradite-bearing mineral assemblages and texwnfrgkis type of rock, which
suggest low temperatures of formation (Frost andr&e2007) in the oceanic
environment and in the shallow subduction envirommeHence, the thermal
evolution of this type of rocks should have enceued that of the exhuming
subduction channel (mélange) at relatively low terafure and pressure. Using the
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P-T path of the exotic blocks of amphibolite, thiwuld have taken place at ca. 300
°C and 5-6 kbar (Fig. 9b), as indicated above.

An integrated model of evolution of serpentinitegpresented in Figures 10 and 11
following the interpretations given above and thoe$eBlanco-Quintero et al. (in
press) for the exotic blocks of subducted MORBhe La Corea mélange. At the
onset of subduction of young oceanic lithosphenenduthe early Cretaceous (ca.
120 Ma), the thermal gradient along the subductiwarface was very hot. These
conditions allowed the breakdown of hydrous phaem subducted hydrous
oceanic lithosphere and the formation free fluidt ttvould flux across the mantle
wedge. At relatively deep conditions, meta-MORBkérom the incoming plate
(amphibolites) were accreted to hydrous peridotitiantle wedge. Continued
subduction refrigerated the subduction system,wallg formation of hydrated
metaperidotitic mantle wedge at similar depth. Apsatinitic subduction channel is
formed upon reaction of liberated® with the mantle wedge at conditions within
the antigorite stability field (i.e., antigorite rpentinites), allowing henceforth
upward flow of the rocks. This general evolutiomguwces counter-clockwise P-T
paths of accreted rocks (e.g., Wakabayashi, 19%)yaet al., 2002). Similar
trajectories has been deduced by Krebs et al. {268& contemporaneous (ca. 103
Ma) eclogite blocks in the Rio San Juan complex njibacan Republic), and
amphibolite blocks from the Sierra del Conventoangke (115 Ma; Garcia-Casco et
al., 2008a; Lazaro et al., 2009). As the subductibannel flows upward, other
blocks join the mélange at shallower depths (astigorite-lizardite serpentinites).
The mélange further exhumes until it is locatedblethe forearc peridotites htat
could be represented by the peridotites of the Mayeastal ophiolite massif. Both
the underlying forearc ophiolites and the mélangeld be finally exhumed during
late Cretaceous obduction, likely caused by thered arc-platform collision event
(Garcia-Casco et al. 2008b).

CONCLUSIONS

Antigorite- and antigorite-lizardite-serpentinitesLa Corea mélange (eastern Cuba)
document the processes of formation of the suboluathannel and accretion of
abyssal peridotites. The strong alteration (i.eerpsntinization, Cr-spinel
transformation) of harzburgitic and lherzolitic groliths indicates pervasive fluid
flow in all types of rock best explained if the kscexperienced hydration above a
subducting plate. Antigorite serpentinites of hargitic protolith likely formed at
depth after hydration of the mantle wedge (Caribdéhosphere) by fluids derived
from the SW-dipping subducted slab (Proto-Caribbéitmosphere). Antigorite-
lizardite serpentinites of lherzolitic compositiare best explained as abyssal
(meta)peridotites (Proto-Caribbean lithosphereyeted to the subduction channel
developed in the Caribbean-Proto-Caribbean plassfate. Hydration of Caribbean
plate mantle wedge allowed the formation and exhiomaf a subduction channel
during Cretaceous times until final exhumation ooed in late Cretaceous
obduction of the supra-subduction zone Mayari-Bama®©phiolite Belt and
associated underlying subduction mélanges.
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ABSTRACT

Thermo-mechanical modelling was used to simulabelgction initiation of young
(10-30 Ma) oceanic lithosphere. A 2D thermo-mect@nnumerical model was
developed using the 12VIS code based on conseevéitiite differences and non-
diffusive marker-in-cell techniques. Experimentgevearried out varying the age of
the lithosphere (10, 12.5, 15, 17.5, 20, 25 an#1a@) and rate of convergence (2, 4
and 5 cm/yr) with a wet peridotite in the weak zoA&so a hydrated mantle was
used in some experiments in the weak zone, progyasiemature melting of the
weak rock below the serpentinite stability fieldefwperidotite). It was found that the
age of oceanic lithosphere strongly influences dedtjon of subducted oceanic
crust and underlying mantle peridotite and pantelting of the slab, which are
favored for the younger lithospheres. Partial mgltof the subducted slab creates
cold plumes that ascend along the slab-mantlefaderuntil they penetrate the
upper plate lithosphere and produce volcanic arbs. rate of convergence has, in
turn, strong influence in the slab retreat, foryvelow (ca. 2 cm/yr) and younger
lithospheres (<20 Ma). The results confirm thattdetonic evolution and volcanism
in eastern Cuba (NW Caribbean) during the Cretaxewms the result of onset of
subduction of very young lithosphere (i.e. 10 Mdjhwconvergence rate of 2-4
cm/yr. The serpentinite mélanges present in thgiore can be considered as
fragments of an aborted cold plume frozen at depth.

Keywords: Numerical modelling, young lithosphere, cold plame
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INTRODUCTION

Subduction zones and mid ocean spreading ridgetharenost important tectonic
features in planet Earth, with more than 55000 knrd 80000 km of integrated
length, respectively (Lallemand, 1999; Stern, 2002)e fate of lithosphere formed
at ridges is to be recycled in the mantle by me#nsubduction. The geophysical
characteristics of subduction zones are varied. Thermal structure and
geodynamic conditions of subduction zones dependactors like plate velocity,

direction and angle of convergence, thickness gedoéthe lithosphere, convection
in the overlying mantle wedge, fluids and melts raiopg through the subduction
zone, and time (e.g., Kirby et al., 1991; Peacd®§6). All these factors influence
in the formation of volcanic arcs, which ultimatetpntribute to the growing of
continental masses.

The addition of aqueous fluids to normal lithosphemantle produces partial
melting at temperatures hundred degrees lower thater dry conditions (e.g.,
Ulmer, 2001). This addition takes place in convatgenargins by means of
dehydration of the subducting slab (crust and reqmihused by increasing pressure
and temperature. At the onset of subduction, thid fleleased is primarily the result
of the expulsion of connate water, but the oceanist contains about 6 wt % water
in chlorite, lawsonite and amphibole (lwamori, 1298his amount is reduced to
less than 3 wt % at 50 km depth by metamorphic diettipn reactions (lwamori,
1998). The fluids released at depth have huge itapoe for mantle wedge melting
and formation of volcanic arcs.

When a young (i.e. hot) oceanic plate subductsgémthermal gradient involved in
the slab-mantle wedge interface is hotter compacedhe geothermal gradient
generated upon subduction of an old (i.e. cold)teplanaking possible the
intersection of the wet solidus of basaltic anditisetocks at moderate pressure
(e.g., 15 kbar; 50 km). Partial melting of the sktlshallow depths has important
consequences for the transformation of the mandege and the evolution of
volcanic arcs (e.g., Peacock et al., 1994). Thétiaddf the slab melt to the wedge
occurs principally by means of cold plumes resgltifrom Rayleigh-Taylor
instabilities (Gerya and Yuen, 2003a), which mayenh#éo do with adakite rocks
formed as product of slab melting (Defant and Drumd) 1990; Martin, 1999).

Under special circumstances, however, the melt ongstallize at depth, yielding
aborted cold plumes. These aborted plumes are mdriance because they may be
incorporated to developing subduction channels exitimed, allowing the in-situ
characterization of the products slab-derived m@tg., Lazaro and Garcia-Casco,
2008). In this paper we study the onset of intreamic subduction using different
ages of lithosphere, convergent rates and roclteimveak zone. To this end, we use
a thermomechanical numerical model based on fdifferences and marker-in-cell
techniques (Gerya and Yuen, 2003b). The model dedwspontaneous slab retreat,
subducted crust dehydration, aqueous fluid trartspod slab and mantle wedge
melting. The results, specially those concernirggfdrmation and evolution of cold
plumes, are compared with rocks complexes occulinnthe northern Caribbean
(eastern Cuba), where onset of subduction andapanélting of very young oceanic
lithosphere has been recently described in serpgntimélanges representing
fragments of the Cretaceous Antillean subductioandel (Garcia-Casco et al.,
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2008; Lazaro and Garcia-Casco, 2008; Lazaro e2@0D9; Blanco-Quintero et al.,
2010).

NUMERICAL MODEL DESCRIPTION AND PRINCIPAL EQUATIONS

We developed a 2D thermo-mechanical numerical motienset of intra-oceanic
subduction (Fig. 1) using the 12VIS code based onservative finite differences
and non-diffusive marker-in-cell techniques (Gergad Yuen, 2003b). The
experiments were conducted on Brutus computereriwdtETH-Zurich. The model
dimensions are 4000 kmx200 km, distributed overl2@01 grid nodes. The grid
resolution is 2 kmx1 km.

The oceanic crust consists of a 3-km layer of basald a 5-km layer of gabbroic
rocks and the mantle consists of anhydrous peta&offhe lithospheric and
asthenospheric mantle is modelled as anhydroudqiite, extending as a half-space
to the lower boundary of the model. This setupasiglemented by 3 km of water
above and 1 km of air. Sedimentation spontanediilidythe trench after its arc-
ward slope reaches certain critical steepness.

Subduction is initiated by a prescribed weak freectmone between two oceanic
plates (Hall et al., 2003). This zone is 30 km watel 60 km thick. It consists of
mantle rocks with wet olivine rheology (Rannalli99b) and high pore fluid

pressure. In the course of subduction, these maatks are replaced by weak
crustal rocks and hydrated mantle, naturally prasgrthe localizing effect of the

initially prescribed fracture zone. However, som@eariments were realized using
hydrated peridotite in the weak zone (e.g., Regenhieb et al., 2001; Gerya and
Yuen, 2003a; Maresch and Gerya, 2005; Table 1).

The initial temperature varies with the lithosphage. The isotherm permit to better
vizualize the slab and mantle wedge deformationthim evolution of the model
water is expelled from the subducted oceanic @sst consequence of dehydration
reactions and compaction. Because the water transpodel does not permit
complete hydration of the peridotitic mantle, thentte solidus is intermediate
between the wet and dry peridotite solidus. Initgalariable hydration would
permit melting over a range of temperatures anémedntents (e.g., Grove et al.,
2006).

Three principal equations were used in the two dsmaal creeping-flow models
(momentum, continuity, and thermal equations). Tdomservation of mass is
approximated by the incompressible continuity eignat

v, av,
+ =0

oX 02
The 2D Stokes equations take the form:
aO-X)( aO-XZ _— aj

ox 0z  oX
do,, do,, P
-z + 2= T) P) C

02 oX 0z 90/ )

The densityp(T,P,C) depends explicitly on the temperature (T), thesguee (P)
and the composition (C), argl is the gravitational acceleration.
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The Lagrangian temperature equation includes h#atte produced by phase
transformations in the crust and mantle and is fbawed as (Gerya and Yuen,

2003b):

DT a9, ddq,

JT
ax = —k(I',C)a—
X

q, = —k(T,0) %"
0z

H, :TozE
Dt

HS = O-X)(((':xx'i‘o-zzgzz'i‘ Zo-ngxz

where D/Dt is the substantive time derivative; xd an denote, respectively, the
horizontal and vertical coordinates;, O «, O ,, are components of the deviatoric

stress tensorExx, £xz, £z are components of the strain rate tensor; P sspre; T

is temperature; gx and gz are heat fluxgsis density; k(T,C) is the thermal
conductivity, a function of composition and temgara; Cp is the isobaric heat
capacity; Hr, Ha, HS and HL denote, the radioactgiabatic, shear and latent heat

production, respectively.

Time=0 Myrs
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Z Depth in km
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2300 2400 2500 2600 2700 2800 2900
X Width in km
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asthenospheric manlte
- gabbro - sediments
) hydrated unserpentinized - melt-bearing basalt
- lithosphere mantle |:| manite

- asthenorphere mantle - serpentinized mantle |:| melt-bearing gabbro

Figurel. Initial configuration of the numerical meld(see text for details). White lines are isoth&rm
shown for increments of 200 °C starting from 100 °Co@oindicate materials (e.g. rock type or melt)
which appear in subsequent figures. The resolutidh@model: x= 3000 Km and z= 200 Km.
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Table 1 Description of numerical experiments.

Model Slab age convergent rate (cm/yr) rock typedak zone

1 10 2 wet peridotite
2 125 2 wet peridotite
3 15 2 wet peridotite
4 175 2 wet peridotite
5 20 2 wet peridotite
6 25 2 wet peridotite
7 30 2 wet peridotite
8 10 4 wet peridotite
9 125 4 wet peridotite
10 15 4 wet peridotite
11 175 4 wet peridotite
12 20 4 wet peridotite
13 25 4 wet peridotite
14 30 4 wet peridotite
15 10 5 wet peridotite
16 125 5 wet peridotite
17 15 5 wet peridotite
18 175 5 wet peridotite
19 20 5 wet peridotite
20 25 5 wet peridotite
21 30 5 wet peridotite
22 10 5 hydrated mantle
23 125 5 hydrated mantle
24 15 5 hydrated mantle
25 175 5 hydrated mantle
26 20 5 hydrated mantle
27 25 5 hydrated mantle
28 30 5 hydrated mantle

In the experiments the melt migration is assumeadti @bocur rapidly compared to the
deformation of unmelted mantle, so that the vejooitthe melt is independent of
mantle dynamics (Elliott et al., 1997; Hawkeswaethal., 1997). So, the extracted
melt is transported rapidly to the surface formiotcanic arc crust.

RESULTS

The numerical experiments were carried out varyireggage of the subducting plate
(10, 12.5, 15, 17.5, 20, 25 and 30 Myr), the rdteamvergence (2, 4 and 5 cm/yr)
and the rock properties of the weak zone (wet ga&tite vs hydrated mantle -
serpentinite-) (Table 1).

Figure 2, constructed for a lithosphere of 10 Myd @a convergence rate of 5 cm/yr,
summarizes the basic features of the evolutiorl dy@es of experiments, including
the trenchward displacement and deformation obtregriding plate, the increase in
the slab angle, the hydration of the mantle wedgerpéntinization) and

development of subduction channels, the generationolten rocks in the mantle
wedge, the development of molten cold plumes andew/ialong the subduction
zone, and the displacement of isotherms (coolinth@fsubduction zone, heating of
the volcanic arc region) with time. The model proesi a rapidly retreating trench
with formation of a magmatic arc and extensionakiaac basin with newly forming

Figure 2. Evolution of the reference model. The ehqutesents a retreating subduction with the
formation of a) partial melts in the slab, b) magimarc, c) an extensional backarc basin with newly-
forming oceanic floor and onset of slab retreat;aaid e) evolution of the subduction zone. The dge o
the lithosphere is 10 Myr and convergence rate ¢sndyr).
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Figure 4. Numerical experiments with small convergerate (2 cm/yr) and a lithosphere de 10 Myr.
In these experiments, partial melting of the simibmation of cold plumes and volcanic activity are
delayed relative to faster convergence rates. Nb sitreat and back arc formation is observed.

oceanic floor. When the subducting oceanic plasches approximately 50 km
depth dehydration and fluid flow leads to hydratard wet melting of the mantle
above the slab, in agreement with common viewsvofugion of subduction zones
(Stern, 2002; van Keken et al., 2002). Howevers throcess first produces

193



upwelling partially molten thermal-chemical plum@serya and Yuen, 2003a) that
rise from the slab along the slab-mantle interfaa they penetrate the upper plate
lithospheric mantle (Fig. 2b-e). These plumes asmpmosed of mixed partially

molten components from the subducted crust andnthetle wedge (Gerya and
Yuen, 2003a; Gorczyk et al., 2007; Castro et a1,02.

Rising of cold plumes lead to the growth of a matienarc at the surface of the
overriding oceanic plate ~6 My after beginning obduction (Fig. 2b). As the
trench retreats the melt-bearing asthenosphers faseing an intra-arc spreading
centre leading to splitting of the arc and develepmof a remnant arc located
trenchward and a back-arc basin (~10 Myr; Fig. Ztle formation of a spreading
center accelerates trench retreat since it breakst ahe overriding plate. The
appearance of a melt-bearing mantle region bel@wvsfireading centre (cf. broad
red region in Fig. 2c-e) is driven by decompressiumiting.

The age of the subducting lithosphere have strofigeince in the evolution of the
subduction zone (Fig. 3). For the same convergeate subduction of older
lithosphere delays slab retreat, early partial imglof the slab and rise of cold
plumes. This change in the timing of the eventthéorder of a few million years is
observed even for small variations in the age eflithosphere (Fig. 3; lithosphere
ages of 12.5 Myr and 15 Myr; convergence rate SygmfThe volcanic activity is
consequently affected, especially because therigeeed for the dehydration of the
slab and development of cold plumes is shortened yfmunger subducting
lithosphere. Also the thermal-chemical plumes a@ead at greater depth in older
lithosphere (Fig. 3f).

The rate of convergence between plates also inflien the evolution of the
subduction zone. For smaller convergence rates @&g2 cm/yr) slab retreat is not
produced (Fig. 4) for very young oceanic lithosjgh@r20 Myr). However, probably
the most important effect is related to partial timgl of the slab and the beginning
of volcanic arc activity, which are delayed (Fig, 49. Because the slab does not
retreat in these models, the arc is constructethénsame vertical emplacement
during more of 30 Myr after onset of subductiong(Fd), producing large piles of
volcanic rocks. In contrast, for older lithosphére20 Ma) and small convergence
rate (2 cm/yr) the model predicts subtle slab etfreegional dispersion of volcanic
arc products, and formation of a backarc spreadiegter (Fig. 5). In this
experiment is important to note the greater depthaisotherms, yielding slab melt
and cold plume formation at greater depth.

In modern slow to very slow-spreading ridges ttieokphere is characterized by a
heterogeneous and relatively thin (<5 to 7 km) ttrwhich exposes partially
hydrated peridotites (Cannat, 1993; Cannat etl805). In these lithospheres the
mafic rocks are partially covered by abyssal sediméar from the ridge (Carlson,
2001). To evaluate the influence of this type tifdsphere, experiments were carry
up for a weak zone composed of hydrated periddtitéhese experiments, partial
melting of the weak rock below the antigorite difibifield (wet peridotite) takes
place shortly after onset of subduction (Fig. &&wever, melt volume is small and
is dissipated in the mantle (Fig. 6b). After thiarlg stage, the evolution of the
subduction system follows a normal regime as deedriabove. However, the
volcanic arc activity occurs later than other expents (Fig. 6¢) and, importantly, a
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Figure 5. Numerical experiments with small convergerate (2 cm/yr) and a lithosphere of 25 Myr.
Slab retreat and backarc spreading occur relativatg.

large serpentinized mantle (subduction channdfrimed above the slab (Fig. 6d, e)
due to large fluid flux from the hydrated peridetit

Finally, models for very young lithosphere yieldahmelt fractions in the partially
molten slab at moderate depth and relatively lawpierature. This setting allow for
crystallization of the cold plume at depth. This ilisistrated in Fig. 7 for a
lithosphere of 10 Myr and a convergence rate ahyc In this experiment, the low
proportions of melt produced preclude the risehefplume through mantle, and the
cooling of the system upon continued subductioddda crystallization of the melt
at depth close to the region where the plume ntedeat the slab-mantle wedge
interface (50-60 km; Fig. 7). We name this typephimes crystallized at depth as
aborted cold plumes.

DISCUSSION

The subduction of very young oceanic lithospherm raafiges is a normal process of
active margins (e.g., Thorkelson and Breitspreck@®5). The thermal structure and
melting of young subducted slabs was modelled bgc@ek et al. (1994), and
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Peacock (1996) provided a general conceptual mfodehelting of young oceanic
crust, although in these models melting occurs émiywery young crust (< 5 Myr;
Peacock, 1996). Subduction of very young oceattiosphere has been also linked
to the generation of adakites, based on geochendatd (e.g., Defant and
Drummond, 1990; Martin, 1999) and numerical modelg., Sizova et al., 2010).
The data compiled by Drummond and Defant (1990)nrsarizing adakite
occurrences, suggest that melting occurs in slaloddaas 20 Myr.

Our experiments indicate that partial melting osaur slabs as old as 20-30 Myrs,
though it occurs earlier and at shallower depthgannger slabs, determining the
evolution of volcanic arcs and back-arc basins. rayetl partially molten thermal-
chemical plumes are responsible for the heterogeneomposition of the mantle
wedge and influence the composition of the volcamic crust (Gerya and Yuen,
2003a; Gorczyk et al., 2007; Castro et al., 2010).

However, we have also shown that under specialimistances cold plumes may
crystallize at depth in the slab-wedge region $haifter onset of subduction. These
plumes have no influence on the evolution of thpeupplate mantle and arc crust,
but this type of aborted cold plumes may offer imt@ot information on the partial

melting processes attending subduction if exhumedthe Earth's surface.

Exhumation of this type of plumes if favored by fhet that they freeze at relatively
shallow depth (ca. 50 km) and, importantly, at sheb-wedge interface, where a
serpentinitic subduction channel generated withetpnovides the mechanism for
syn-subduction exhumation of accreted material y&et al., 2002). An example of
partially melted subducted oceanic material incoxfex in a subduction channel is
found in the Catalina Schists of the Franciscan {&brensen and Barton, 1987;
Sorensen, 1988; Sorensen and Grossman, 1989; BebwlitBarton, 2002).

However, a more spectacular example, with largep@tion of melt, has been
recently described in the serpentinitic mélangeseaftern Cuba (Sierra del
Convento and La Corea mélanges; Garcia-Casco,20418; Lazaro and Garcia-
Casco, 2008; Lazaro et al., 2009; Blanco-Quintérd.e2010).

Comparing a theoretical and a natural aborted colcblume (eastern Cuba).

A belt of Cretaceous-Tertiary volcanic arc rockcuwcing all along the entire

Caribbean region, from Guatemala, Greater, Leskeeward and Netherland
Antilles, northern Venezuela and north and wes@oiombia (collectively termed

"Great Arc of the Caribbean"; Burke, 1988) documantong lasting history of

oceanic subduction in this region. Ophiolitic maksr of back-arc, arc, fore-arc and
abyssal origin are also represented along the(foelteview see Lewis et al., 2006)
Associated with these rocks appear serpentiniteixmaglanges with tectonic high-

pressure blocks that represent the associated l@anbsubduction channel. Cold,
warm and hot subduction has been inferred fromopmgical studies of these
mélanges (e.g., Garcia-Casco et al., 2002; 2008;20sujimori et al., 2005, 2006;

Krebs et al., 2008; Brueckner et al. 2009; Marestci. 2009).

Figure 6. Numerical experiments with the weak zoneposed of hydrated peridotite, age of
lithosphere of 10 Myr, and convergence rate of Bycm
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In eastern Cuba, the mélanges (La Corea and SiiraConvento; Somin and

Millan, 1981; Garcia-Casco et al., 2006) bear ewide for hot subduction

interpreted as the result of onset of subductioyoohg oceanic lithosphere (Garcia-
Casco et al., 2008; Lazaro and Garcia-Casco, 2088ro et al., 2009; Blanco-
Quintero et al., 2010). These mélanges are chaizede by the presence of
subducted MORB-derived epidotexgarnet amphibolitechks associated with

tonalitic-trondhjemitic-granitic bodies and veinengrated after partial melting of
the amphibolites and crystallized at depth (cak®f) 15 kbar; 700-750 °C). The
rocks followed counter-clockwise P-T paths docunmgnsubduction shortly after

onset of subduction and syn-subduction slow exhwmat a subduction channel.
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Figure 7. Example of an aborted cold plume dueot® inelt production. The experiment represents a
lithosphere of 10 Myr with a convergence rate of am/yr.
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Following our results of numerical experiments.(ilgig. 7), we consider these
blocks of high-grade amphibolite and associateccderatic igneous rocks as
possible fragments of an aborted cold plume incered into the Caribbean
subduction channel.

Subduction rates for the Caribbean region during @retaceous have been
estimated in the order of 2-4 cm/yr. (Meschede fanmsth, 1998; Krebs et al., 2008,
and references therein). These figures are in agmeewith our models, for they

allow slab retreat and backarc basin formation, petlological and geochemical
data have shown that Mayari-Baracoa Ophiolitic Béleastern Cuba formed at a
back-arc spreading centre (Marchesi et al., 20B6)thermore, subduction of hot
young oceanic lithosphere during the Cretaceoumdsrporated in geodynamic

models for the region (Pindell and Kennan, 2008}, subduction involved the

Proto-Caribbean basin (Atlantic), which was operanghat time due to N America
and S A drift, and subduction of a ridge was pdesiBubduction of such a young
lithosphere is hence possible. Accordingly, we aersthe model presented in Fig.
7 involving subduction of very young oceanic lithbsere (10 Myr) at a rate of 4
cmlyr as potentially feasible for eastern Cuba, #rel predicted formation of an

aborted cold plume as an analogue of the partmadiifed slab rocks found in eastern
Cuba mélanges.

CONCLUSIONS

Thermo-mechanical experiments were used to modeh-ateanic subduction
initiation. Experiments were carried out varying thge of the lithosphere from 10
to 30 Ma and convergence rate from 2 to 5 cm/dyenting slab retreat and back-
arc basin and formation and evolution. The volcaric crust initially forms as a
response of intrusion of cold plumes into the upgate lithosphere and evolves
influenced by decompression melting of rising astisphere. Partial melting of
subducted material and volcanic arc activity isagletl for very low convergence
rates. Experiments for subduction of very younigosphere (i.e. 10 Ma) at relative
low convergence rate 4 cm/a allow formation abodsd plumes in the slab-mantle
interface. These theoretical aborted cold plumey w@respond to Cretaceous
partially melted MORB-derived slab material andoassted tonalitic-trondhjemitic
rocks crystallized at depth in the slab-mantlerfate and exhumed in a subduction
channel (serpentinite mélanges) in eastern Cuba.
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CONCLUSIONS

The La Corea mélange (eastern Cuba) gives the ymityrto study the processes that occur in
a subduction environment from onset of subductioexhumation in a subduction channel. The
mélange has a metaharzburgitic antigorite-serpéntimatrix and contains exotic blocks manly
composed of amphibolite, blueschist and greenscHhigt most common lithology of the blocks
is MORB-derived epidotexgarnet amphibolite (lackimgimary plagioclase) intimately
associated with tonalitic-trondhjemitic-graniticcks formed after partial melting of the former.
Metamorphism evolved from high to medium press@(°C and 15 kbar; >110 Ma), above
the wet basaltic solidus and related to subduciiot accretion to the upper plate mantle, to
medium to low temperature (450 °C and 8-10 kbai8®3/a), indicating counterclockwise P-T
paths during exhumation in the serpentinitic sutidacchannel. The geochronologic data
indicate very slow (ca. 1 mm/yr) syn-subduction wxlation of the mélange. Occasionally,
some blocks experienced large-scale convectivelation in the channel, first described in this
work. The melt (mostly peraluminous in compositianystallized at depth during the isobaric
cooling stage (620-680 °C and 14-15 kbar; 105-1&), Mefore the serpentintic channel started
formation.

The geochemistry of the leucocratic rocks indicaigakite affinity, without interaction between
the melt and the ultrabasic materials (i.e., mé&anmtrix). HP blocks of amphibolite and
associated trondhjemites, pegmatites and Qtz+M&srdacally show enrichment in LILE
(specially in K and Ba), indicating interaction witluids released from the sediments of the
subducting slab. In these rocks phengite crysalliat depth, preventing the transfer of K, Ba
and other LILE to the mantle wedge and the volcanic

Ultramafic blocks bearing relictic clinopyroxenerpbyroblasts appear also in the mélange. The
blocks are harzburgitic-lherzolitic in compositi@md were classified as antigorite-lizardite
serpentinites. The protolith of these rocks aret leaplained as a fragment of the abyssal
peridotite (incoming plate) incorporate to the n@amwedge and exhumed in the subduction
channel.

Partial melting of a subducted young oceanic lifihese is an exceptional characteristic rarely
observed in exhumed subduction-related complexas$,has significant consequences for the
plate tectonic interpretation of the Caribbean argiThe counterclockwise paths and the P-T
conditions for slab melting are in correspondendth vpredictions of thermo-mechanical
models for onset of subduction of young oceantwBphere. These models also confirm that
exhumation of HP blocks occurs several tens of Maraonset of subduction due to
sepentinization of the mantle wedge (Caribbearodipimere) by fluids derived from the SW-
dipping subducted slab (Protocaribbean lithospheke)a result of this process, a subduction
channel containing blocks of the subducting plategtal and mantle) surrounded by antigorite
serpentinite matrix formed. The process includecisd stages, including onset of subduction
(ca. 120 Ma), accretion of subducted MORB to thpaumplate hydrous peridotite (115 Ma),
isobaric cooling (115-105 Ma), formation of the shal and very slow exhumation (105-70
Ma), and final exhumation (70-65 Ma) as resultafision in the region.
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CONCLUSIONES

La mélange de La Corea (Cuba oriental) brinda lartopidad de estudiar los procesos que
ocurren en un ambiente de subduccién desde ebideia subduccién hasta la exhumacion en
un canal de subduccién. La mélange tiene una métmtaharzburgitica) de serpentinita
antigorititica y contiene bloques exéticos compaegirincipalmente por anfibolitas, esquistos
azules y esquistos verdes. La litologia mas conmimbdoques anfiboliticos, de composicion
MORB, con epidotatgranate (con ausencia de plaggacprimaria) intimamente asociados a
rocas tonaliticas-trondhjemiticas-graniticas forazagor la fusion parcial de las anfibolitas. El
metamorfismo se desarroll6 desde presiones altasdi@as (700 °C y 15 kbar; >110 Ma), por
encima del solidus basdltico hidratado y relaciosambn la subduccion y acrecion al manto de
la placa superior, hasta temperaturas de mediagjes (450 °C y 8-10 kbar; 83-86 Ma),
indicando trayectorias P-T antihorarias duranteexadumacion en el canal de subduccién
serpentinitico. Los datos geocronoldgicos indicara wexhumacion sin-subduccion de la
mélange muy lenta (ca. 1 mm/a) en el canal de sgitu Ocasionalmente, algunos bloques
indican circulacion convectiva en el canal, deagoibr primera vez en este trabajo. El fundido
(principalmente de composicion peraluminoso) digta en profundidad durante un
enfriamiento isobarico (620-680 °C y 14-15 kbar5-100 Ma), antes de que comenzara a
formarse el canal de subduccion.

La geoquimica de las rocas leucocréticas indicadafdl adakitica, sin interaccion del fundido
con materiales ultrabasicos (la matriz de la mé@anglgunos bloques de anfibolitas de alta
presion y las trondhjemitas, pegmatitas y rocaQtdeMs asociadas presentan enriquecimiento
en LILE (especialmente K y Ba) indicando alteracidel material producido por fluidos
derivados de los sedimentos de la corteza ocednibducida. En estas rocas la fengita
cristalizé en profundidad, impidiendo la transfeiardel K, Ba y otros LILE al manto superior
y al arco volcanico.

Bloques ultramaficos con profidoblastos relictos a@opiroxeno aparecen también en la

mélange. Los blogues son serpentinitas con antiglizardita de composicion harzburgitica-

lherzolitica . El protolito de estas rocas corresjga fragmentos de peridotita abisal (placa
subducente) incorporados al manto suprasubducashymados en el canal de subduccion.

La fusion parcial de una litosfera joven en Cubgrtal es una caracteristica excepcional
raramente observada en complejos exhumados redaitiencon la subduccion, y tiene
consecuencias significativas para la interpretaciéna tectonica de placas en la region. Las
trayectorias antihorarias y las condiciones de & la fusion de la placa subducente estan en
correspondencia con la prediccion de los modelosiadenecanicos para el inicio de la
subduccion de una litosfera joven. Estos modeloditen confirman que la exhumacion de los
bloques de alta presion ocurrié algunos millonesailes después de iniciada la subduccion
debido a la serpentinizacion del manto superitofiera del Caribe) por los fluidos derivados
de la placa subducente con buzamiento SO (litosferdrotocaribe). Como resultado de este
proceso, se formd un canal de subduccion que danbéoques de la placa subducente (corteza
y manto) rodeados de una matriz de serpentinitaantigorita. El proceso incluye varias etapas,
incluyendo el inicio de la subduccién (ca. 120 Ma)acrecién de las rocas MORB subducidas
a la placa superior formada por peridotita hidratédl5 Ma), un enfriamiento isobérico (115-
105 Ma), la formacién del canal de subduccién y extazumacion muy lenta (105-70 Ma), y la
exhumacién final (70-65 Ma) como resultado de lés@m en la region.
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Partial melting of subducted oceanic crust has been identified in the
Sierra del Convento mélange (Cuba). This serpentinite-matrix
mélange contains blocks of mid-ocean ridge basalt ( MORB ) -derived
plagioclase-lacking epidote & garnet amphibolite intimately asso-
ciated with peraluminous trondhjemitic—tonalitic rocks. Field rela-
tions, major element bulk-rock compositions, mineral assemblages,
peak metamorphic conditions (c. 750°C, 1416 kbar ), experimental
evidence, and theoretical phase relations support formation of the
trondhjemitic—tonalitic rocks by wet melting of subducted amphibo-
lites. and mass-balance calculations indicate
eutectic- and peritectic-like melting reactions characterized by large
stoichiomelric coefficients of reactant plagioclase and suggest that
this phase was completely consumed upon melting. The magmatic
assemblages of the trondhjemitic—tonalitic melts, consisting of plagio-
clase, quartz, epidote, &= paragonite, = pargasite, and & kyanite,
crystallized at depth (1415 kbar ). The peraluminous composition of
the melts is consistent with experimental evidence, explains the

Phase relations
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presence of magmatic paragonite and (relict) kyanite, and places
umportant constraints on the interpretation of slab-derived magmatic
rocks. Calculated P=T conditions indicate counterclockwise P—T
paths during exhumation, when retrograde blueschist-facies over-
prints, composed of combinations of omphacite, glaucophane, actino-
lite, tremolite, paragonite, lawsonite, albite, (clino) zousite, chlorite,
pumpellyite and phengite, were formed in the amphibolites and trondh-
Jemites. Partial melting of subducted oceanic crust in eastern Cuba is
unique in the Caribbean realm and has important consequences for the
plate-tectonic interpretation of the region, as it supports a scenario of
onset of subduction of a young oceanic lithosphere during the early
Cretaceous (c. 120 Ma). The counterclockwise P=T paths were
caused by ensuing exhumation during continued subduction.
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INTRODUCTION

Formation and consumption of oceanic lithosphere at
ridges and trenches, respectively, are the most important
geodynamic processes that cause energy and material
recycling (transfer) between the lithosphere and mantle.
Subduction consumes lithosphere that sinks into the
mantle, but material fractionated into fluids or/and melts
formed at various depths in the subducting slab is trans-
ferred to the mantle wedge, eventually triggering partial
melting of ultramafic material and the formation of
volcanic arcs. Because material deeply subducted to sub-
arc depths of 100-200 km rarely returns to the surface
(Ernst, 1999), deciding whether fluids or melts are formed
at sub-arc depths is a matter of geochemical inference,
experimental work, and thermal modelling. Fluid fluxing
out of the subducting slab is generally considered to be the
main control for material transport to, and melting of peri-
dotite in, the mantle wedge (e.g. Schmidt & Poli, 1998;
Stern, 2002; Grove et al., 2006, and references therein).
However, geochemical data (e.g. Defant & Drummond,
1990; Drummond et al., 1996; Stolz et al., 1996; Elliott et al.,
1997), thermal modelling (e.g. Peacock et al., 1994; van
Keken et al. 2002; Gerya & Yuen, 2003; Peacock, 2003;
Kincaid & Griffiths, 2004; Conder, 2005; Abers et al.,
2006), and experimental studies (e.g. Johnson & Plank,
1999; Prouteau et al., 2001; Kessel et al., 2005; Hermann
et al, 2006) have shown that partial melting of subducted
sedimentary and/or mafic oceanic crust plays a major role
in transferring matter from the slab to the mantle wedge.
However, although partial melting of subducted slabs may
be a common phenomenon, natural examples of partially
molten subduction complexes returned to the Earth’s
surface are rare.

The amphibolite blocks of the ‘Catalina Schist’ mélange,
California, constitute perhaps the best-known example
of exhumed fragments of subducted oceanic crust where
partial melting and metasomatic mass-transfer processes
took place during subduction and accretion to the upper
plate mantle (Sorensen & Barton, 1987; Sorensen, 1988;
Sorensen & Grossman, 1989; Bebout & Barton, 2002).
The study of these processes in this and other complexes
is thus critical to unravel the geochemical evolution of
the subduction factory (Bebout, 2007). Here we examine
partial melting processes of subducted oceanic mafic crust
in the Sierra del Convento serpentinite mélange, eastern
Cuba, which represents a subduction channel related to
Mesozoic subduction on the northern margin of the
Caribbean plate (Garcia-Casco et al., 2006). We present
descriptions of field relations, mineral assemblages and
textures, and major element compositions of rocks and
minerals, as well as P—7 estimates for the various stages
of evolution of amphibolites and their partial melting
trondhjemitic—tonalitic products. These data are used to
derive petrogenetic and tectonic models of formation.

GEOLOGICAL OVERVIEW
Geodynamic setting

Cuba forms part of the circum-Caribbean orogenic belt,
which extends from Guatemala through the Greater
and Lesser Antilles to northern South America (Fig. la).
The belt encompasses the active volcanic arc of the Lesser
Antilles, where the Atlantic lithosphere subducts below
the Caribbean plate. However, Cretaceous to Tertiary
volcanic-arc rocks all along the belt (Fig. la) document a
long-lasting history of subduction on this margin of the
Caribbean plate. Although the details of the Mesozoic
evolution of this plate margin are debated (see Iturralde-
Vinent & Lidiak, 2006; Pindell ez al., 2005, 2006), geologi-
cal and geophysical data indicate that the arc probably
occupied a position between the Americas, similar to that
of the present-day Central American Arc, during the early
Cretaceous. This implies that the Caribbean plate formed
in the western Pacific and drifted eastwards relative to the
Americas during the Mesozoic and Tertiary (Pindell et al.,
2005). As a consequence of this drift, the volcanic arc
finally collided with the continental margins of North
America and South America during the latest
Cretaceous—Tertiary.

Eastward drift of the Caribbean plate began in the
Aptian (¢. 120 Ma; Pindell et al. 2005), when westward
subduction of the Protocaribbean (i.e. Atlantic) also
began. Ocean- and continent-derived high-pressure rocks
found all along the edges of the Caribbean plate formed
during the early Cretaceous to Tertiary and trace the his-
tory of subduction in the region (see review by Pindell
et al., 2005; also Garcia-Casco et al., 2002, 2006; Harlow
2004; Escuder-Viruete & Pérez-Estatn, 2006;
Krebs et al., 2007). In Cuba, metamorphic rocks document-

el al.,

ing subduction and accretion of oceanic crust during the
Cretaceous are found in serpentinite mélanges associated
with ophiolitic tectonic units (collectively termed ‘northern
ophiolite belt; Iturralde-Vinent, 1996, 1998) distributed
east—west along the >1000 km length of the island (Somin
& Millan, 1981; Millan, 1996; Garcia-Casco et al., 2002,
2006; Fig. 1b). Based on an analysis of ages and P—7 paths
of metamorphic blocks from these mélanges, Garcia-Casco
et al. (2006) proposed that hot subduction related to Aptian
onset of subduction of the Protocaribbean is recorded
in the eastern Cuba mélanges. The rocks described in this
paper come from one of these mélanges located in the
Sierra del Convento (Fig. 1c).

Geological setting

The geology of Eastern Cuba is characterized by large
amounts of volcanic arc and ophiolitic materials. The
ophiolite bodies (Mayari-Cristal and MoaBaracoa;
Fig. 1b) were grouped in the ‘eastern Cuba ophiolites’
by Iturralde-Vinent et al. (2006) to emphasize their
geological—petrological differences with respect to the

130



GARCIA-CASCO et al. ‘ SUBDUCTED OCEAN CRUST MELTING, CUBA

sinimsise ] cari : 7 Cretaceous-Present
Suture zone k\ Caribbean oceanic plateau ,J bt ast Volnic e
1 1

- Ophiolite
|

1
Gulf of Mexico

8y %
2 e S,

(@)

Cubs i} ; o North American Plate
4 Yucatan 1)__"‘:.. —_— -
7 Lbasin ==/ N
Maya s '
o
2 1o
Cacos Plate South American Plate
A
|'
T T T 7
-80° -80° -70° -60°
La Habana _ . A
T \ Atlantic Ocean J (b)
s r La Corea
mélange

Moa-Baracoa
ophiolite

Caribbean Sea

Amphibolitic complexes

V/ Bahamas platform
Z (Cretaceous Arc root)

(North America margin}

ol =
Southwestern terranes Ophiolite belt containing Santiago Sierra del
& Cretaceous ar de Cuba Convento

(Maya block margin?) serpentinite mélanges

K‘ mélange ~

Post-orogenic cover
(Neogene)

Purial (meta-) volcanics
o

mélange

b2 (and sample sites)
- Serpentinite

Faults
(moslty inferred)

S. Convent
complex

ngo

Fig. 1. (a) Plate-tectonic configuration of the Caribbean region, with important geological features including ophiolitic bodies and
Cretaceous—Iertiary suture zones. (b) Geological sketch map of Cuba (after Iturralde-Vinent, 1998) showing location of the northern ophiolite
belt, other important geological elements mentioned in the text, and the study area. (c) Simplified geological map of the Sierra del Convento
mélange (Kulachkov & Leyva, 1990) showing sample localities.
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‘northern ophiolite belt’ of west—central Cuba. The former
have geochemical supra-subduction signatures (Proenza
et al., 2006; Marchesi et al., 2007) and override Cretaceous
volcanic arc complexes along north-directed thrusts.
Thrusting occurred during the late Cretaceous to earliest
Paleocene (Cobiella et al., 1984; Iturralde-Vinent et al.,
2006). This structural arrangement differs from that of
west—central Cuba, where the volcanic arc units override
the northern ophiolite belt units. Another important differ-
ence with respect to west—central Cuba is that the volcanic
arc units of eastern Cuba are locally metamorphosed to
the blueschist facies (Purial Complex; Boiteau et al., 1972;
Somin & Millan, 1981; Cobiella e/ al., 1984; Millan &
Somin, 1985). This type of metamorphism, dated as late
Cretaceous (¢. 75 Ma; Somin et al., 1992; Iturralde-Vinent
et al., 2006), documents subduction of the volcanic arc
terrane as the result of a complicated plate-tectonic config-
uration (Garcia-Casco et al., 2006) or subduction erosion
processes (J. Pindell, personal communication, 2006).
Platform-like  Mesozoic sedimentary rocks forming the
Asuncion terrane were also metamorphosed under high-#
low-7 conditions (Millan et al., 1985), but the timing of
metamorphism is unknown.

The Sierra del Convento and La Corea mélanges
(Fig. 1b) occur at the base of the ophiolite bodies of eastern
Cuba, overriding the volcanic arc complexes. The two
mélanges are similar and contain subduction-related meta-
morphic blocks of blueschist and epidote-garnet amphibo-
lite; eclogite is rare or absent. Available K—Ar mineral
and whole-rock ages in these mélanges are 125-66 and
116-82 Ma in La Corea and Sierra del Convento, respec-
tively (Somin et al., 1992; Iturralde-Vinent et al., 1996;
Millan, 1996, and references therein). These data and our
unpublished Ar/Ar and sensitive high-resolution ion micro-
probe (SHRIMP) zircon ages (ranging from 114 to 83 Ma)
from the Sierra del Convento mélange demonstrate
that the history of subduction in eastern Cuba can be
traced from the early Cretaceous (Aptian) to the late
Cretaceous.

The Sierra del Convento mélange

The Sierra del Convento mélange is located in the south
of eastern Cuba (Fig. lb). It is tectonically emplaced on
top of the Purial metavolcanic arc complex. The geology
of the region is poorly known, and detailed structural and
petrologic analysis is lacking. Basic field and petrographic
descriptions were provided by Boiteau et al. (1972), Somin
& Millan (1981), Cobiella et al. (1984), Kulachkov & Leyva
(1990), Hernandez & Canedo (1995), Leyva (1996), and
Millan (1996).

The field relationships of the mélange are obscured
by intense weathering, tropical vegetation, and recent
fracturing related to important post-Eocene activity along
the sinistral transcurrent Oriente Fault that connects
the trench with the

Puerto  Rico Cayman trough

(Rojas-Agramonte et al., 2005, and references therein).
The mélange is made of sheared serpentinite formed by
hydration of harzburgite. It lacks exotic bocks in its central
and topographically highest portion (maximum height
755 m). Towards its borders, however, exotic blocks occur,
forming four submélange bodies of kilometre-scale,
namely (Fig. lc) Posango (to the east), EI Palenque (to the
north), Sabanalamar (to the west), and Macambo (to
the south). Our field observations suggest that these
submélange bodies occur at the base of the Sierra del
Convento mélange, in contact with the underlying volcanic
arc Purial Complex.

These submélange bodies are similar and contain
low-grade tectonic blocks of metabasite, metagreywacke,
metapelite-semipelite, and pelitic gneiss metamorphosed
to the blueschist facies with greenschist-facies overprints.
The submélange bodies also contain blocks of metabasites
that have been metamorphosed to the epidote—amphibolite
facies. These are the ‘high-grade’ amphibolite blocks
described below. Our unpublished trace element analyses
of the high-grade blocks show normal mid-ocean ridge
basalt (N-MORB) signatures, indicating subducted oce-
anic lithosphere, as opposed to other low-grade blocks of
metabasite, metagreywacke and metapelite-semipelite,
which represent metamorphosed volcanic-arc derived
rocks of the Purial Complex.

Importantly, the high-grade amphibolite blocks are
made of plagioclase-lacking peak mineral assemblages
consisting of pargasite, epidote, & quartz, £ garnet, £
clinopyroxene (the last is rare). The white material seen in
the matrix of these rocks (e.g. Fig. 2a and b, except for the
leucocratic segregations) is not plagioclase but epidote.
Following the common usage and recent recommendations
of the IUGS Subcommission on the Systematics of Meta-
morphic Rocks (Coutinho et al., 2007) the lack of peak
metamorphic plagioclase prevents use of the term amphi-
bolite to name these rocks. On the other hand, the
abundance of epidote prevents use of the term hornblen-
dite, which would also convey a wrong connotation. Thus,
the term amphibolite is used here to name the studied
rocks although their mineral assemblages do not conform
to its classical use for rocks made of amphibole and
plagioclase.

Another prominent petrological feature of the Sierra
del Convento mélange is the intimate association of amphi-
bolite with centimetre- to metre-sized layers, pockets and
veins of trondhjemite—tonalite (Fig. 2). The nature and
origin of these rocks has not been addressed in detail.
Somin & Millan (198]) and Millan (1996) suggested that
they represent ophiolitic plagiogranite pods
during differentiation of MOR gabbros, which were later
subducted and metamorphosed together with the enclosing
malfic rocks. In contrast, Hernandez & Canedo (1995) sug-
gested that the leucocratic material is post-metamorphic

formed
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Fig. 2. Field relations of amphibolite blocks and associated tonalite—trondhjemite. (a) Banded amphibolite hosting sheared veins
of trondhjemite. (b) Banded structure in migmatitic amphibolite showing hornblendite bands adjacent to trondhjemite segregation. (c) Block
of amphibolite invaded by trondhjemite. Intrusion is ductile and contemporaneous with the main foliation of amphibolite. (d) Detail of
block of amphibolite invaded by trondhjemite. (e) Brittle intrusion of trondhjemite into amphibolite forming agmatitic structure. (f) Detail of
trondhjemite containing small enclaves of amphibolite and hornblendite. Shining crystals of paragonite stand out of the leucocratic groundmass.

and identified it as material of the Cretaceous volcanic arc
intruding the mélange. Based on field relations, Kulachkov
& Leyva (1990) and Leyva (1996) conceded that there is
a genetic relationship between the amphibolites and the

leucocratic material but did not indicate the type of
relationship. In this paper we concentrate on these high-
grade amphibolite blocks and associated trondhjemitic—
tonalitic rocks.
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FIELD RELATIONSHIPS

The high-grade blocks of amphibolite are of metre to tens
of metres size, medium- to coarse-grained, and massive to
banded (Fig. 2a-c). In the Macambo region, however, the
blocks appear to be larger. In the Palenque region the
amphibolites form discrete blocks, commonly metre-sized.
This region provides the largest amount of leucocratic
material intimately associated with the amphibolites.
In the Posango and Sabanalamar regions the blocks are
best observed as detrital material forming part of recent
alluvial deposits along the Yacabo and Sabanalamar rivers
rather than as tectonic blocks within serpentinite.

The tonalitic-trondhjemitic bodies are of centimetre to
metre size. They are exclusively associated with the amphi-
bolites and not with other types of exotic blocks within the
mélange, and do not appear to crosscut the serpentinite
matrix. The structure of the bodies varies from concordant
layers to crosscutting veins relative to the metamorphic
foliation of the amphibolites. Banded, stromatic, vein-like,
and agmatitic structures typical of migmatites are
common (Fig. 2a—e).

The banded structure is characterized by the association
of mesosome (Ep=£Grt amphibolite)
(trondhjemite—tonalite)

and leucosome
the syn-
metamorphic foliation. Locally, melanosome material
consisting of >90% modal pargasitic amphibole (plus
small amounts of epidote, rutile, titanite, and apatite &
quartz) is spatially associated with banded mesosome—
leucosome pairs resembling stromatic structure of migma-
tites (Fig. 2b). The texture of this melanosome is variable,

parallel  to main

with grain size averaging less than I mm in some samples
to several centimetres in others. Because of the abundance
of pargasite, the melanosome material is termed here horn-
blendite, following the recent recommendations of the
IUGS Subcommission on the Systematics of Metamorphic
Rocks (Coutinho et al., 2007). Our unpublished major and
trace element and Rb/Sr and Sm/Nd isotope data provide
evidence that these hornblendites do not represent true
restites but a metasomatic rock formed by interaction
(i.e. back-reaction) of the amphibolites and fluids evolved
from associated melts.

Stretched, boudinaged and folded veins and pockets of
trondhjemite—tonalite indicate that the amphibolites and
associated segregations experienced ductile deformation
(Fig. 2a—c). However, crosscutting veins and agmatitic
(magmatic breccia-like) structures also document brittle
behaviour of the amphibolites during melt extraction
(Fig. 2d and e). In all types of structures, but most typically
in the agmatitic ones, the segregations contain small
(generally centimetre-size) nodules of amphibolite with
sharp to diffuse boundaries, suggesting disaggregation of
amphibolite within the silicic melt (Fig. 2f).

Below we present detailed information on six representa-
tive samples of plagioclase-lacking amphibolite and five
representative samples of associated trondhjemite—tonalite.
Samples CV53b-I and CV62b-I are quartz—epidote
amphibolite, CV228d and CV228e are quartz—epidote—
garnet amphibolite, CV230b is epidote-garnet amphib-
olite, and CV237] is epidote—garnet—clinopyroxene
amphibolite. Samples CV62b-1I, CV228c and SC2I are
epidote—amphibole trondhjemite—tonalite, and CV53b-11
and CV60a are epidote trondhjemite. The numbers in the
sample labels refer to sample sites (see Fig. 1c; sample SC21
is a pebble collected in the bed of the Yacabo River).
Closely associated amphibolite—trondhjemite pairs were
sampled in sites CV62 and CV228. These samples are
used below to examine melting relations.

ANALYTICAL TECHNIQUES
Whole-rock compositions were determined on glass beads
by X-ray fluorescence (XRF) using a Philips Magix Pro
(PW-2440) spectrometer at the University of Granada
(Table 1; trondhjemite sample CV53b-1I could not be ana-
lysed because of its small size). Loss on ignition (LOI) was
determined on pressed powder pellets. Mineral composi-
tions were obtained by wavelength-dispersive spectrome-
try (WDS) with a Cameca SX-50 microprobe (University
of Granada), operated at 20kV and 20 nA, and synthetic
Si0y, AlyOs, Mnli0s3, FeoOs MgO and natural diopside,
albite and sanidine as calibration standards, and by
energy-dispersive spectrometry (EDS) with a Zeiss DSM
950 scanning microscope, equipped with a Link Isis series
300 Analytical Pentafet system, operated at 20kV and
1-2nA beam current, with counting times of 50—100s,
and the same calibration standards. All analyses listed in
Tables 3—10 were obtained by WDS. Clinopyroxene and
amphibole compositions were normalized following
the schemes of Morimoto et al. (1988) and Leake e al.
(1997), respectively. Garnet was normalized to eight cations
and 12 oxygens, and Fe’" was estimated by stoichiometry.
Epidote, feldspar, lawsonite, and kyanite were normalized
to 12-5, eight, eight, and five oxygens, respectively, and
Fe[OtaI:Fez+. Mica, chlorite, and pumpellyite were nor-
malized to 22, 28, and 24-5, oxygens, respectively, and
Fe[(,[z,l:Fez*'. Mineral and end-member abbreviations are
after Kretz (1983), except for amphibole (Amp), silicate
melt (L) and fluid (H,O), with end-members of phases
written entirely in lower case. The atomic concentration
of elements per formula units is abbreviated a.p.f.u.
Elemental XR images were obtained with the same
Cameca SX-50 microprobe operated at 20kV and
200-300nA beam current, with step (pixel) size of
3-10 pm and counting time of 15-100 ms. We found that
a high beam current combined with short counting time
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Table I: Chemical composition (wt % ) of studied samples

SUBDUCTED OCEAN CRUST MELTING, CUBA

Rock type: Amphibolite Trondhjemite

Sample: CV53b-1 CV62b-1 Cv228d Cv228e CV230b CV237j CV60a Cv228c CVe2b-lI SC21
Si0, 45.84 46.78 46-26 48.02 43-25 43-94 67-83 60-08 66-32 60-46
TiO, 172 1.26 226 216 1.94 2557 022 0-19 0-06 022
AlL,Oz 16-40 16-98 14.68 14.99 16.70 13-33 1824 23-65 2113 22-30
FeO,or 10-71 9-32 13-01 11-65 11-42 14.97 0-84 1.06 0-49 168
MnO 018 017 0-20 018 0-39 0-20 0-02 0.02 0-01 0-03
MgO 7-36 778 6-98 6.57 772 756 093 0-68 017 118
Ca0 12:33 12.99 11-40 11:51 13-99 12.97 354 5.568 371 601
Na,0O 158 158 1-61 153 129 185 558 7-29 755 6-45
K,0 027 0-20 026 021 0-31 0-05 026 0-08 0-15 017
P,0s 0-15 0-11 022 0-21 0-18 024 0-08 005 0-04 0-05
LOI 1.67 180 095 114 118 073 1-65 115 0-61 123
Total 98-11 98.97 97.83 98-17 98-37 98-41 99-19 99.83 100-24 99.78
Mg-no. 0551 0-598 0-489 0501 0-547 0-474 0-665 0-533 0-380 0557
LOI, loss on ignition. Mg-number=Mg/(Fe’! | + Mg).

(milliseconds rather than seconds) avoids the problem
of beam damage to silicates (see De Andrade et al.,
2006). The images were processed with Imager software
(R. L. Torres-Roldan & A. Garcia-Casco, unpublished)
and consist of the XR signals of Ke lines of the elements
or element ratios (colour-coded; expressed in counts/nA
per s), corrected for 3-5ps deadtime and with voids,
polish defects, and all other mineral phases masked out,
overlain onto a grey-scale base-layer calculated with the
expression »_ [(counts/nA per s);-4;], (where 4 is atomic
number, and ¢ is Si, Ti, Al, Fe, Mn, Mg, Ca, Na, and K),
which contains the basic textural information of the
scanned areas.

BULK-ROCK COMPOSITION

A detailed assessment of the bulk-rock chemistry of the
blocks in the mélange will be presented elsewhere. Here,
we briefly comment on some aspects of their major element
geochemistry, which help explain key features of their
mineral assemblages.

The studied amphibolite samples have subalkaline,
low-K (tholeiitic) basaltic composition (Fig. 3a and b).
Their SiOy content ranges from 43-25 to 48-02wt %,
with lower values in the quartz-free samples. The latter
samples trend toward (apparent) picritic composition.
Notably, all the samples have relatively low Na,O contents
(129-185 wt %), so that the samples have a relatively high
inverse agpaitic index as compared with MORB (Fig. 3d).

The garnet-bearing samples have lower Mg-number
[Mg/(Mg + Feﬁal)] atomic proportions; Table 1).

The composition of the tonalite—trondhjemite samples is
varied. In the total alkalis—silica (TAS) diagram they
range from andesite through trachyandesite, trachyte
and trachydacite to dacite (Fig. 3a). They are rich in
NayO (5:58-7-35 wt %) and have very low K,O contents
(0-08-0-26 wt %; Fig. 3b, Table 1), resembling rocks of the
low-K tholeiite series. The FeO and MgO contents are low,
and the Mg-number is relatively high, ranging from 0-38
to 0-67 (Fig. 3c). All the samples are classified as trondhje-
mite in the O’Connor-Barker (O’Connor, 1965; Barker,
1979) An—Ab—Or classification scheme for granitic rocks
(not shown), except for sample SC21, which is classified as
tonalite. However, sample SC2l is in fact leucocratic,
having a greater amount of epidote (as a result of higher
CaO contents). For this reason all the samples are
henceforth collectively termed trondhjemites. Importantly,
the trondhjemites are Al-saturated (i.e. peraluminous;
ASI =1023-1142; Fig. 3d) and plot close to the alkali
feldspar—white mica mixing line delineated in Fig. 3d.
It should be noted that this line indicates albite—paragonite
mixtures in K-poor rocks.

TEXTURES AND MINERAL
ASSEMBLAGES
Amphibolites

Peak metamorphic mineral assemblages consist of pargasi-

tic amphibole, epidote, & garnet, & quartz, & diopsidic
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Fig. 3. Bulk composition of studied samples and of other rocks for comparison, including average and altered MORB (Hofmann, 1988;
Staudigel et al., 1996; Kelemen et al., 2003), adakites (compiled by Drummond et al., 1996; Martin, 1999; Smithies, 2000), oceanic and ophiolitic
plagiogranites (compiled by Koepke et al., 2004), mafic and felsic (pegmatites and leucocratic segregate) rocks from the Catalina Schist
(Sorensen & Grossman, 1989), and experimental liquids (glasses) obtained by partial melting of low-K mafic material under HyO-present
conditions at 800-900°C, 2-30 kbar (Nakajima & Arima, 1998; Prouteau ef al., 2001; Selbekk & Skjerlie, 2002; Koepke et al., 2004). (a) TAS
diagram (Le Maitre et al., 2002). (b) K,O-SiO, diagram. (c¢) Mg-number-SiO, diagram. (d) IAI (inverse agpaitic index)~ASI (alumina
saturation index) diagram with indication of the projection of alkali-feldspar and white micas for reference. The TAS-based names of rocks of
the low-K,O +Na,yO series are shown in (b) and (c) for reference. Symbols for (a), (b) and (c) are as in (d).

clinopyroxene (rare), rutile, titanite, and accessory apatite  samples (Fig. 4a—f; Table 2). Its occurrence is influenced by
(Fig. 4a—f; Table 2). These assemblages define a crude bulk composition, as indicated by the lower Mg-number of
foliation. Quartz appears as small dispersed grains and  garnet-bearing samples (Table 1). If forms large porphyro-
millimetre-sized ‘pockets’ elongated along the foliation, blasts, 0-5-3cm in diameter, containing inclusions of
although quartz-lacking samples are also common. Syn- amphibole and epidote (Fig. 4a—f). Na-rich diopsidic
to post-kinematic garnet is abundant but not present in all  clinopyroxene has been found in quartz-free samples

Fig. 4. XR images showing key textural and compositional data of amphibolite samples CV228e¢ (a—c) and CV237j (d-f) and trondhjemite
samples SC21 (g—i), CV228¢ (j) and CV60a (k-m). Scale bars represent | mm, except in (m), where scale bar represents 0-25 mm. Colour scale
bar (counts/nA per s) indicates high (red) and low (purple) concentrations. (a) Mg/(Mg + Fe) image showing pargasite (yellow—orange) and
garnet with reverse zoning defined by lower Mg-number at the rims (purple). (b) Al/(Al+4 Fe + Mn + Mg) image showing epidote (orange—
red) with patchy zoning and pargasite (blue) overprinted by retrograde magnesiohornblende—actinolite (purple). (c¢) Ca/(Ca+ Al) image
showing retrograde glaucophane (blue) and chlorite (purple) overprinting pargasite (greenish). (d) Mn image showing garnet (blue) with
relict core slightly richer in Mn (greenish) and retrograde chlorite (purple). (e) Al/(Al+ Fe+ Mn+ Mg) image showing epidote (red) in the
matrix and included in garnet, and peak pargasite (green) and retrograde actinolite (blue—purple). (f) Ca/(Ca + Al) image showing peak diop-
side (red) and pargasite (green) overprinted by retrograde omphacite (yellow), glaucophane (blue), and chlorite (purple). (g) Ca image show-
ing magmatic oligoclase (yellow—orange) strongly overprinted by retrograde albite (bluish—purple). (h) K image showing magmatic paragonite
(green—red) with high-K regions (red) and retrograde paragonite (blue) overprinting magmatic paragonite and plagioclase. (i) Fe image show-
ing magmatic epidote (orange—red) with Fe-rich cores (red) and retrograde (clino)zoisite (blue—purple) overprinting magmatic epidote and
plagioclase. (j) Al image showing magmatic pargasite (green—orange) overprinted by tremolite (blue). (k) Ca image showing epidote (orange)
and retrograde lawsonite (green) overprinting plagioclase. (1) K image showing magmatic paragonite (blue—purple) overprinted by retrograde
phengite (red). (m) Al image showing relict inclusion of kyanite (enclosed in red circle) within magmatic epidote.
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Table 2: Mineral abundances in the studied samples (visual estimates)

Peak metamorphic/magmatic Retrograde

Amp Ep Grt Cpx Qtz PI Pa Rt Ttn IIm Ky Ap CaAmp GI Omp Chl Pmp Ab Lws Pa Czo Phe Kfs
Amphibolites
CV563b-1 55 35 10 X X X X X X X X X
CV62b-1 60 30 10 X X X X X X X X X X
Cv228d 60 25 5 10 X X X X X X X X X X
Cv228e 50 35 5 10 x X X X X X X X X
CV230b 60 25 15 x X X X X X X X
CV237j 50 5 15 15 X 5 X X 5 X 5 X X X
Trondhjemites
CV53b-II 30 60 x? X X X 7 3 X X
CVe2b-II X 3 20 70 x? X X X X 5 2 X
CVv228c 3 15 15 55 5 b3 X X X X X b3 3 4
CV60a 8 30 40 5 «x X X X X X 5 0 2 X x?
SC21 5 10 10 60 10 x x x X b3 X 2 1 b3 X

x, Present in small amounts.

of the Macambo region. It occurs as medium-grained
millimetre-sized grains in the matrix (Fig. 4d—f). Titanite
appears as idiomorphic peak metamorphic crystals
elongated along the foliation, but it also replaces rutile.
Retrograde overprints consist of combinations of glauco-
phane, actinolite, albite, (clino)zoisite, chlorite, pumpel-
lyite, and, less abundantly, phengitic mica and omphacite,
the latter being observed only in samples containing peak
metamorphic diopsidic clinopyroxene (Fig. 4a—f, Table 2).
All these retrograde minerals are fine-grained and corrode
the peak-metamorphic minerals, but they also are dis-
persed in the matrix or located in fractures. Retrograde
glaucophane is typically aggregated
chlorite and albite, and commonly overprints peak amphi-

with actinolite,
bole (Fig. 4c and f). Retrograde omphacite replaces
peak diopsidic clinopyroxene and is also present in
retrograde assemblages consisting of glaucophane +
which

appear dispersed in the matrix and replacing pargasitic

magnesiohornblende—actinolite + albite + epidote,

amphibole and garnet (Fig. 4f). Chlorite and pumpellyite
replace garnet and pargasite. Scarce phengitic mica
appears dispersed in the matrix of some samples. Retro-
graded crystals of pargasite commonly contain small
needles of ‘exsolved’ rutile or titanite.

Trondhjemitic segregations
The magmatic mineral assemblage of the trondhjemites
of and

is  composed medium-grained  plagioclase

quartz with subordinate medium-grained paragonite,

epidote, &£ pargasite, plus accessory apatite, titanite, and
rutile (Fig. 4g—m; Table 2). Kyanite is locally present as
tiny relict inclusions within magmatic epidote (Fig. 4m).
Epidote and pargasite are idiomorphic and medium-
grained (I-3mm in length). Pargasite frequently has a
large aspect ratio of 5:1 (Fig. 4j). Paragonite has medium
grain size (2-3 mm in length) and idiomorphic habit, and
is frequently corroded by plagioclase and fine-grained
quartz, £ K-feldspar £ phengite (Fig. 4h and 1). Magmatic
paragonite has been identified in samples SC21, CV228¢
and CV60a, whereas its presence is more uncertain in
samples CV62b-1I and CV53B-11.

Retrograde mineral assemblages overprint the mag-
matic assemblages. Magmatic plagioclase appears gener-
ally transformed to retrograde albite plus fine-grained
(clino)zoisite, paragonite and, locally, lawsonite (Fig. 4g
and k; Table 2). Magmatic epidote is overprinted by fine-
grained overgrowths of (clino)zoisite 4+ quartz symplectite,
which extend outwards from the magmatic epidote
crystal and invade nearby plagioclase (Fig. 41, k, and m).
Pargasitic amphibole is partly replaced by magnesiohorn-
blende—tremolite, chlorite, and pumpellyite (Fig. 4j).
Glaucophane is not present. Titanite replaces rutile. If pre-
sent, small laths of retrograde phengitic mica are dispersed
in the matrix, associated with retrograde paragonite—
chlorite, and replacing magmatic plagioclase and parago-
nite (Fig. 41). Very small amounts of retrograde K-feldspar,
typically replacing magmatic paragonite, are present in
some samples.
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Fig. 5. Composition of amphibole from (a) amphibolites and (b) trondhjemites plotted in the classification scheme of Leake et al. (1997).
The filled symbols and regular typeface labels correspond to calcic compositions with Sum(4) >0-5 (pargasite—edenite), the open symbols
and italic labels correspond to calcic compositions with Sum(4) <0-5 (magnesiohornblende-actinolite-tremolite), and the hatched symbols
(enclosed in field) and regular typeface labels correspond to sodic compositions (glaucophane). For clarity, some analyses with sodic—calcic
compositions (magnesiokatophorite and barroisite) have not been differentiated from calcic amphiboles. It should be noted that much of the

compositional variation is due to retrograde overprinting.

MINERAL COMPOSITION
Amphibole

Amphibolites

Matrix amphibole is edenitic—pargasitic in composition
(Fig. 5a). Zoning is faint (Fig. 4a and c), and appears
either as patches or, occasionally, as faint ill-defined
concentric bands. Concentric zoning is defined by cores of
edenite and outer shells of pargasite, indicating prograde
growth (Fig. 6). Peak metamorphic pargasitic compositions
are rich in Na-in-A (maximum 0-85a.p.flu), total Al
(maximum 2-70 a.p.fu), and Ti (maximum 0-3a.p.fu),
and poor in Si (minimum 6:19a.p.fu), Na-in-M4
(minimum  0-10 a.p.fu), and Mg-number (minimum
0-506; Figs 5a and 6; Table 3). As would be expected for
high-variance mineral assemblages, the composition of
amphibole is strongly controlled by bulk-rock composition:
amphibole with higher Mg-number is present in rocks
with higher bulk Mg-number (Fig. 5a). Notably, Na(M4)
is relatively high in pre-peak (edenitic) compositions
(Fig. 6), in particular in garnet-free samples, where it is up
to 0-47 a.p.fu. and almost reaches magnesiokatophorite
compositions. This edenite-to-pargasite prograde zoning
correlates with the composition of amphibole inclusions
within garnet, which ranges from edenite to pargasite but
does not reach peak pargasitic composition as recorded
in matrix amphibole.

The outermost rims (50100 pm in width) of matrix
amphibole show zoning from pargasite through edenite—
(Figs 4b and b5a),
indicating retrograde growth or overprint. Actinolitic
compositions are poor in Na(A) (maximum 0-02 a.p.fu),
total Al (maximum 0-26a.p.fu), and Ti (maximum
0-00la.p.fu), and rich in Si (minimum 7-88a.p.fu.
and Mg-number (minimum 0-78; Fig. 5a; Table 3).

magnesiohornblende to actinolite

8 3
prograde : |
rim pltie rim retro
2.5
[, ©
2
o 1 1 &
= i
& 74 15 G
@ ) r =<
L
ro0.s
0
2
Ca |
O 25 T s ecteeneatg [15
gt | =
i Q
o -

s 2 1 a
5 Fe, F &g
15 1 Mg# = Mal(g+Fe*) | 0.5
1 0
0.8 0.6

“ L o]
le] r’a ‘\_.‘\.Sum(AJ_ g
Q -~
- bhaa) [ 04 =
< r ¥
£ s
@ ONa(Mat %
g boz 2
@ O - o~
= Feties seesyny veanst st e s K(A) g
W&xxmxﬂ’omwx%‘é&oﬁ‘mdixxwxﬂ‘ s I F

0 500 1000

distance (um)

Fig. 6. Profile of amphibole from amphibolite sample CV230b
recording a smooth prograde growth zoning [denoted by Si, Al(C),
and Ti] from edenite to pargasite, and a retrograde overprint at the
rims (edenite). It should be noted that Na(M4) is relatively high in
the pre-peak core and the post-peak rim.
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Table 3: Representative analyses of calcic amphiboles (normalized to 22 O and 2 OH)

Rock type: ~ Amphibolite Trondhjemite

Sample: Cv228D CV228E CVv230B Cv237J CV53B-I CV62B-1 Cv228C CV62B-II SC21

Type: peak retro peak retro peak retro peak retro peak retro peak retro peak retro peak retro peak retro
Si0, 42:04 4659 4264 4642 4294 5445 4253 5382 4458 4959 44.01 5113 4216 5402 4544 5336 4290 55.22
TiO, 247 032 078 035 097 001 1.056 008 068 036 064 024 1-61 051 057 020 1.07  0-06
Al,03 1372 1124 1438 1102 1345 1.93 1331 262 1316 750 1559 804 1672 386 1556 7-38 1629 4.03
FeOrotal 1555 1531 1513 1430 1357 1203 1670 1461 13.01 1278 1147 1011 1032 395 802 330 968 271
MnO 022 021 018 018 015 020 005 011 020 022 024 023 022 04 016 013 011 004
MgO 1012 1099 1025 1174 1118 15.77 962 1410 1196 13-84 1206 1543 1184 21.17 14.02 1957 1257 21.69
Ca0 1010 907 1020 968 1149 1123 1113 11.00 1001 1009 993 966 10564 1201 1029 1155 1050 12-27
BaO 008 000 000 023 002 004 001 000 004 0-00 000  0-00
Na,O 279 266 303 290 243 089 3.09 129 323 243 334 256 373 0.97 347 173 338 1.02
K>0 045 037 045 026 046 010 007 004 034 020 040 013 029 010 039 012 026 007
H,0* 202 204 202 205 202 208 201 208 205 207 208 212 206 216 211 217 206 218
Total 9955 98-80 9906 9912 9867 9873 9956 9975 9926 99-07 9976 9965 9950 99-17 100-03 9950 9883 9927
Si 623 683 632 68 639 78 635 777 652 719 635 724 613 751 645 737 623 761
Ti 028 003 009 004 01 000 012 0-01 008 004 0.07 003 018 0.05 006 002 012 001
Al 2:40 194 251 190 236 033 234 045 227 128 265 134 287 0-63 260 120 279 065
Fe*t 0-31 0-41 0-30 030 013 011 016 014 028 026 027 030 008 023 015 0-07 016  0-14
Fe?" 1-61 1-47 158 1-45 1.56 1.34 1.93 162 1-31 129 11 0-90 117 0-23 080 031 1.01 0-18
Mn 003 003 002 002 002 002 001 001 002 003 003 003 003 005 002 001 001 0:00
Mg 223 240 227 257 248 339 214 304 261 299 259 326 257 439 297 403 272 445
Ca 1-60 1.42 162 152 1.83 174 1.78 1.70 157 157 153 1.47 1-64 1.79 1.56 171 1.63 181
Ba 000 000 0-00 0.01 000 000 000 0-00 000 0-00 000 0-00
Na 080 076 087 08 070 025 089 036 091 068 093 070 105 026 096 046 095 027
K 008 007 008 005 009 002 001 0-01 006 004 0.07 002 005 0.02 007 002 0.05 001
Mg-no. 068 062 059 064 061 072 053 065 066 070 070 078 069 095 079 093 073 096

*Calculated by stoichiometry.

Na(M4) of retrograde edenite and magnesiohornblende
reaches 0-49 a.p.f.u. (Fig. 6), and a few analyses attain mag-
nesiokatophorite and barroisite compositions.

The  patchy of
reflects a compositional spectrum comprising pargasite—

zoning most  matrix crystals
magnesiohornblende—actinolite and indicates that it devel-
oped during retrograde adjustment or growth. These retro-
grade adjustments are clearly developed in single crystals
of pargasite containing small needles of exsolved rutile or
titanite.

The compositional variability of retrograde glauco-
phane is relatively large [Si 7-67-7-99, Al 146-198,
Ca 0-04-0-43, Na(M4) 154-191, Na(A) 0-01-0-17 a.p.fu.,
and Mg-number 0-51-0-64; Fig. 5a; Table 4]. This composi-
tional range reflects compositional heterogeneity within
single samples as a result of the effects of local effective
bulk-composition at reaction sites and the timing of forma-

tion during the retrograde path. The first effect is best

illustrated by higher Mg-number and lower Mg-number
glaucophane grains present in single samples and grown
adjacent to matrix amphibole and garnet, respectively.

Trondhjemites

Magmatic amphibole shows no growth zoning. Its compo-
sition is pargasitic [Si down to 6-01, Al up to 2-87, Ti up to
026, Na(A) up to 072, K(A) up to 0-1, Na(M4)
~0-35 a.p.fu., Mg-number ~0-75; Fig. 5b; Table 3], similar
to that of peak metamorphic amphibole from the amphi-
bolites except for having higher Mg-number (Fig. 5b).
The composition of these grains is overprinted by patchy
retrograde zoning, developed along fractures, exfoliation
planes and crystal rims (Fig. 4j). The retrograde composi-
tion of amphibole ranges from pargasite through edenite,
(Fig. 5b; Table 3).
Notably, Na(M4) first increases along this path (pargasite

magnesiohornblende to tremolite

to edenite), reaching 0-44a.p.fu. and approaching
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Table 4: Representative analyses of sodic amphiboles
(normalized to 22 O and 2 OH)

Sample: CV228D CV228E CV230B CV237J CV53B-l  CV62B-I
Sio, 54.92 5598 5654 5635  57.77 57.10
Tio, 012 030 009 002 006 016
ALO; 973 1004 11.07 1067 1128 1045
FeOuw 1523 1374 1270 1348 1092 1185
MnO 013 016 011 002 009 010
MgO 811 8.97 860 848 978 998
Ca0 1.82 1.76 1.28 157 030 147
BaO 000 003 000 000 002

Na,0 652 661 684 666 7.32 668
K,0 004 0.02 002 004 0.00 002
H,0" 210 214 215 2.14 218 217
Total 9871 9976 9940 9942 9971 99.98
si 7.84 785 7.90 7.90 7.95 7.89
Ti 001 003 001 000 001 002
Al 1.64 1.66 1.82 176 1.83 170
Fet 018 016 008 009 012 016
Fe?t 164 1.46 1.41 1.49 113 121
Mn 002 002 001 000 001 001
Mg 173 1.87 179 177 2.01 2.06
Ca 028 027 019 024 0.04 022
Ba 000 0.00 000 000 0.00

Na 1.81 1.80 1.85 1.81 1.95 179
K 001 0.00 000 001 0.00 000
Mgno. 051 056 056 054 064 063

*Calculated by stoichiometry.

sodic—calcic (magnesiokatophorite-magnesiotaramite)
then decreases almost to zero in the
magnesiohornblende—tremolite compositions. This trend
suggests a retrograde path with a first step of decreas-
ing temperature at near-constant pressure, followed by

decreasing temperature and pressure.

composition,

Garnet

Garnets in the amphibolites are relatively rich in alman-
dine (Xgm =0-50-0-55) and, to some extent, grossular
(0-2-0-3), and poor in pyrope (0:15-0-20) and spessartine
(0-02-0-10), comparable with type C (i.e. low-temperature)
eclogitic garnet (Fig. 7a; Table 5). As in amphibole, the
composition of garnet is influenced by bulk-rock composi-
tion; higher Mg-number is observed in garnets from
Fe-poorer bulk-rock composition (Fig. 7b).

Garnet zoning is faint. In most samples the cores
are near homogeneous. The rims and regions adjacent
to fractures show retrograde readjustments denoted by
an increase in spessartine and decrease in Mg-number
(Figs 4a, d and 7b-d). However, garnet in sample
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CV230b shows spessartine-poor and high Mg-number
denoting prograde (see
et al., 2006). Faint prograde zoning and the lack of low-

rims growth Garcia-Casco
temperature phases included within garnet suggest a
relatively late stage of garnet growth during prograde
metamorphism (i.e. close to and during peak conditions).
Thus, much of the compositional variation of garnet is the
result of retrograde readjustments characterized by
increase in Mn and decrease in Mg-number (Fig. 7b).
Grossular contents may not be significantly affected
by retrograde readjustments, but they increase sharply
(to Xgrs ~0-6) in fractures traversing garnet in sample
CV237j (Fig. 7e; Table 5).

Epidote
Matrix epidote from amphibolite shows variable Fe’*
contents, with  pistacite  contents (Xps= Fe*)

[(Al—2) +F’")] ranging from 02 to 07, except in
sample GV230b, where X,,=0-1-0-2 (Table 6). Zoning
is generally patchy, although some grains may show
concentric zoning with lower X at the rims (Fig. 4b),
probably reflecting retrograde readjustments or growth.

In the trondhjemitic segregations magmatic epidote
is richer in Fe®™ than retrograde grains of (clino)zoisite
(Xps up to 0-5 and 0-1, respectively; Fig. 41 and k; Table 6).
The exception is sample CV60a, which contains magmatic
epidote with low X, (<0-1; Table 6). Magmatic crystals
show patchy zoning, with irregular high-Fe’" arcas in the
interior, which probably formed at higher temperature.
Intermediate compositions of magmatic epidote are inter-
preted as the result of crystallization upon cooling and/or
subsolidus retrograde readjustments.

Clinopyroxene

Peak metamorphic clinopyroxene from sample CV237j
is diopsidic in composition (Fig. 8; Table J5), with
Mg-number =0-67-0.74,  Fe*¥)(Te** + Fe?*) =0.18-0-37,
Ti up 0-03a.p.fu, and Na=0-07-0-09a.p.fu.
(Xjq=0-04-0-06). This suggests a relatively high pressure
of formation at high temperature. The composition of
retrograde omphacite is Ca=0-51-0-63 a.p.fu., Mg-
number = 0-67-0-82, and Fe’¥/(Fe*™ 4 Fe?1) = 0-23-0-62,
which translates into Xjq=0-32-0-39 and X,.=0-06-0-14
(Fig. 8; Table 5).

to

Plagioclase

Plagioclase in the amphibolites is retrograde and almost
pure albite in composition (X,;,>0-92, with most analyses
reaching X, > 0-99; Table 7).

The composition of magmatic plagioclase in the
trondhjemites is uncertain, as it has been largely retro-
gressed to albite-rich plagioclase. The magmatic crystals
display retrograde patchy zoning that preserves irregular
calcic regions dispersed within albite-richer retrograde
areas (Fig. 4g). The maximum X, of these relict regions,
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Fig. 7. Composition of garnet from amphibolites. (a) Garnet in the classification scheme of Coleman et al. (1965). Mg-number vs (b) spessartine
and (c) grossular contents. Rim-to-rim profiles of porphyroblasts from samples (d) CV228e and (e) CV237j. It should be noted the retrograde
rims in (d) and the retrograde Ca-rich garnet developed along fractures in (e) indicated by arrows.

identified with the aid of XR images, are 0-29 (CV228¢), (Figs 4h and 9, Table 8). A detailed assessment of the
0-18 (SC21), 0-18 (CV62b-1I), and 017 (CV53b-II and composition of paragonite from sample SC21 has been
CV60a) (Fig. 1lb, Table 7). Although these figures do not  given by Garcia-Casco (2007).

necessarily represent the original magmatic composition

of plagioclase, they suggest that it was sodic andesine to Phengite

calcic oligoclase. Retrograde  phengitic mica in the amphibolites
(samples CV53b-I and CV62b-I) is very rich in celadonite
Paragonite Content with  Si=6-89-6-96 a.p.fL.u.,, Mg=0-77-0-86,

Magmatic crystals of paragonite from the trondhjemites m“] =0-21-0-27, Na=0-06-0-09, and Mg-number
are rich in the muscovite component (K up to (Fe_Feml a) =0:76-0-79 (Fig. 9; Table 8), indicating high
0-35 a.p.fu., Xx = K/(K + Na) =0-18; Table 8). These crys-  pressure during retrogression.

tals show patchy zoning with relict high-K areas in the The composition of phengitic mica in the trondhjemites
interior of the grains with relatively high Ca contents is heterogencous (Fig. 9; Table 8) and varies from high
(0-06-0-10 a.p.f.u) and K-poorer areas distributed irregu-  celadonite content (Si up to 6:97, Fe up to 0-21, Mg up
larly but typically along (001) planes and close to the rims, to 0-83 a.p.fLu) to almost pure muscovite (Si down to
indicating retrograde readjustments upon cooling (Fig. 4h).  6:05a.p.fu). Mg-number ranges from 0-69 to 0-92 and
The retrograded regions are somewhat richer in the mar-  shows a positive correlation with Si, which is best shown
garite component (Fig. 9). Discrete grains of retrograde when analysing the chemical variation of phengite in
paragonite have Ca- and K-poor compositions and are single samples. Ba contents are low (0-06-0-01 a.p.f.u.. The
of almost pure paragonite end-member composition contents of Na (0-27-0-05 a.p.fu) and Ti (0-014-0 a.p.fu)
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Table 5: Representative analyses of garnet (normalized to 12 O ) and clinopyroxene (normalized to 6 O)

Phase: Garnet Ca-Cpx Omp
Sample: Cv228D CV228E Cv230B Cv237J Cv237J Cv237J
Type: peak retro peak retro peak retro peak retro peak retro
Si0, 37:31 3757 3774 37.44 37-83 3763 3790 37-86 50-86 54.60
TiO, 027 0.03 0-20 0.07 0-07 0.07 0-07 0-21 0-30 075
Al,03 2133 21.28 21.48 21:31 2132 21.56 21.33 20-91 3.35 914
FeOyotal 25.37 2713 24.74 26-15 21.90 21.95 25.16 16-86 1118 821
MnO 256 283 2:49 312 128 1.99 11 3-93 0-13 0-05
MgO 4.44 297 479 323 3-62 2.96 381 0-19 11.04 6-60
Ca0 8-16 7-89 879 858 1303 13-46 10-15 19-69 2169 13-86
Na,0 1-09 6-66
Total 99-44 99-69 100-23 99.91 99.04 99.62 99.53 99.65 99.62 99.85
Si 2:94 2:99 2:.94 2.96 2.97 2.95 2.98 2.98 191 1.98
Ti 0-02 0-00 0.01 0-00 0-00 0-00 0-00 0-01 0-01 0.02
Al 198 199 1.97 1.99 1.98 1.99 1.98 1.94 0-15 0-39
Fet 0-10 0-03 0-11 0-08 0-07 0-09 0-05 0-06 0-09 0-08
Fe?* 1.68 1.77 1.50 1.65 1.37 1.35 161 1.05 027 017
Mn 017 019 0-16 0-21 0-08 0-13 0-07 0-26 0-00 0-00
Mg 0-52 0-35 056 0-38 042 0-35 0-45 0-02 0-62 0-36
Ca 0-69 0-67 073 0-73 110 113 0-86 166 0-87 0-54
Na 0-08 047
Mg-no. 0-25 017 027 0-19 0-24 0-20 0-22 0-02 0-70 0-68

are low to very low, with lower contents in celadonite-rich
compositions (Fig. 9; Table 8). These compositional varia-
tions are consistent with continuing growth or readjust-
ment during retrogression, with the onset of growth at
relatively high temperature being represented by the
lower Si and higher Na and Ti compositions.

Chlorite

Retrograde  chlorite  in  the
Al=4-34-517 a.p.fou.,

amphibolites  has
Mn =0-015-0-127 a.p.fu.,, and

Mg-number (Fe?* = Fe,g.1) =0-50-0-71 (Table 9). Part of

this compositional variability is due to the effect of bulk
composition, with high Mg-number compositions from
high Mg-number samples CV53b-I and CV62b-I and low
Mg-number compositions from low Mg-number sample
CV237j. The Al- and Mn-richer compositions are found
in chlorite from Fe-richer samples bearing garnet. In these
samples retrograde chlorite occurs adjacent to garnet and
within the amphibolite matrix, and its composition mimics
the site of growth, with higher Fe, Al, and Mn contents in
the former and higher Mg contents in the latter.
Retrograde chlorite in the trondhjemites is similar to
that of the amphibolites (Al =4-49-5-11a.p.f.u,), except for
being more magnesian (Mg-number = 0-68-0-87; Table 9).

Other minerals

Retrograde pumpellyite in the amphibolite samples
has Al=4-81-4-92 a.p.fiu., Mg =0-62-0-78 a.p.f.u.,
Fe2f ' =034-0-53apfu, and Mgnumber (Fe’t=
Fe i) =0-56-0-70, whereas in the trondhjemite samples
it has Al=4-47-4.93, Mg=0-82-109a.p.fu, Felf =
0-20-0-40a.p.fu., and Mg-number (Fc“:chml}:
0-70-0-83 (Table 10). This again reflects the effect of
bulk-rock composition. Titanite has up to 0-072 Al
(per five oxygens). Retrograde K-feldspar from the
trondhjemites is almost pure orthoclase in composition,
with X, =0-:004-0-025 and trace amounts of Ba
(0-001-0-003 a.p.f.u.; Table 7). Relict magmatic kyanite
and retrograde lawsonite from the trondhjemites are
almost pure in composition (Table 10).

PEAK METAMORPHIC AND
MAGMATIC PHASE RELATIONS
Amphibolites

The peak metamorphic assemblages of the amphibolites

are systematized in the ACFand AFN diagrams of Fig. 10.

These diagrams are projected from coexisting phases and
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Table 6: Representative analyses of epidote (normalized to 12 O and 1 OH)

Rock type: ~ Amphibolite Trondhjemite

Sample: CV228D CV228E CV230B CV237J CV53B-l CV62B-l CV228C CV53B-I CV60A  CV62B-II sc21

Type: peak peak peak peak peak peak peak  retro peak retro  peak peak retro peak retro
Sio, 3796 3811 3873 3842 37-93 3846 3863 4021 3805 3895 3931 3873 3967 3889 3936
TiO, 022 022 0-04 012 0-14 023 018 0-10 0-00 0-04 017 0-02 015 0-01
Al,03 2705 2750 3191 27-25 2668 2659 2787 3274 2836 3259 3273 2816 3346 2892 3318
FeOyotal 8-85 7-88 21 7-63 838 8.65 618 0-91 626 122 096 662 024 612 046
MnO 0-17 0-16 0-04 0-09 0-49 0-15 0-10 019 001 0-01 020 000 015 0-05
MgO 0-10 0-13 0-02 0-01 0-03 0-17 0-18 0-06 009  0-01 0-03 015 003 020 0-02
Ca0 2332 2339 24.29 2364 2338 23.05 2313 2472 2381 2454 2395 2307 2436 2330 2401
BaO 0-02 0-04 0-00 000 000 0-00 003  0.03
H,0* 1.92 1.92 1.95 1.92 191 1.92 1.92 1-99 1.92 1.96 1-96 1.93 1.98 1.95 1-96
Total 9958 99-31 99-12 99-12 98-94 99.22 9818 10063 9877 9929 9899 99-03 9975 9970 99-09
Si 2.96 2.97 2.98 3-00 2.98 3.00 3-02 303 297 298 301 3-01 3-01 300 3:00
Ti 0-01 0-01 0-00 0-01 0-01 0-01 0-01 0-01 0-00  0-00 0-01 000 001 0-00
Al 2.48 253 289 251 247 2.45 257 290 261 2.94 2.95 258 299 263 2.98
Fe* 058 051 014 0-50 0-55 056 0-40 0-06 0-41 0-08 0-06 043 0-02 0-39 0-03
Mn 0-01 0-01 0-00 0-01 0-03 0-01 0-01 0-01 0-00  0-00 0-01 0-00  0-01 0-00
Mg 0-01 0.02 0-00 0-00 0-00 0.02 0-02 0-01 0.01 0-00 0-00 0-02 0-00 0.02 0-00
Ca 1.95 1.95 2-00 1.98 1.97 1.93 1.94 199 199 201 1-96 192 198 192 1.9
Ba 0-00 0-00 0-00 000 000  0-00 0-00  0-00

*Calculated by stoichiometry.

appropriate exchange vectors, which allow condensation of
the composition space. 1o give an indication of the chemis-
try of the peak metamorphic minerals these phase dia-
grams also show the projection of relevant end-members
of the solid solutions of interest. Because the ACF diagram
is constructed after projection from quartz, the lack of
quartz in sample CV237j helps explain the apparent reac-
tion relation between the peak metamorphic minerals
plotted in Fig. 10c.

The ACF diagrams (Fig. 10a—c) show that epidote is
paragenetic with peak pargasitic amphibole &= garnet &
clinopyroxene, indicating epidote-amphibolite facies con-
ditions. These diagrams also help interpret the lack of
the  studied
samples. This is best illustrated by the quartz—epidote
amphibolite samples CV53b-I and CV62b-I (Fig. 10a).
The bulk compositions of these samples plot within the

peak  metamorphic  plagioclase  in

tie-lines connecting peak metamorphic epidote and parga-
site, implying that no plagioclase was stable in these bulk
compositions at peak metamorphic conditions. The same
conclusion is reached for the garnet-bearing samples after
inspection of the ACF diagram (Fig. 10b and c¢). However,
the lack of peak metamorphic plagioclase in these samples
is best appreciated in the AFN diagram projected from

epidote (Fig. 10d). In this diagram, the bulk compositions
of the epidote—garnet amphibolite samples CV228e and
CV228e plot within the tie-lines connecting garnet and
pargasite. It should be noted that plagioclase would have
been stable only in bulk compositions richer in Nay,O
and/or AlyOs, such as those of average MORB plotted in
Fig. 10d. The relations depicted in the AFN diagram of
Fig. 10d strongly suggest that plagioclase consumption in,
and alkali subtraction from, a MORB-like amphibolite by
means of partial melting and subsequent melt extraction,
respectively, are mechanisms that could account for the
development of the studied bulk compositions and mineral
assemblages.

Trondhjemitic segregations

The magmatic assemblages of the trondhjemites are
systematized in the ACF and ACN diagrams of Fig. lla
and b, respectively, projected from coexisting phases and
appropriate exchange vectors. It should be noted that
the compositions of the trondhjemite samples plot in the
respective peraluminous fields of both diagrams. The tie-
line crosscutting relations depicted in the ACF diagram
(Fig. 11a) do not necessarily represent reaction between
magmatic pargasite, epidote, plagioclase and paragonite.
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Fig. 8. Composition of clinopyroxene from sample CV237j in the
classification scheme of Morimoto et al. (1988). (a) Peak calcic
clinopyroxene (diopside). (b) Peak diopside and retrograde
omphacite.

These apparent reaction relations are best explained as a
result of condensation of the composition space by projec-
tion from exchange vectors. A better representation of the
magmatic assemblages is provided by the ACN diagram
projected from pargasite (Fig. 11b). In this diagram no
tie-line crosscutting relations exist between the magmatic
minerals. Also, it clearly shows that the bulk composition
of the trondhjemite magmas is appropriate for crystalliza-
tion of magmatic paragonite from the melt.

The ACN diagram of Fig. 11b shows variable shapes
of the plagioclase—epidote—paragonite tie-triangles. This is
a consequence of the variable composition of magmatic
plagioclase, which in turn is a result of variable bulk
composition of the samples (i.e. magmas). This is indicated
by the fact that Na-richer magmatic plagioclase is found in
Na-richer samples (CV62b-II). However, as noted above,
plagioclase is overprinted by albite, paragonite, and
(clino)zoisite, with relict regions having higher Ca
contents (Fig. 4g). Although these regions were identified
with the aid of XR images, it is probable that they do not

retain peak Ca contents. Consequently, the variable shapes
of the plagioclase—epidote—paragonite tie-triangles shown
in Fig. 11b may be flawed. This has important consequences
for thermobarometry, as discussed below.

P-T CONDITIONS AND P-T PATHS
Temperatures and pressures were estimated following the
optimal P-7 method of Powell & Holland (1994) using
THERMOCALC (Holland & Powell, 1998, version 3.25,
dataset 5.5, 12 November 2004). Calculations
performed using different combinations of phases grown
during pre-peak, peak, and post-peak conditions, as
described below for each sample. An HyO-fluid was
included in all assemblages. All calculations are based on
at least four independent reactions. The activities and (1 o)
activity uncertainties of each end-member included in the
calculations were obtained with software AX (T. Holland
& R. Powell, unpublished). As indicated by Powell &
Holland (1994), the uncertainties on the calculated P and
T are not altered by a proportional change (e.g. doubling)

were

of all the activity uncertainties, as long as the averaging is
statistically consistent. The P—7 uncertainties (67 and cP)
given represent 1o (95% confidence). The correlation
between 67 and GP for a given calculation is given below
as ‘corr’. High correlation indicates that with a 7" (or P) the
other value is well constrained. Thus, large 67 and P
imply well-constrained P—7 data if the former are highly
correlated. The o7 and 6P uncertainties and correla-
tions are appropriately incorporated into the uncertainty
ellipses of Fig. 12 calculated following Powell & Holland
(1994). 1o keep the calculated P—T error ellipses small and
improve the statistics of the calculations, phase compo-
nents with very low activities were neglected in the calcu-
lations, and some phase components with errant behaviour
(outliers) were occasionally rejected [for justification see
Powell & Holland (1994)]. The calculations of pre-peak
and peak conditions passed the ‘sigfit’ test for statistical
consistency, but some of the calculations of magmatic and
retrograde conditions did not pass this test, suggesting
equilibrium problems. The test implies that the ‘sigfit’
(quoted below for each calculation) should
approach unity [for further details see Powell & Holland
(1994)].

values

Amphibolites
For thermobarometry, it is not possible to use the high-
variance mineral assemblage amphibole 4 epidote +

quartz of the garnet-free amphibolites because no set of
linearly independent reactions can be found. Conse-
quently, P—7 calculations were performed only for the
lower-variance (garnet-bearing) samples (Fig. 12a—c).

The calculated peak P-7 conditions are based on
the matrix assemblages Grt4+Amp+ Ep + Qtz (samples
CV228d and CV228e), Grt+Amp+Ep (CV230b),
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Table 7: Representative analyses of feldspars (normalized to 8 O)

Phase: Plagioclase Kfs
Rock type: ~ Amphibolite Trondhjemite Trondhj.
Sample: Cv230B CVv237J CV53B-I CV62B-I CV228C CV53B-Il CV60A CV62B-I1 sc21 sc21
Type: retro retro retro retro peak retro peak retro peak retro peak retro peak retro  retro
SiOy 67-90 68-54 67.97 65-84 6155 6739 6358 6882 6397 6871 64-39 6885 6348 6788 6428
Al,03 19-38 19.57 19.37 20-60 2341 2007 2219 1930 2237 1934 2241 19-64 2261 1984 1818
FeOyotal 0-05 0-30 0-14 0-32 0-00 0-03 0-03 0-02 0-00 0-00 0-03 0-01 0-01 0-02 0-02
MnO 0-00 0-00 0-01 0-00 0-00 0-01 0-01 0-00 0-01
Ca0 0-02 0-07 0-19 1-09 5-89 0-60 353 0-04 362 001 327 0-08 3.77 0-41 0-01
BaO 0-00 0.01 0-00 0-00 001 0-01 0-00 0-00 0-02 0-00 0-07
Na,0O 11.77 11-81 11-60 10-76 821 1134 976  11.67 973 1180 985 1185 949 1170 0-05
K20 0-02 0-01 0-01 0-47 0-04 0-01 0-05 0-03 0-02  0-00 0-05 0-02 0-04 0-03 1672
Total 99-14 100-31 9929 99.08 9910 9945 9915 9989 9972 9987 10000 10047 9943 9989 99-35
Si 2.99 2.99 2.99 2.92 275 2.96 283 301 283 3-00 284 2.99 2.82 2.97 3-00
Al 101 1.00 1.00 1.08 123 1.04 116 099 117 1.00 116 1.01 118 1.02 1.00
Fe*t 0-00 0-01 0-00 0-01 0-00 0-00 0-00 0-00 0-00 0-00 0-00 0-00 0-00 0-00 0-00
Mn 0-00 0-00 0-00 0-00 0-00 0-00 0-00 0-00 0-00
Ca 0-00 0-00 0-01 0-05 0-28 0-03 0-17 0-00 0-17 0-00 0-15 0-00 0-18 0-02 0-00
Ba 0-00 0-00 0-00 0-00 0-00 0-00 0-00 0-00 0-00 0-00 0-00
Na 1.01 1.00 0-99 0-93 071 0.97 0-84 0-99 0-83 1.00 0-84 1.00 0-82 0-99 0-00
K 0-00 0-00 0-00 0-03 0-00 0-00 0-00 0-00 0-00 0-00 0-00 0-00 0-00 0-00 1.00

and Grt+ Amp + Ep +diopsidic Cpx  (CV237j). The
assemblages used for P-T calculations are shown in the
ACF and AFN phase diagrams of Fig. 10 (see also Fig. 14).
Pre-peak conditions were calculated using the composi-
tion of inclusions within garnet and the assemblages
Grt+Amp+Ep+Qtz (sample CV228d) and Grt+
Amp + Ep (CV230b). Retrograde conditions were calcu-
lated using actinolitic Amp + Gl + Chl + Ep + Grt (retro-
graded rims) + Qtz 4+ Ab (samples CV228d and CV228e),
actinolitic  Amp+Gl+ Chl4+Ep+Grt  (retrograded
rims) +Ab  (CV230b), and actinolitc ~ Amp+
Gl+4 Chl 4 Ep £ Grt rims) + Omp + Ab
(CV2375).

The calculated peak conditions are 673 £49°C,
14-6 £2-2kbar (corr 0-455, sigfit 113), 683 £44°C,
15:7 £2-1kbar (0-476, 105), and 708 69°C, 13-8 £2.2 kbar
(—0-251, 0-81) for samples CV228d, CV228d, and CV230b,
respectively, suggesting that these blocks underwent
similar P—7 conditions in the range of 675-700°C and
14-16 kbar. However, peak conditions for CV273j are
more uncertain. Using the assemblage indicated above
with the composition of diopsidic clinopyroxene with the
lowest, average, and highest Na contents, the calculated
are 859 £46°C, 13£2-2kbar (0181, 104),

(retrograded

conditions

811 £56°C, 14-4+2.7kbar (0-134, 13]) and 768 £56°C
1542-7 kbar (0-107, 136), respectively, suggesting higher
temperatures and similar to somewhat lower pressures
than the above three samples. As discussed below, the
results calculated with the highest Na content of diopsidic
clinopyroxene are consistent with expected phase relations.

The calculated pre-peak conditions for samples GV228d
and CV230b are slightly lower than those for peak condi-
tions, down to 644 +42°C, 13-1 =19 kbar (0-514, 0-88) and
610 £62°C, 13-9 £2 kbar (—0-218, 0-96), respectively.

The calculated retrograde conditions are 525 428°C,
112 16 kbar (0-29, 2-35), 520 £17°C, 112 £1kbar (0-345,
149), and 472 £21°C, 10 1kbar (0-473, 148) for samples
CV228d, CV228d, and CV230b, respectively, suggesting
that these blocks underwent similar retrograde P-7
paths. The retrograde conditions for sample CV237j are
512433°C, 119£13kbar (0155, 2-64) and 444 429°C,
10-6 £1-1kbar (0-437, 2:19) with or without retrograded
garnet, respectively, included in the calculations.

These P—T calculations suggest counterclockwise P—7
paths characterized by pre-peak prograde paths with
increasing P and 7 within the epidote—amphibolite facies,
peak conditions within the epidote—amphibolite facies,
and retrogression within the blueschist facies (Fig. 12a—c).
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Table 8: Representative analyses of micas (normalized to 20 O and 4 OH)

Phase: Paragonite Phengite

Rock: Trondhjemite Amphibolite Trondhjemite

Sample: CV228C CV53B-II CV60A CV62B-1l  SC21 CV53B- CV62B-1 CV53B-II CV60A CV62B-I11
Type: peak retro peak retro peak retro peak peak retro retro retro retro retro retro retro retro  retro
SiO, 4599 4523 4614 4663 4597 4618  47.02 4643 4746 51.96 52.29 4984 5228 4689 5227 4624 52.28
TiO, 0.07 014 002 000 029 0-05 0-21 0-17 010  0.07 0-09 0-03 0-01 013 004 008 001
Al,03 3995 4070 3958 3989 3983 4057 4013 3906 3970 2542 25.83 2922 2633 3619 2632 3688 2648
FeOotal 041 027 035 029 027 013 0-50 0-39 021 228 1.92 146 147 038 125 013 122
MnO 0-01 0-02 000 0-04 0-00 002  0-04 0-00 0-01
MgO 014 013 016 027 019 0-16 021 026 035 4.05 4.04 285 388 071 413 063 417
Ca0 077 079 035 036 0386 0-34 0-49 0-42 022 0.03 0-04 0-02  0-00 008 006 005 002
BaO 012 003 0-06 0-06 0-25 002 029 046 0-16 021 048

Na,0 673 737 677 722 673 7-33 6-64 6-25 731 024 0-23 047 026 058 023 059 026
K;0 097 019 136 055 1.08 0-55 0-96 211 067 11-09 10-84 1074 1088 1042 10-66 10-44 10-93
H,0* 467 467 465 469 467 470 4.73 4.66 474 448 4.50 448 451 454 451 453 452
Total 9970 9948 9950 9995 9997 100-08 100-90 100-01 10078 9994 99-78 9958 9983 100-15 9995 9958 99-88
Si 591 581 595 596 590 5-89 5.96 5.98 6.01 695 6-96 667 695 619 694 612 693
Ti 001 001 000 000 003 0-00 0-02 0-02 0-01  0.01 0-01 0-00  0-00 001 000 001 000
Al 6:06 617 601 601 602 6-10 5.99 5.93 593 4.01 4.05 461 413 563 412 576 414
Fe3*

Fe?t 0-04 003 004 003 003 0-01 0-05 0-04 002 025 0-21 016  0-16 004 014 001 014
Mn 0-00 0-00 0-00  0-00 0-00 0-00  0-00 0-00  0-00
Mg 003 002 003 005 0-04 0-03 0-04 0-05 007 081 0-80 057 077 014 082 012 082
Ca 0-11 0-11 005 005 012 0-05 0-07 0-06 003  0-00 0-01 000 0-00 0-01 0.01 0.01 0-00
Ba 001 000 000 0-00 0-01 0-00 0-02 0-02 0.01 001 003

Na 168 184 169 179 167 1.81 1.63 1.66 180  0-06 0-06 012 0.07 015 006 015 007
K 016 003 022 009 018 0-09 0-16 0-35 011 1.89 1.84 183 185 175 181 176 185
Mg-no. 038 046 044 062 056 0-70 0-42 0-55 074 076 0-79 078 083 077 085 090 086

*Calculated by stoichiometry.

Trondhjemitic segregations
As for the amphibolites, P—7 calculations were performed
using the lower-variance pargasite-bearing assemblages
of samples CV228¢, SC2l, and CV62b-II (Fig. 12d). The
calculated magmatic P-7 conditions are based on the
assemblages Amp + Ep +high-K Pa + Qtz + high-Ca PL
The assemblages used for P—7 calculations are shown in
the ACF and ACN phase diagrams of Fig. 11. Retrograde
conditions were calculated using tremolitic Amp + Chl +
Ep+low-K  Pa+Lws+Qtz+Ab (sample CV228¢)
and tremolitic Amp + Chl+ Ep +low-K Pa+ Qtz 4+ Ab
(samples SC21 and CV62b-IT).

The calculated magmatic conditions are 747 £88°C,
14-7£3-2kbar (0-988, 0-95), 7934+96°C, 19-5+4 kbar
(097, 0-65), and 730 £ 81°C, 16-8 & 3-6 kbar (0-983, 0-51) for

samples CV228c, SC2l and CV62b-11, respectively. The
average calculated temperatures (¢. 750°C) are within
error of calculated temperatures for the amphibolites. The
pressure for CV228c¢ overlaps with those for the common
(Cpx-lacking) amphibolites. However, the pressures for
samples SC2] and CV62b-II are higher. This is a conse-
quence of the higher albite contents of plagioclase of these
samples (Fig. 11b), and suggests that the equilibrium
composition of magmatic plagioclase is probably not
recorded in the analyses performed, as indicated above.
Indeed, the P—7 conditions calculated for SC21 using the
composition of plagioclase from sample CV228c (probably
closer to the original composition of magmatic plagio-
clase) are 749+89°C at 15-4+£3-3kbar (0-988, 0-55),
similar to those calculated for CV228c and approaching
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Fig. 9. Composition of micas from amphibolites (phengite) and trondhjemites (paragonite and muscovite-phengite). The high-K analyses
of paragonite correspond to magmatic crystals.

Table 9: Representative analyses of chorite (normalized to 20 O and 16 OH)

Rock type: Amphibolite Trondhjemite

Sample: Cv228D CV228E Cv230B Cv237J CV53B-I CV62B-I1 Cv22sC CV60A CV62B-II sC21
Si0, 25.99 26-36 2729 2638 2785 2861 2984 2938 3059 2938
Al,03 20-63 20-61 20-45 18.47 1910 20-44 19-86 19.77 20-47 20-40
FeOiotal 2294 23.02 2186 2751 2008 17.57 14.22 14.62 9.02 12.48
MnO 0-19 0-35 0-26 0-08 0-27 0-26 0-04 0-21 0-18 0-16
MgO 17.73 17.58 17.56 14.80 1986 21.08 2371 2315 2743 24.83
H,0* 1152 1156 11-60 1119 11-66 11.97 1217 12:05 12:51 12-20
Total 99.01 99.47 99.01 9843 98-82 9993 99.84 9918 100-21 9944
Si 542 5.47 5.64 5.66 573 573 5.88 5.85 5.87 5.78
Al 5.07 5.04 4-98 4.67 4-63 4.83 4.61 4.64 463 4.73
Fe*t 4.00 3-99 378 4.93 3-46 2.94 2:34 243 1.45 2.05
Mn 0-03 0-06 0-05 0-02 0-05 0-04 0-01 0-03 0-03 0-03
Mg 551 5.44 541 473 6-09 6-30 6.97 6-87 7-84 7-28
Mg-no. 0-58 0-58 0-59 0-49 0-64 0-68 0-75 0.74 0-84 0-78

*Calculated by stoichiometry.

the pressures calculated for peak conditions in the amphi-

bolites. Consequently, these latter P—7 conditions for
sample SC21 are plotted in Fig. 12d (ellipse with slightly

higher peak P).

The conditions calculated for retrogression are 356 £

18°C, 4.7 £1kbar (0-963, 0-31), 478 £43°C, 9-9 2.2 kbar
(0-638, 215), and 550 £21°C, 71 £0-9kbar (0-697, 0-79)

for samples CV228¢, SC2l and CV62b-II, respectively.
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Table 10: Representative analyses of pumpellyite (normal-
1zed to 28 O and 7 H), lawsonite (normalized to 10 O
and 4H ), and kyanite (normalized to 5 O)

Phase: Pumpellyite Lawsonite Kyanite

Rock type: Amphibolite Trondhjemite  Trondhjemite ~ Trondhjemite

Sample:  CV230B CV53B-I CV228C CV60A CV228C CV60A CV53F CVE0A
Type: retro retro retro retro  retro retro peak peak
Sio, 3686 3680 3840 3770 3897 3843 36:06 3657
TiO, 0-20 0.07 0-20 0-16 005 0-11 001 0-04
Al,03 2527 2616 2503 2616 31-87 3227 6248 6256
FeOyotal 2.56 2.65 2:30 178 0-02 004 060 040
MnO 0-99 0-61 059 045 0-00 000 0-00 0-00
MgO 3.45 3.26 396 345

Ca0 2299 2309 2116 2265 1835 1753

BaO 0-00 0-01 0-02 0-00 0-00

Na,O 0-19 041 018

K>0 0-00 0-01 0-00

H,0" 6-53 6-58 6-55 658 11564 11.46

Total 9885 9941 9860 9914 100-73 99-84 99-14 9957
Si 5.96 5.91 6-16 6.02 2.03 201 098 099
Ti 0-02 0-01 0.02 0-02 000 000 000 0-00
Al 4.82 4.95 473 493 195 199 201 2.00
Fe*t 0-00 0-00 0-00 0-00 000 000 001 0-01
Fe?* 035 036 031 024

Mn 0-14 0-08 0-08  0-06 0-00 000 0-00 0-00
Mg 0-83 0-78 095 082

Ca 3-99 3.98 364 388 1.02 098

Ba 0-00 0-00 0-00 000 0-00

Na 0-06 013 0-06

K 0-00 0-00 0-00

Mg-no. 0-71 0-69 075 078

*Calculated by stoichiometry (including OH and H,0).

These conditions are consistent with the retrograde condi-
tions calculated for the amphibolites and indicate cooling
at high pressure.

DISCUSSION

A subduction-related migmatitic complex
Field relations in the Sierra del Convento mélange show
that the trondhjemitic—tonalitic bodies are closely related
to blocks of amphibolite (Fig. 2) and do not crosscut other
types of block or the serpentinite matrix of the mélange.
This implies that the trondhjemitic—tonalitic melts do not
represent exotic intrusions of volcanic-arc magmas and

SUBDUCTED OCEAN CRUST MELTING, CUBA

that these melts formed prior to incorporation of the
amphibolite blocks into the mélange. On the other hand,
the agmatitic structures and veins crosscutting the peak-
metamorphic foliation of the amphibolite blocks (Fig. 2d
and e) indicate that the melts did not form prior to subduc-
tion (i.e. they are not oceanic plagiogranites). The struc-
tures show that melt formation and segregation took place
during and shortly after ductile deformation at near-peak
metamorphic conditions, implying formation by partial
melting of amphibolite in the subduction environment.

These inferences are in agreement with the major
element composition of the trondhjemites. The peralumi-
nous character of these rocks suggests that they do not
represent oceanic plagiogranites or adakitic magmas,
which are typically metaluminous (Fig. 3d). The low K,O
contents of the studied rocks also argue against typical
adakite magma (Fig. 3b and d). Although less silicic, how-
ever, the trondhjemites of the Sierra del Convento mélange
are comparable with peraluminous melts of the Catalina
Schist formed during partial melting and metasomatism
of subducted oceanic crust (Sorensen & Barton, 1987;
Sorensen, 1988; Sorensen & Grossman, 1989; Bebout &
Barton, 2002; Fig. 3d).

The major element bulk composition of the amphibo-
lites, on the other hand, underlines their residual character
attained after extraction of melt. The amphibolites have
lower SiO, (trending toward apparent picritic composi-
tions) and alkali components, notably Na,O, and higher
AlyO3/(NayO +KyO)  than MORB
(Fig. 3). As discussed below, melting of amphibolite

molar average
consumed relative large amounts of plagioclase up to its
total consumption, a process consistent with these geo-
chemical features if the primary tonalitic-trondhjemitic
liquid was extracted after melting (see Fig. 10d). Not sur-
prisingly, the above-mentioned geochemical characteristics
are similar to those of residual amphibolite from the
Catalina Schist (Fig. 3).

Further evidence for partial melting of amphibolite is
given by the calculated peak P-T conditions, which lie
above the HyO-saturated basaltic solidus (Figs 12a, b
and 13a). These conditions suggest amphibolite melting at
relatively low temperature, below the maximum stability
of epidote in the basaltic system (Figs 12a, b and 13).
This is in agreement with epidote forming part of the
peak metamorphic supersolidus assemblage of the studied
amphibolite samples (Fig. 10). In addition, such mineral
assemblages and melting conditions indicate that melting
occurred under HyO-present conditions, and that the dry
solidus of amphibolite was not intersected (Fig. 12a and b)
except perhaps in the Cpx-bearing sample (Fig. 12¢).

Wet melting of amphibolite

HyO-fluid strongly reduces the stability of plagioclase
upon melting in the basaltic system, in particular at
moderate to high pressure. This effect can be appreciated
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Fig. 10. (a)—(c) ACFand (d) AFN phase diagrams showing peak metamorphic assemblages of amphibolites (continuous tie-lines, labels in bold
typeface) and whole-rocks (WR). Average MORB (Hofmann, 1988; Kelemen et al., 2003) has been plotted in (d) for comparison. End-members
(labels in italic lower case) of the solid solutions of interest are indicated by open circles joined by dashed lines (0-5 ep: epidote with
Fe’* =05 a.p.fu). It should be noted that anorthite and albite end-members are collinear in the ACF diagram. The arrow in (d) indicates

projection of grossular at infinity.

in the HyO-saturated and 5 wt % added HyO ‘experi-
mental pseudosections’ compiled by Green (1982) for a
standard tholeiitic basaltic composition (Fig. 13). The rela-
tions shown in these pseudosections indicate that the stable

assemblage appropriate for the calculated peak P—7 condi-
tions is Ep+Amp + Cpx + Grt+L £ Qtz, and that the
studied amphibolite samples should have contained
plagioclase before partial melting.
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The pseudosections of Fig. 13 also suggest that garnet

and clinopyroxene are expected after wet melting of

amphibolite. As discussed above, the lack of garnet in the
higher Mg-number samples can be conceptualized as the
result of a bulk composition effect. The lack of clinopyrox-
ene in most samples, however, suggests that this phase is
not a necessary product of fluid-present melting of amphi-
bolite. Indeed, whereas experiments indicate that clinopyr-
oxene is a systematic product of melting of rocks of basaltic
composition under HyO-deficient conditions, they also
suggest that this phase does not normally form upon wet
melting near the solidus (Yoder & Tilley, 1962; Lambert
& Wyllie, 1972; Heltz, 1973, 1976; Beard & Lofgren, 1991;
Winther & Newton, 1991; Selbekk & Skjerlie, 2002).
Consequently, the studied rocks demonstrate that clinopyr-
oxene is not a necessary product of wet melting of amphi-
bolite near the solidus at intermediate pressure, in
agreement with proposals by Ellis & Thompson (1986)
and Thompson & Ellis (1994).

The calculated conditions for the Cpx-bearing amphibo-
lite sample CV237j (750-850°C, 13—15 kbar) are above the
maximum thermal stability of epidote in the water-
saturated basaltic system (Figs 12c¢ and 13a). This is not in
agreement with textural evidence in this sample, where
epidote forms part of the peak assemblage. This conflict
is resolved if the peak conditions correspond to those
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calculated with the maximum Na content of diopsidic
clinopyroxene (Fig. 12¢) and water availability was more
limited (Fig. 13b).

Melting reactions

Establishing the precise nature of the wet-melting reac-
tions undergone by the studied amphibolite samples is
hampered by (1) the lack of indication of the composition
of peak metamorphic plagioclase present in the samples
before melting and (2) the possibility of post-melting
processes, such as back-reaction between melt and amphi-
bolite (e.g. Kriegsman, 2001) and/or magmatic differentia-
tion, which would have modified the composition of
pristine primary melts. However, the phase relations
depicted in the AFM-like diagrams of Fig. 14, combined
with the analysis of the respective reaction space, allow us
to constrain the nature of the melting reactions for each
type of amphibolite. The analysis of reaction space has
been performed in the nine-component system SiOo—
TiOy-AlL,O 53~ FeO-MgO—-CaO-NayO-Ky,O-PyO5 using
the CSpace  (Torres-Roldan al., 2000).
Component HyO and, consequently, the fluid phase, were

software el
excluded from consideration because the HyO contents of
the melts are unknown, although an HyO-fluid should be
considered part of the reactant assemblages. Also, Fe was
treated as FeO,y, and the exchange vector KNa ; was
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included in the calculation because of the lack of K-bearing
phases during partial melting. With these and other
constraints related to system degeneracy discussed below,
the reaction space for each case discussed in the following
paragraphs is uni-dimensional, and the resulting single
reaction represents a mass balance that can be potentially
identified as a melting reaction. All the reactions are
expressed in oxy-equivalent units.

Garnet-lacking amphibolites

The mineral assemblage of the garnet-lacking amphibolite
samples is represented in the AFM-like diagram of Fig. 14a
by no more than peak pargasite (note that the phase rela-

tions are projected from epidote). This allows deduction of

the composition of coexisting plagioclase before melting,
provided that the composition of the melt is known. As an
example, Fig. 14a shows the relations for sample site
CV62b. If (1) trondhjemite vein CV62b-IT represents
the primary melt evolved from adjacent amphibolite
CV62b-1, and (2) plagioclase was totally consumed upon
melting, the composition of peak metamorphic plagioclase
is constrained to be collinear with peak pargasite and melt,
implying a degenerate relation (Fig. 14a). The correspond-
ing calculated composition of plagioclase is X, =0-78 and
the associated reaction is

82-3 PI(X,, = 0-78) + 14-1 Qtz + 4-1 Ep + 1.9 Rt
+1-2 Amp + 0-1 Ap(+H,0)
=100 L(CV62b — IT) 4 4-5 Spn.

It should be noted that large relative amounts of reactant
plagioclase contribute to melt formation. This is a conse-
quence of melt and plagioclase being similar in composi-
tion, as clearly shown in the AFM diagram of Fig. 14a,
where both phases plot close to one each other.

The melting reaction deduced above is near-eutectic
(ie. Pl4+Qtz+Amp+Ep=L) This

remains unchanged even if the primary melt has a differ-

general  form
ent composition from that of trondhjemite vein CV62b-I1.
Mass-balance constraints imply collinearity between
amphibole, primary melt and plagioclase, and large rela-
tive amounts of reactant plagioclase in the associated
degenerate reaction for any other tonalitic—trondhjemitic
primary melt composition rich in plagioclase component.
Consequently, we consider that the eutectic melting reac-
tion P14+ Qtz4+Amp+Ep=L is a good approximation
to the wet-melting process undergone by the garnet-
lacking amphibolites.

Garnet-bearing amphibolites

As an example, we discuss the relations for sample site
CV228, where amphibolite CV228e is closely associated
with trondhjemite segregate CV228¢ (Fig. 14b). The latter
sample is taken as a preliminary guess for the primary
melt. Fixing the composition of the primary melt does not

uniquely constrain the composition of plagioclase coexist-
ing with the mineral assemblage of amphibolite CV228e.
Three reactions are possible depending on the composition
of plagioclase. Plagioclase with X}, =0-69 is collinear with
amphibole and melt, implying a degenerate reaction
involving no garnet (i.e. Pl4+Qtz+Amp+Ep=L, as
above). For plagioclase with X,;,>0-69 the melt plots to
the left of the tie-line pargasite—plagioclase in the AFM-
like diagram, as shown in Fig. 14b for plagioclase with
X, =0-72. This type of topology implies a peritectic
AFM reaction of the form Amp+Pl+Ep+Qtz=L+
Grt. Yor plagioclase with X,;, <0-69 the melt plots to the
right of the tie-line pargasite—plagioclase and within the
tie-triangle pargasite-garnet—plagioclase in the AFM-like
diagram, implying an AFM melting reaction of the
form Amp + Pl + Grt+ Qtz =L+ Ep. The corresponding
calculated  for X, =072,

mass-balance  reactions

X.p=0-69 and X,;, =0-66, respectively, are

84-2 PI(X,, = 0-72) + 11-5 Ep + 8-1 Amp
+4-5Qtz+3-6 Rt +0-1 Ap(+H,0)
=100 L+ 8-8 Spn + 4-4 Grt
87-3 PI(X,, =0-69) +0-7 Ep+5-9 Amp +4-7 Qtz
+ 1.6 Rt+0-1 Ap(+Hy0) = 100 L. 4 3-6 Spn
92-9 PI(X,, = 0-66) +4-7 Amp 4+ 2-6 Grt + 4 Qtz
+0:6 Rt+0-01 Ap(+Hy0)
=100 L+ 1-3 Spn+5-8 Ep.

For the same reasons as indicated above, these reactions
involve large relative amounts of reactant plagioclase and
suggest total consumption of this phase upon melt
formation.

Similar reactions would be deduced if trondhjemite
CV228c does not represent a pristine primary melt. For
other tonalitic-trondhjemitic primary melt compositions
rich in plagioclase component it is possible to evaluate the
melting relations fixing the composition of plagioclase.
Our results indicate reactions with the same general
forms as those deduced above (i.e. Pl4+Qtz+ Amp+
Ep=L+Grt, P14+ Qtz+Amp+Ep=L, and Pl 4+ Qtz +
Amp + Grt =L+ Ep). Therefore, melting of the studied
garnet-bearing amphibolites should conform to one of
these reactions.

The Pl +Qtz +
Amp + Ep =L involving no garnet is considered unlikely

degenerate eutectic-like reaction
because there is no fundamental reason for a general colli-
near relation between plagioclase, amphibole and melt in
garnet-bearing assemblages. The other two reactions are
peritectic. We favour reaction Pl+Qtz+Amp+ Ep=
L+Grt (Fig. 14b) because garnet is idiomorphic in
sample CV228e (Fig. 4a), a feature that conflicts with reac-
tant garnet as predicted by reaction Amp + Pl4Grt=
L +Ep. Furthermore, the latter reaction has epidote in
the product, a result that is inconsistent with theory and
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experiments (e.g. Ellis & Thompson, 1986; Thompson &
Ellis, 1994; Quirion & Jenkins, 1998).

Avariety of melting reactions are possible for the garnet
+ clinopyroxene-bearing amphibolite sample CV237j. The
number of possible reactions is larger in this case because
the presence of quartz in the pre-melting assemblage of
this quartz-lacking sample is uncertain. Garnet, clinopyr-
oxene, amphibole and epidote may appear either as reac-
tants or products in these reactions, depending on the
composition of plagioclase and melt and the presence or
absence of quartz. However, in all the possible reactions
the amount of plagioclase involved is large, in agreement
with the behaviour of this phase in other types of amphi-
bolite studied.

Thus, it is concluded that the amount of plagioclase
present in amphibolite prior to melting is a major control
on the extent of wet melting. This inference applies to
amphibolite with different mineral assemblages under-
going different melting reactions. Because of the relatively
high pressure of melting (¢. 15 kbar) the amount of plagio-
clase present in the pre-melting assemblages is inferred to
have been small and, consequently, low melt fractions
should have been produced. Low melt fractions are consis-
tent with the Fe + Mg-poor nature of the studied
trondhjemitic rocks. These inferences strongly suggest that
plagioclase was completely consumed in the amphibolites
upon melting and that the trondhjemites are (near-)
primary melts.

Peraluminosity of primary slab melts

The studied rocks confirm that melts formed upon
partial melting of metabasite at intermediate pressure
under fluid-present conditions are peraluminous (see Ellis
& Thompson, 1986; Thompson & Ellis, 1994) and that this
type of melt can form in a subducting slab. However,
peraluminosity is not a typical characteristic of magmas
thought to have formed upon partial melting of subducted
slabs  (e.g. Cenozoic adakites, Archaean tonalite—
trondhjemite complexes; Defant & Drummond, 1990;
Martin, 1999). This observation should be taken into
consideration when the origin of slab-derived magmas is
addressed.

Experimental work on melting of natural and synthetic
metabasites has shown that peraluminous melts form at
low-temperature conditions close to the wet basaltic
solidus, and metaluminous melts form under conditions
that deviate from the wet basaltic solidus, typically at
>850°C (Yoder & Tilley, 1962; Holloway & Burnham,
1972; Heltz, 1976; Ellis & Thompson, 1986; Beard &
Lofgren, 1989; Rapp et al., 1991; Winther & Newton, 1991;
Gaetani e al., 1993; Thompson & Ellis, 1994; Kawamoto,
1996; Springer & Seck, 1997; Nakajima & Arima, 1998;
Prouteau et al., 2001; Selbekk & Skjerlie, 2002; Koepke
et al., 2004). Under conditions close to the solidus, amphi-
bole is abundant and plagioclase is scarce or not present

SUBDUCTED OCEAN CRUST MELTING, CUBA

in the residua, small melt fractions are formed, and the
resulting melt is acid, in all aspects similar to characteristic
amphibolite—trondhjemite associations of the Sierra del
Convento mélange. Under conditions that deviate from
the solidus, amphibole is scarce or not present, large melt
fractions are formed, and the resulting melt is relatively
(andesitic). It follows slab
magmas, if formed by melting of mafic rocks close to the
wet solidus, are not pristine slab melts. Metaluminosity of
such magmas should be identified, instead, as a conse-
quence of post-melting processes such as interaction with
the mantle wedge and/or the base of the crust (see
Kepezhinskas et al., 1995; Stern & Kilian, 1996; Martin,
1999; Prouteau et al., 2001; Yogodzinski et al., 2001).

basic that metaluminous

Magmatic paragonite and kyanite

Magmatic paragonite is expected in peraluminous melts
that crystallized at moderate to high pressure. As shown
in Fig. 12d, magmatic paragonite is stable in the model
NASH system above 8 kbar. Similar relations are predicted
in the more complex NCASH system (Garcia-Casco, 2007).
Using a NCASH pseudosection approach, Garcia-Casco
(2007) calculated that paragonite is stable above the solidus
of sample SC21 in the range 680-730°C: at ¢. 14 kbar. This is
consistent with the high K content of magmatic paragonite
(Fig. 9), which indicates crystallization at high temperature
(Garcia-Casco, 2007). Crystallization of trondhjemitic melt
at depth within the stability field of paragonite is also
consistent with the occurrence of magmatic epidote in the
studied rocks (Fig. 41 and k), a feature that is normally
taken as an indication of moderate to high pressure of
crystallization of magmatic rocks (Schmidt & Poli, 2004,
and references therein). The model phase relations calcu-
lated by Garcia-Casco (2007) show that magmatic epidote
is not stable at <I3kbar in bulk composition SC2l, in
agreement with the calculated crystallization pressure of
1416 kbar (Fig. 12d).

The presence of kyanite relicts within magmatic epidote
in some samples (Fig. 4m) also points to crystallization
at high pressure. The NCASH pseudosection for sample
SC21 shows stable kyanite 4 epidote above the solidus at
>720°C, 14-15kbar and total consumption of kyanite
upon reaction with melt to produce paragonite and more
epidote during near-isobaric cooling (Garcia-Casco, 2007).
These relations explain the relict nature of kyanite within
epidote in the studied rocks.

The consistency between natural mineral assemblages
and theoretical phase relations allows the conclusion
that paragonite is an expected product of crystallization
of peraluminous trondhjemitic melt at intermediate to
high pressure. Therefore, relatively low pressure (<8 kbar)
of crystallization explains the lack of paragonite in natural
peraluminous trondhjemites (e.g. Johnson et al., 1997).
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Tectonic implications
Recent  thermal models incorporating appropriate
temperature dependence of mantle rheology suggest that
melting of subducted oceanic crust may occur at shallower
depths and be more general over a range of plate velocities
and ages, subduction angles, and other geophysical vari-
ables (i.e. not restricted to special cases of subduction)
than previously assumed based on the relatively cool slabs
calculated in earlier models (e.g. van Keken et al., 2002;
Gerya & Yuen, 2003; Conder, 2005; Abers et al., 2006).
Following these recent results, melting in the Sierra del
Convento could be interpreted as the result of normal
subduction. Thermal models, however, also point towards
special subduction environments where melting is possible
at relatively shallow depths, including the edge of a slab
(e.g. Kincaid & Griffiths, 2004), subhorizontal subduction
(e.g. Manea et al., 2005), subduction retreat (e.g. Kincaid &
Griffiths, 2003, 2004), onset of subduction (e.g. Gerya et al.,
2002), or subduction of a very young slab or a ridge
(e.g. Okudaira & Yoshitake, 2004; Uehara & Aoya, 2005).
Though it is difficult to decipher the precise subduction
environment of formation of the studied rocks, regional
arguments favour a scenario of onset of subduction of
young oceanic lithosphere.

Regional geological data for the Caribbean realm point
to initiation of subduction during the Aptian (¢ 120 Ma;
Pindell et al., 2005, 2006). Pindell et al. have developed
a tectonic model for the evolution of the Caribbean realm
that incorporates the birth of a SW-dipping subduction
system during the Aptian that consumed oceanic litho-
sphere of the Protocaribbean (Atlantic) basin, which was
opening at that time, and, consequently, subduction of a
hot, young oceanic lithosphere and/or a ridge was possible.
Indirect evidence for the existence of a (near-orthogonal)
subducting Protocaribbean ridge during the Cretaceous is
given by geochemical studies of magmatic rocks from the
overriding Caribbean plate (e.g. Jolly & Lidiak, 2006;
Escuder-Viruete et al., 2007; see also discussion by Pindell
et al., 2005, 2006). Thus, because age data indicate that
the earliest stage of subduction in eastern Cuba is Aptian
(¢. 120 Ma; see Garcia-Casco et al., 2006), the studied rocks
probably formed in a scenario of onset of subduction of
young lithosphere (Fig. 15).

After a thorough consideration of P-7—¢ data and
thermal models, Krebs et al. (2007) recently developed a
similar scenario of onset of Aptian subduction of young
(¢. 20 Ma) Protocaribbean lithosphere for eclogite blocks
of the Rio San Juan mélange (Dominican Republic). The
descriptions and interpretations of those workers suggest
that the Rio San Juan and the Sierra del Convento
mélanges are geologically correlated. The Rio San Juan
mélange contains eclogites formed during the early
Cretaceous (103-6 £2-7 Ma) and blueschist formed during
the late Cretaceous. The eclogites attained similar peak

temperature (¢. 750°C) to the Sierra del Convento amphib-
olites, although the former attained substantially higher
peak pressure (¢. 23 kbar) and did not apparently undergo
partial melting. These differences in the earliest products
of subduction point to strike-parallel variations in
(i.e. age)
Protocaribbean during the early Cretaceous. Plate-tectonic

the thermal structure of the subducting
reconstructions locate eastern Cuba to the NNW of
Hispaniola by Aptian times (Pindell ¢ al., 2005), implying
that the subducting slab was hotter (i.e. younger) to the
NNW (relative to Hispaniola) and, consequently, that the
ridge should have been located close to eastern Cuba by
Aptian times.

This scenario for the onset of subduction explains
the observed counterclockwise P—7 paths of the Sierra
del Convento amphibolite blocks. Onset of subduction
produces a transient geothermal gradient at the slab—
mantle interface, which cools upon continued subduction
(Gerya et al., 2002). Our calculated P—7 paths suggest
that, after accretion to the overriding plate, the blocks of
amphibolite and associated trondhjemites were refriger-
ated at depth, in agreement with the expected effects of
continued subduction (Fig. 12). At this stage in the Sierra
del Convento mélange the trondhjemite magmas formed
by partial melting of amphibolite, cooled and crystallized.
The subduction models of Gerya e/ al. (2002) show that
continued subduction leads to the formation of a serpenti-
nitic layer (subduction channel) by hydration of the
overriding mantle some Ma after the onset of subduction.
Gerya el al. also indicated that formation of such a serpen-
tinite layer allows formation of serpentinite mélanges and
the onset of exhumation of early accreted blocks along the
subduction channel. In the Sierra del Convento mélange
this stage is recorded by the blueschist-facies overprints
developed as the amphibolite and trondhjemite blocks fol-
lowed counterclockwise P—7 paths (Fig 15).

As subduction proceeds, more material normally of
lower grade can be accreted to the subduction channel
(Gerya et al., 2002). Blocks of blueschist not studied here
record this stage in the Sierra del Convento. A similar
picture evolves for the Rio San Juan mélange (Krebs et al.,
2007). Thus, both mélanges constitute fragments of a
subduction channel documenting a long-lasting history of
subduction, accretion, mélange formation, and uplift, and
both give direct evidence for Aptian onset of subduction
of the Protocaribbean (Fig. 15).

CONCLUSIONS

The Sierra del Convento mélange (eastern Cuba) contains
high-grade blocks of  plagioclase-lacking
epidote &= garnet amphibolite and associated tonalite—
trondhjemite, which formed during subduction of oceanic
lithosphere.

tectonic

Field relations, major element bulk-rock
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Fig. 15. Schematic representation of the tectonic evolution of eastern Cuba (see Pindell et al., 2005). The filled and open stars indicate
amphibolite in the course of Aptian onset of subduction of young lithosphere and late Cretaceous accretion—exhumation of the tectonic blocks,
respectively. The Sierra del Convento mélange formed in the subduction channel (hatched). Subduction of volcanic-arc material
(Purial Complex) suggests subduction erosion during the late Cretaceous.

compositions, textures, peak metamorphic, magmatic and  studies indicate that tonalite-trondhjemite formed by
retrograde mineral assemblages, and P—7 conditions, and  partial melting of amphibolite in the subduction environ-
the agreement between the observed mineral assemblages  ment and that both shared a common P—T7 history during
and those predicted by experimental and theoretical —exhumation. Thus, these tectonic blocks represent a rare
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example of oceanic subduction-related migmatites that
have returned to the Earth’s surface. Regional arguments
suggest a scenario of onset of subduction of young oceanic
lithosphere (during the Aptian). Partial melting at
¢. 15kbar, 750°C was characterized by low melt fractions,
was fluid-assisted, occurred close to the metabasite solidus,
consumed large relative amounts of plagioclase in the
amphibolites, and formed plagioclase-lacking residual
amphibolite and peraluminous, K-poor, high Mg-number
leucocratic tonalitic—trondhjemitic melts that segregated
into veins, layers and agmatitic structures. Shortly after
melt formation amphibolite + melt blocks were accreted
to the overriding plate, where they began to cool as
subduction proceeded, allowing the partial melts to crys-
tallize at depth. This favoured the formation of magmatic
paragonite, kyanite, epidote, plagioclase, pargasite, and
quartz during crystallization of the melts. Later, syn-
subduction exhumation in the mélange caused counter-
clockwise P—T paths, forming retrograde blueschist-facies
assemblages in all types of rock. Blueschist-facies condi-
tions prevailed during the ensuing history of subduction,
when other blocks were incorporated into the mélange,
attesting to a long-lasting history of accretion, mélange
formation and uplift.
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Abstract A new jadeitite jade locality has been discov-
ered in the serpentinite-matrix subduction mélange of the
Sierra del Convento (eastern Cuba) in a context associated
with tectonic blocks of garnet-epidote amphibolite, tona-
litic—trondhjemitic epidote gneiss, and blueschist. The
mineral assemblages of jadeitite jade and jadeite rocks are
varied and include combinations of jadeite, omphacite,
albite, paragonite, analcime, clinozoisite-epidote, apatite,
phlogopite, phengite, chlorite, glaucophane, titanite, rutile,
zircon, and quartz formed during various stages in their
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P-T evolution. Field relationships are obscure, but some
samples made almost exclusively of jadeite show evidence
of crystallization from fluid in veins. In one of these
samples studied in detail jadeite shows complex textural
and chemical characteristics (including oscillatory zoning)
that denote growth in a changing chemical medium. It is
proposed that interaction of an Al-Na rich fluid with
ultramafic rocks produced Al-Na-Mg—Ca fluids of varying
composition. Episodic infiltration of these fluids, as a result
of episodic opening of the veins, developed oscillatory
zoning by direct precipitation from fluid and after reaction
of fluid with pre-existing jadeite. The latest infiltrating
fluids were richer in Mg—Ca, favouring the formation of
omphacite and Mg—Ca rich jadeite in open voids and the
replacement of earlier jadeite by fine-grained ompha-
cite 4 jadeite at 550-560°C. This new occurrence of
jadeite in Cuba opens important perspectives for archeo-
logical studies of pre-Columbian jade artifacts in the
Caribbean region.

Keywords Jadeitite jade - High pressure - Fluids -
Subduction - Caribbean - Eastern Cuba

Introduction

Jade is a gemological term embracing actinolite—tremolite
amphibolitite rocks (termed nephrite jade) and jadeite
pyroxenite rocks or jadeitite (jadeite jade). Nephrite jade is
a metasomatic rock that forms in a variety of petrologic—
geologic settings, including the replacement of dolomitic
marble by Si-rich fluids associated with magmatic rocks in
contact aureoles and the replacement of meta-ultramafic
rocks (serpentinite) by Ca-rich fluids in (tectonic) inter-
faces between serpentinite and Si-rich rocks such as
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plagiogranite, graywacke, argillite or chert (Harlow and
Sorensen 2005). Jadeite jade, in turn, is found almost
exclusively associated with serpentinite, generally within
serpentinite-matrix tectonic mélanges containing exotic
blocks formed in high-pressure subduction environments
(Harlow and Sorensen 2005). The temperature of crystal-
lization of jadeite jade is generally relatively low (250—
550°C), as documented by in situ jadeitite deposits where
antigoritite forms the wall rock of jade bodies. Harlow and
Sorensen (2005) noted the scarcity of jadeitite in high-
pressure complexes, citing only 12 localities in Myanmar,
Guatemala, Russia, Kazakhstan, Japan, California, Italian
Alps, and Turkey. Sorensen et al. (2006) cited only eight
“well documented, primary, hard-rock occurrences” of
jade. Recently, new jadeitite localities have been docu-
mented in Iran (Oberhinsli et al. 2007) and Dominican
Republic (Schertl et al. 2007a, b; Baese et al. 2007). Har-
low and Sorensen (2005) indicated that, in spite of probable
fairly common formation of jadeitite in subduction envi-
ronments, complex sequences of tectonic of events/
conditions should concur in order to exhume serpentinite-
matrix mélanges bearing jadeitite.

Metasomatism of blocks of trondhjemite, plagiogranite,
(meta)granitoid, leucogabbro, eclogite, metapelite, and
metagraywacke has been classically considered the main
jadeitite-forming process (see review by Harlow and
Sorensen 2005 for complete list of references). However,
these authors have noted a number of problems with this
interpretation, including the common lack of protoliths and
protolith replacement textures, severe mass-balance prob-
lems, and the common occurrence of idiomorphic
oscillatory zoning of jadeite. After reviewing worldwide
jadeitite occurrences (Harlow and Sorensen 2005, see also
Sorensen et al. 2006) emphasized that jadeite precipitates
directly from fluids evolved at depth. This conclusion
makes this type of rock of interest for the direct charac-
terization of fluids and fluid-assisted processes in the
subduction environment, including processes of mass
transfer from the downgoing slab to the upper plate which
may ultimately lead to the formation of arc magmas.

Jadeitite and jadeite-bearing rocks are scarce in the
Caribbean region. Rare river pebbles of jadeitite of
unknown in situ location were found in the Cretaceous
subduction complex of Escambray, central Cuba, by Millan
and Somin (1981). This “old” finding has reached only
limited audience due to editorial and language problems.
However, only a brief petrographic description was made
available by Millan and Somin (1981), who indicate radial
aggregates of jadeite and isolated grains of clinozoisite,
lawsonite and albite. Rare relictic presumably magmatic
clinopyroxene partly replaced by fine-grained jadeite led
these authors to suggest formation of jadeitite by replace-
ment of basic intrusive bodies, implying metasomatic
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origin. A variety of jadeitite and jadeite-bearing rocks have
been recently discovered in the Cretaceous subduction
mélange of Rio San Juan, Dominican Republic (Schertl
et al. 2007a, b; Baese et al. 2007; Krebs et al. 2008). The
available information suggests complex processes includ-
ing direct precipitation from fluid. The high-pressure
Escambray complex and Rio San Juan mélange may be
geologically correlated to Cretaceous high pressure com-
plexes of central Guatemala (Motagua Valley region),
where jadeitite is abundant and varied in terms of P-T
conditions of formation (Harlow 1994; Harlow et al. 2003).

In this paper, we document for the first time the occur-
rence of jadeite jade in eastern Cuba. The new locality is in
the subduction mélange of Sierra del Convento (Fig. 1),
which correlates with the Rio San Juan mélange (Garcia-
Casco et al. 2008; Lazaro et al. 2008). These mélanges and
the Escambray complex may have formed in the same
subduction zone, but the latter mostly records late
Cretaceous subduction-accretion of margin-like sediments
(Garcia-Casco et al. 2008) while the former record mid-late
subduction of oceanic material. Our goal is not to offer a full
description of the variety of jadeitite and related rocks in the
mélange, but to give notice of the finding and to provide
some insight into the origin of jadeitite and jadeitite-
forming fluids. This is relevant because the Sierra del
Convento mélange shows abundant evidence for fluid cir-
culation in the subduction environment. In particular, fluid
infiltration triggered metasomatism and partial melting of
subducted ocean crust (Garcia-Casco et al. 2008; Lazaro
and Garcia-Casco 2008), a process hardly ever seen in other
worldwide occurrences of oceanic subduction complexes
exhumed to the Earth’s surface (e.g., Sorensen and Barton
1987; Sorensen 1988). Partial melts crystallized in the
subduction environment (Garcia-Casco 2007; Garcia-Casco
et al. 2008) and evolved fluids that formed pegmatitic and
hydrothermal rocks that may have had to do with jadeite
formation. Also, the mélange contains a high quantity of
pure rock crystal quartz in hydrothermal veins and blocks
prospected for electronic applications (Kulachkov and
Leyva 1990; Leyva 1996).

The new finding, together with other old and recent
findings of jadeitite in the Caribbean region, opens new
archeological perspectives for the source of pre-Columbian
jade artifacts found in the Antilles (e.g., Harlow et al. 2006,
Fig. la).

Geologic and petrologic settings

The Sierra del Convento mélange represents an oceanic
subduction channel related to subduction of Proto-Caribbean
lithosphere below the Caribbean plate during the Cretaceous
(Garcia-Casco et al. 2006, 2008; Garcia-Casco 2007; Lazaro
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Fig. 1 a Plate tectonic scheme
of the Caribbean region, with
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and Garcia-Casco 2008, and Lazaro et al. 2008 for details of
the following descriptions and for references on the geology
of the region). The mélange is formed by a serpentinite
matrix, which contains a variety of tectonic blocks meta-
morphosed to high pressure and low to high temperature,
including blueschists, pelitic gneisses, tonalitic—trondhje-
mitic gneisses, and epidote-garnet plagioclase-lacking
amphibolites. The formation of the mélange began in the

early Cretaceous (ca. 120 Ma) and proceeded until the
complex was emplaced on top of the Cretaceous volcanic arc
complex of El Purial during the latest Cretaceous.

The most typical type of tectonic block in the mélange is
MORB-derived plagioclase-lacking epidote + garnet +
clinopyroxene amphibolite. This type of rock is typically
closely associated with cm- to dm-sized trondhjemitic to
tonalitic segregations forming concordant layers parallel to
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the main syn-metamorphic foliation of the amphibolites
and cross-cutting bodies and veins. The segregations have
high SiO, (60.08-67.83 wt%) and Na,O (5.58-7.55 wt%)
contents and low K,O (0.08-0.26 wt%), FeO (0.49-
1.68 wt%) and MgO (0.17-1.18 wt%) contents, and are
peraluminous (alumina saturation index = 1.023-1.142).
They are made of magmatic quartz, oligoclase, epidote,
paragonite, and (minor) pargasite. Locally, the segregations
are pegmatitic and made of quartz, albitic plagioclase,
epidote and white micas. Petrological and geochemical
evidence support that the segregations formed due to H,O
fluxed melting of subducted tholeiitic rocks (amphibolites)
at 700-750°C and 14-16 kbar. These conditions indicate
very hot subduction likely caused by the onset of subduc-
tion of a young oceanic lithosphere at ca. 120 Ma.
Metasomatic alteration of amphibolite at high temperature
formed amphibolitite pods (made almost exclusively of
pargasite, plus minor amounts of epidote, titanite, and
rutile). Pods of talc rock indicate metasomatic alteration of
ultramafic material. During exhumation, amphibolite
blocks and associated trondhjemite—tonalite and pegmatitic
rocks attained low-T high-P blueschist facies conditions,
with development of retrograde glaucophane and lawsonite.
At this stage, new blocks of blueschist were incorporated
into the exhuming subduction channel (mélange), including
subducted fragments of the volcanic arc Purial complex.
The origin of rock crystal quartz described by Kulachkov
and Leyva (1990) and Leyva (1996) is uncertain.

Jade samples have been discovered in the Macambo
region of the mélange (Fig. 1c). They have appeared as
loose blocks of dm-m size laid on the ground made of
weathered peridotite and serpentinite. Blocks of a variety
of rocks, including jadeite—epidote—paragonite—phengite-
bearing gneiss, trondhjemite, plagioclase-lacking epidote +
garnet amphibolite, pargasite amphibolitite, (clino)zoisitite,
albite-rich rock, talc-bearing schist, tremolite—actinolite
schist, and glaucophane + lawsonite schist appear associ-
ated with jadeitite blocks. Original (in situ) field relations
of jadeitite with enclosing serpentinite matrix have not
been discovered. Work is in progress to identify this
important aspect.

Jadeitite rocks vary from grayish/bluish green massive
almost pure jadeitite to heterogeneous impure jadeitite that
may show color and compositional banding. Commonly,
the latter contain cm-sized pods of deep green jade
(Fig. 2a). Occasionally, the rocks appear sheared. Grain
size varies from less than 0.1 to ca. 0.5 mm. The mineral
assemblages and textures are varied, attesting to a variety
of crystallization and (metasomatic) replacement pro-
cesses. Some samples contain a number of minerals formed
at various stages of evolution including jadeite, omphacite,
albite, paragonite, analcime, clinozoisite-epidote, apatite,
phlogopite, phengite, chlorite, glaucophane, titanite, rutile,
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and zircon. Quartz has been detected in one sample coex-
isting with jadeite and albite. In this sample jadeite and
quartz form bands, whereas albite forms fine reaction bands
along the jadeite—quartz contacts. This texture attests to a
relatively high temperature and pressure of formation of
jadeite + quartz and late retrograde growth of albite after
the reaction Jd + Qtz = Ab (Holland 1979).

Other samples, however, are simpler and made almost
exclusively of medium-grained jadeite. This type of sample
likely represents direct crystallization of jadeite from fluid
in open veins. In this paper, we will focus on one of such
type of sample (CV237k). It was taken as loose material
from sample site CV237 of Garcia-Casco et al. (2008) and
Lazaro and Garcia-Casco (2008). This location (Fig. 1¢) is
characterized by tectonic blocks of epidote-garnet
amphibolite and associated epidote-bearing tonalite—tron-
dhjemite within a serpentinite matrix.

Analytical and computation techniques

Mineral composition (Table 1) was determined by WDS
with a CAMECA SX-100 microprobe at the University of
Granada operated at 15 keV and 15 nA, beam size of 5 pm,
and using albite (Na), periclase (Mg), SiO; (Si), Al,O3 (Al),
sanidine (K), Fe,O5; (Fe), MnTiO5; (Mn), vanadinite (Cl),
diopside (Ca), TiO, (Ti), SO4Ba (Ba), CaF, (F), Cr,0;
(Cr), and NiO (Ni) as calibration standards.

Back-scattered electron (BSE) and elemental (Si, Ti, Al,
Fe, Mn, Mg, Ca, Ba, Na, and K) XR images were obtained
with the same microprobe operated at 15 keV and 150 nA,
a focused beam, step (pixel) size of 3 um, and counting
time of 30 ms/pixel. These images were processed with
DWImager software (Torres-Rolddn and Garcia-Casco
unpublished) in order to obtain quantitative images of
pyroxene composition performed according to the proce-
dure of Bence and Albee (1968) for matrix correction using
an internal standard of jadeite analyzed with the micro-
probe (Table 1), the o-factor table by Kato (2005), see also
http://www.nendai.nagoya-u.ac.jp/gsd/a-factor/), and after
correction for 3.5 ps deadtime. The images of Figs. 4, 5
show these pixel-sized pyroxene analyses expressed in
atoms per 6 oxygen formula unit (color code). In the
images of Fig. 4 the voids, polish defects, and all other
mineral phases are masked out, and the resulting images
are overlain onto a gray-scale BSE image with the same
spatial resolution that contains the basic textural informa-
tion of the scanned area.

Fe** in clinopyroxene was calculated after normaliza-
tion to 4 cations and 6 oxygens (Morimoto et al. 1988).
Mineral and end-member abbreviations are after Kretz
(1983) with end-members (components) of phases written
entirely in the lower case. The atomic concentration of
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Fig. 2 a Sample of
heterogeneous jadeitite from the
Sierra del Convento with pod of
green jade. b Studied sample of
banded green jade CV237k.
Lighter and darker areas
correspond to jadeite- and
omphacite-rich regions,
respectively. The boxes indicate
the areas scanned in ¢ and

d. ¢ BSE image of the band of
jadeite—omphacite rock
(brighter left region) and
jadeitite (darker right region).
d BSE image of jadeitite with
nodular region rich in
omphacite. Jadeitite is made of
blocky jadeite with oscillatory
zoning, negative crystals of
omphacite in voids and
inclusions within blocky
jadeitite. The band of jadeite—
omphacite rock is formed by
fine-grained aggregates of
omphacite (lighter) and jadeite
(intermediate) that overprint
blocky jadeite (darker). Albite
and titanite are associated with
omphacite

elements per formula units is abbreviated apfu. Tetrahedral
and ternary composition diagrams were performed using
software CSpace (Torres-Roldan et al. 2000). T-X phase
diagrams were calculated with THERMOCALC (Holland
and Powell 1998, version 3.30, dataset 5.5, 12 Nov 04)
using the clinopyroxene solution model in the system
jadeite—diopside—hedenbergite—acmite of Green et al.
(2007).

Textures and mineral assemblages

The mineral assemblage and texture of jadeitite sample
CV237k are heterogeneous at the scale of the hand speci-
men (Fig. 2b). Most of the sample is made of almost pure
light green jadeitite that contains darker mm- to cm-sized
nodular areas rich in omphacite (Fig. 2d). A dark green
band rich in omphacite and with diffuse limits crosscuts
and overprints jadeitite (Fig. 2c). This type of rock is
termed here jadeite—omphacite rock.

Jadeitite is made essentially of idiomorphic blocky
crystals of jadeite of 0.25-0.5 mm in size that display

oscillatory zoning (Fig. 2¢, d). Omphacite, albite, titanite,
and apatite are minor constituents. In the nodular regions
omphacite has a similar grain size as blocky jadeite.
Omphacite clearly occupies interstitial positions in these
nodules and has a xenomorphic or faceted habit resembling
negative crystals (Fig. 2d). Omphacite also appears as fine-
grained inclusions within jadeite displaying faceted habit
(Fig. 2d). These textures are interpreted as indicating a late
stage of crystallization in open cavities. Albite crystals are
interstitial, fine-grained and xenomorphic, generally asso-
ciated with omphacite. Apatite is found as rounded crystals
dispersed in the matrix, apparently crystallized at the time
of jadeite growth. Titanite is scarce and very fine-grained,
associated with omphacite or dispersed in grain contacts of
jadeite crystals. Textures of albite and titanite indicate late
stage of growth.

The jadeitite—omphacite band is made of jadeite and
omphacite as major constituents, though omphacite tends
to occur in larger amounts than jadeite. Both phases appear
as fine to very fine-grained intergrown aggregates of
xenomorphic crystals (Fig. 2c, d). Titanite is relatively
abundant and associated with omphacite aggregates

@ Springer



Contrib Mineral Petrol (2009) 158:1-16

Table 1 Representative analyses of jadeite and omphacite from
sample CV237k. Mineral formulas and quadrilateral (g), jadeite and
acmite end-members calculated following Morimoto et al. (1988)

Jadeite Omphacite

Max jd Standard Min jd Max jd Min jd

Si0, 58.64  58.04 5757 5596  55.71
TiO, 020  0.00 0.03 008 005
AlLO; 2296  19.69 17.86  11.51 8.79
Cr,0; 0.00  0.00 0.01 000 001
FeOroral 126 234 239 401 4.04
MnO 005 008 006 009 013
MgO 0.51 231 365 730 939
NiO 0.01 0.01 001 003 001
CaO 092  3.79 548 1097  14.16
BaO 0.03  0.00 0.00 000  0.00
Na,O 1421 1256 11.61 813  6.50
K,O 002 001 002 005 002
Sum 98.82  98.83 9871 98.13  98.81
Si 2.01 2.02 201 201 2.00
Ti 0.01 0.00 0.00 000  0.00
Al 093 081 073 049 037
Cr 0.00  0.00 0.00 000  0.00
Fe’* 0.00  0.01 003 006  0.08
Fe?* 0.04  0.06 0.04 006  0.04
Mn 0.00  0.00 0.00 000  0.00
Mg 003 012 0.19 039 050
Ni 0.00  0.00 0.00 000  0.00
Ca 003  0.14 021 042 054
Ba 0.00  0.00 0.00 000  0.00
Na 095 085 079 057 045
K 0.00  0.00 0.00 000  0.00
Mg/(Mg + Fe*™) 042 067 083 087 092
Fe*t/(Fe*™ + Fe?*)  0.00 0.12 043 051 0.64
Fe**/(Fe™ + Al) 0.00 0.01 0.04 0.1 0.17
q 485 1591 2169 4352 54.66
jd 95.15 8323 7526 50.19  37.48
acm 0.00  0.86 305 629  7.86

(Fig. 2c). These aggregates invade the regions of jadeitite
and preserve relicts of oscillatory zoned blocky jadeite
crystals, suggesting replacement of the latter.

Pyroxene composition

Jadeite is heterogeneous in composition. The amounts of
Na and Al range from 0.79 to 0.95 and 0.74 to 0.93 apfu,
respectively (Fig. 3). These elements are inversely corre-
lated with Mg and Ca, which range from 0.025 to 0.19 and
0.034 to 0.21 apfu, respectively (Fig. 3). Total iron is low,
ranging from 0.036 to 0.080 apfu, and calculated Fe*>" and
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Fe** range from 0 to 0.047 and 0.023 to 0.073 apfu,
respectively (Fig. 3). These relations indicate jadeite—
diopside solid solution with minor contribution of heden-
bergite and acmite components. The jadeite, quadrilateral
pyroxene (wollastonite + clinoestatite + clinoferrosilite)
and acmite components range from 75.3 to 95.1, 4.9 to
21.7, and O to 4.8 mole %, respectively.

The compositional variations of jadeite are due to a
complex growth history that includes distinctive idiomor-
phic oscillatory zoning of blocky jadeite. Two types of
blocky jadeite crystals are distinguished. The earliest grains
are relatively small (due to cataclasis, see below), have
Na-Al poor compositions and show several idiomorphic
oscillatory bands in terms of Al, Na, Ca, Fe and Mg (Figs. 3,
4a—e, 5). This type of grain shows cores poorer in jadeite
component that trend towards Na—Al richer at the rims. The
amplitude of the peak maxima and minima of oscillations
decreases towards the rims (Fig. 5). It merits to mention the
close behavior of Ca and Mg atoms along the oscillations,
otherwise seen in the quantified XR maps by almost
indistinguishable images of both elements (Fig. 4c, d).

Grains with oscillatory zoning are rimmed by distinctive
overgrowths of almost pure jadeite composition. These rims
may show coherent overgrowth over previous chemical
bands, but they commonly crosscut previous oscillatory
structure. This relation clearly indicates cataclasis of the
earlier grains with oscillatory zoning followed by new
growth of Na—Al rich, almost pure jadeite. The idiomorphic
shape of oscillatory bands and cataclasis of grains suggest
crystallization in a cavity formed (and deformed) along a
fault.

A second type of blocky jadeite is made of larger
crystals that show relatively homogeneous composition
rich in Na—Al and little or no oscillatory zoning (Figs. 3,
4a—e). The composition of this type of grain is similar to
that of the rims of almost pure jadeite composition that
overgrow the smaller grains with oscillatory zoning. This
relation and the lack of evidence of cataclasis of this type
of grain indicate that it grew later than the grains with
oscillatory zoning. Furthermore, idiomorphic shapes are
consistent with crystallization in a void, probably as the
cavity opened during fault movement.

The last event of jadeite growth recorded in jadeitite is
characterized by Na—Al-poor overgrowths on all types of
grains. This stage is characterized by sharp increases in Ca,
Mg, and Fe in the rims that overgrow both types of blocky
crystals (with oscillatory zoning and with homogeneous
high Na—-Al composition; Fig. 4a—e). The composition of
these overgrowths is similar to that of the earliest interiors
of the grains with oscillatory zoning, but they reach
somewhat higher Ca- and Mg contents (Fig. 3). Impor-
tantly, these outer bands of Ca- and Mg-richer jadeite are in
contact with omphacite located in the nodular regions
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Fig. 3 Composition of jadeite and omphacite from sample CV237k, with indication of significant end-members, exchange vectors and the

typical composition of the types of jadeite grains distinguished

(voids) defined by idiomorphic faces of jadeite. In fact, the
association of Ca-Mg rich overgrowths of jadeite plus
omphacite grew synchronously in voids. This is shown in
Fig. 4a—f by a hatched area, where it can be appreciated
that the Ca—Mg rich jadeite grew in the walls of the voids
defined by idiomorphic Na-Al blocky jadeite, and
omphacite grew in the interior of the void, forming a
geode-like structure.

Omphacite from these voids does not show oscillatory
zoning. In turn, the grains display irregular patchy zoning
with no discernible chronological pattern. The composi-
tional range is 0.37-0.49 Al, 0.11-0.12 Fe ., 0.05-0.08
Fe**, 0.04-0.07 Fe**, 0.39-0.51 Mg, 0.42-0.55 Ca, and
0.45-0.57 Na apfu (Fig. 3). As in jadeite, total iron is low
in omphacite, indicating jadeite—diopside solid solution
with minor contribution of hedenbergite and acmite com-
ponents, but the Fe*'/(Fe>™+Fe®") ratio is generally
greater (0.41-0.69). The jadeite, quadrilateral pyroxene
(wollastonite—clinoestatite—clinoferrosilite) and acmite
components range from 37.5 to 50.2, 43.5 to 55.0, and 4.9
to 8.4 mole %, respectively.

In the regions of fine-grained aggregates of jadeite—
omphacite (jadeite—omphacite rock), jadeite and omphacite
are similar in composition to those of jadeite (rich in Ca
and Mg) and omphacite from the voids within jadeitite.

Relict grains of blocky jadeite, locally with oscillatory
zoning and high Na—Al rims, are discernible. These rela-
tions indicate that the jadeite + omphacite rock band grew
by replacement of earlier jadeite from jadeitite, and that
this event occurred while jadeite + omphacite were
forming in voids by direct precipitation from fluid.

All the textural and chemical relations described so far
suggest a complex growth-replacement story in a vein that
was probably driven by crystallization in a changing
chemical medium. This, in turn, suggests that the compo-
sition of infiltrating fluids changed in the course of vein
formation.

Phase relations in the diopside-hedenbergite—jadeite—
acmite system

Except for albite, titanite and apatite, present in minor
amounts, the phase relations in the studied sample can be
described in the system diopside—hedenbergite—jadeite—
acmite (Fig. 6a). It is long known that two solvi relations
occur in this system at low temperature, namely calcic
pyroxene—omphacite and omphacite—jadeite. The diagram
of Fig. 6a contains the phase relations calculated by
Green et al. (2007) in the hedenbergite-free system
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Fig. 4 Images of quantified
elemental XR signals of the area
shown in Fig. 2d expressed as
atoms per six oxygen (color
scale) showing compositional
features and zoning of jadeite
and omphacite. Voids, polish
defects, and all other mineral
phases are masked out and the
resulting images are overlain
onto a gray-scale BSE image
with the same spatial resolution
that contains the basic textural
information of the scanned area.
a Al,bNa, ¢ Mg, d Ca, and e in
jadeite, and f Mg in omphacite.
Scale bar = 0.5 mm. The
spatial resolution in X and Y
directions is 3 pum/pixel. The
two types of blocky jadeite are
indicated. The hatchet region
indicates Ca-Mg rich jadeite
and omphacite precipitated in a
void. The box indicates location
of detail shown in Fig. 5. See
text for details

diopside—jadeite—acmite at 500°C. Note that the acmite
component acts as a dilutent with the effect of shrinking the
solvi surfaces at fixed temperature. The textural and chem-
ical relations involving earlier blocky jadeite from jadeitite
indicate formation at conditions that deviate from the
omphacite—jadeite solvus, whereas the late stage association
of Ca-rich jadeite and omphacite suggest a physicochemical
relation as described by the omphacite—jadeite solvus.

The distribution of mineral composition in Fig. 6a shows
(1) the low content of hedenbergite and acmite components,
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particularly in jadeite, and (2) a compositional trend of both
phases that approaches a line in this system. This trend
points from jadeite towards a complex end-member in the
di-acm-hd subsystem. Three model end-members are
considered 0.9di-0.05hd-0.05acm, 0.8di-0.1hd-0.1acm, and
0.7di-0.15hd-0.15acm (Fig. 6a). The nature of the linear
trend is best seen, however, in the triangular diagrams.
Using the end-members of Morimoto et al. (1988) the data
distribute along lines of acmite/(acmite + quadrilateral
components) ratios ranging from 0.05 to 0.15 (Fig. 6b). The
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Fig. 5 Detail of grain of jadeite with oscillatory zoning (Fig. 4 for
location). The images shows quantified Ca-Ko XR and Al-Ka XR
signals and the compositional profile extracted from the quantified
image with a resolution of 3 pm/point (total number of points plotted:
58). Note that the amplitude of the oscillations attenuates towards the
rim of the crystal and that the peak maxima and minima trend towards
end-member jadeite

distribution of compositions of the analyzed pyroxenes
roughly conforms to the phase relations calculated by Green
et al. (2007), but some analyses of jadeite with higher Mg—
Ca contents plot within the “forbidden” omphacite—jadeite
solvus region. Because the phase relations offered by Green
et al. (2007) in the diopside—jadeite—acmite system did not
take into account the effect of hedenbergite component, the
compositions of pyroxene have been projected from
hedenbergite component into the diopside—jadeite—acmite
subsystem in Fig. 6¢c. The projection shows better agree-
ment of the composition of jadeite with the calculated phase
relations, but a few analyses of omphacite plot in the
calculated “forbidden” region. These inconsistencies are
due to the non-accounted effect of hedenbergite in the

calculated phase relations and/or a different temperature of
formation of pyroxenes of sample CV237k.

To solve these problems, we have calculated T-X
relations in the system diopside—hedenbergite—jadeite—
acmite. The calculations were performed along the
pseudobinary joins indicated in Fig. 6a and representing
acm/(Q + acm) = 0.05, 0.10 and 0.15. Of these, only
the first two joins (0.9di-0.05hd-0.05acm—jadeite and
0.8di-0.1hd-0.1acm—jadeite) are shown in Fig. 7b, c,
respectively, together with the relations calculated by
Green et al. (2007) in the binary diopside—jadeite (Fig. 7a),
for comparison. Using jadeite of the latest overgrowths
(with maximum Mg-Fe—Ca contents) as probable compo-
sition coexisting in equilibrium with omphacite (with
maximum Al-Na) in the voids, no agreement between
observed compositions and predicted phase relations is
observed in the binary diopside—jadeite, as would be
expected due to the non-accounted effect of Fe>* and Fe**
in the model. Good fits, however, are obtained in the
pseudobinary systems for acm/(Q + acm) = 0.05 and 0.1
(Fig. 7b, c, respectively). The predicted temperature of
formation of late jadeite—omphacite is ca. 550-560°C.

Discussion
Formation of oscillatory zoning in blocky jadeite

As shown above, omphacite is texturally late and related to
jadeite compositions with high Mg—Fe—Ca contents in the
two types of rock identified (jadeitite and fine-grained
jadeite—omphacite rock band). This implies that the com-
position of earlier blocky jadeite with oscillatory zoning
and rich in Na—Al can hardly be related to formation on the
solvus surface along a cooling path. These compositions
must have formed in the one-phase region of jadeite solid
solution at high temperature. Similar relations (i.e., jadei-
tite containing jadeite and omphacite formed at lower
temperature than jadeitite with only jadeite) have been
described by Oberhinsli et al. (2007). Changes in tem-
perature, pressure and/or system composition can explain
the formation of oscillatory zoning in jadeite within the
one-phase jadeite region.

Sample CV237k formed in an opening fracture filled
with fluid. This scenario is indicated by events of cataclasis
of jadeite, with disruption of previous oscillatory zoning
and development of new overgrowths. Cataclasis is
expected to create porosity and to drive episodic fluid
infiltration. In this context, development of oscillatory
zoning strongly suggests recurrent infiltration of fluid with
diverse chemical composition (Sorensen et al. 2006). For
simplicity, we consider this scenario in an isothermal-
isobaric medium.
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Fig. 6 a Composition of jadeite and omphacite in the jadeite-» 5 di
diopside-hedenbergite—acmite tetrahedra. Note the near-linear align-
ment of data points. Solid lines represent pseudobinary sections of the
system relevant for calculation of phase relations (Fig. 7b, c¢). The
jadeite—diopside—acmite and jadeite—hedembergite—acmite base tri-
angles show the compositional boundaries of pyroxene in the
classification scheme of Morimoto et al. (1988 names in iftalics).
The jadeite—diopside—acmite triangle shows the phase relations of
pyroxene (denoted by space groups C2/c and P/2n) calculated by
Green et al. (2007) at 500°C in this system. b The same data in the
classification scheme of Morimoto et al. (1988) and the phase
relations of pyroxene calculated by Green et al. (2007) at 500°C in the
system jd—di—acm. Note that jadeite with higher Q component plots in
the omphacite—jadeite solvus (forbidden) region as a consequence of
the lack of consideration of hedenbergite in the calculated phase
relations and/or different temperature of formation. ¢ Same as in b but
projecting the data analyses of clinopyroxene from hedenbergite. In
this diagram omphacite with lower diopside component plots in the
solvus region. Solid lines in b and c¢ indicate varying acmite/
(Q + acmite) and acmite/(diopside + acmite) ratios, respectively

aegirine
augite

C2lc

jadeite aegirine

acm
omphacite

Ca-Fe pyroxene
hd Py

The composition of the infiltrating fluid considered is
saturated in SiO,, Al,05, Na,0, and CaO and poor in FeO b Q(en+fs+wo)
and MgO, as suggested by pegmatitic material found in the aemi(Qracm) = 0.05
mélange made of quartz, albitic plagioclase, paragonite, and acam::z:f::;:i =
epidote (see below). This fluid is indicated in the ternary AT
diopside—jadeite—-H,0 diagram of Fig. 8b as point 1, which
is assumed to be subsaturated with respect to jadeite—
omphacite—diopside. This diagram is qualitative with respect
to the saturation surface of the fluid, though the solid—solid
relations depicted are based on the calculated anhydrous
phase relations in the pseudobinary 0.9di-0.05hd-0.05acm—
jadeite system (Fig. 8a). Interaction of this fluid with ultra-
mafic rocks (represented by point 2 in Fig. 8b) would make
the composition of the original fluid to change towards sat-
uration. Once saturation is reached (point 3, Fig. 8b) the fluid
precipitates jadeite (point 4). Formation of jadeite with dif-
ferent composition should take place upon subsequent
infiltration of fluid with composition different than 1. This
process may help explaining formation of zoning in jadeite, di
though no intrinsic reason exists that can explain a system- c
atic recurrence in the composition of infiltrating fluid, Ca-Mg pyroxene
suggesting that additional processes occurred during for-
mation of jadeite.

New infiltrating fluid of different composition should not
be in equilibrium with previously formed jadeite, promoting
jadeite—fluid interaction. This is exemplified in Fig. 8b by a
fluid that did not attain saturation after interaction with
ultramafic rocks (point 5). Once within the vein this fluid
should react with previously formed jadeite, driving its
composition towards saturation (point 6). At this stage, the
fluid precipitates jadeite richer in Al-Na (point 7). Thus,
we envisage formation of an oscillatory pair made of Mg—
Fe—Ca-richer and Al-Na-richer bands as a single response Jjadeite aegirine
to a discrete event of fluid infiltration characterized by
saturation at a first stage, followed by subsaturation. This is jd acm

Ca-Mg-Fe pyroxene

aegirine
augite

omphacite
P2in

500 °C C2lc

jadeite aegirine

jd acm

acm/(di+acm) = 0.05
acmi(di+acm) = 0.10
acmi/(di+acm) = 0.15

aegirine
omphacite augite

P2/n

500 °C
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Fig. 7 Phase relations of pyroxene as a function of temperature. »

a Calculated by Green et al. (2007) in the simple binary system di—jd.
b, ¢ Calculated using THERMOCALC in the jd—di-hd—acm system
along the pseudobinary joins 0.9di-0.05hd-0.05acm-jd and
0.8di-0.1hd-0.1acm-jd, respectively. The compositional ranges of
analyzed jadeite and omphacite are plotted in all diagrams for
comparison. The different locations of the data in the temperature
scale are based on the analysis of jadeite with minimum jadeite
content, assumed to have formed at the solvus surface in equilibrium
with omphacite

conceptualized as due to the decreasing capability of a single
batch of infiltrating fluid to react with the developing selvage
in the ultramafic wall rock. In this model, a sequence of
infiltration events should drive the composition of the
sequential pairs of oscillatory bands towards Al-Na richer
compositions. This is consistent with the observed decrease
in amplitude of the oscillations and the overall trend towards
Na—Al rich compositions from core to rim (Fig. 5) indicating
progressively lower contents in Mg of infiltrating fluid.

Though the entire process can be isothermal—isobaric, a
decrease in temperature can also help explaining a decrease
in the extent fluid-ultramafic rock interaction and, hence,
the development of Al-Na richer bands. This is shown
schematically in the T-X diagram of Fig. 8a. At lower
temperature the saturation surface of fluid should shift
towards the H,O apex of Fig. 8b and, hence, the phase
region of fluid should shrink in composition space. How-
ever, the basic relations shown in Fig. 8b would be
maintained. Similarly, changes in pressure should affect
the location of the fluid saturation surface in P-T—X space.
Evidence given below suggests, however, that the process
occurred at constant lithostatic pressure.

Formation of Al-Na rich blocky jadeite

At an intermediate stage the vein underwent cataclasis, and
Na-Al rich idiomorphic blocky jadeite formed. In the
model devised here, this event is explained as the latest
stage of formation of oscillatory zoning. However, it was
characterized by infiltration of a large batch of fluid trig-
gered by a significant increase in porosity of the vein due to
cataclasis. Reaction of Al-rich fluid with pre-existing
jadeite did not change the fluid composition significantly
because of the relatively large amount of fluid, and just a
thin rim of Na-Al poor jadeite formed (otherwise consis-
tent with previous trend of the oscillatory grains).

Formation of omphacite and associated Ca—Mg rich
jadeite

The final event of vein formation was characterized by fluids
saturated in omphacite. This indicates a distinct temperature
or the infiltration of a fluid with contrasted composition, as
indicated in Fig. 8b by fluid of composition 8. Omphacite
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Fig. 8 Model of formation of a 800
jadeite and omphacite from the
studied sample in the model
ternary system calcic pyroxene-
jadeite-fluid. a T-Xjd diagram diopside omphacite jadeite
projected from fluid (Fig. 7b). b 700
Ternary system at 560°C
constructed from a. The
saturation surface of fluidis L/ N\ ... N A 1
schematic. See text for details m“gzg,oscillator),v zoning developed
5 600 =
< 10 12 3 wp Al-Na rich Jd formed
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saturation in this type of fluid can be reached upon reaction
with ultramafic rock (point 9 in Fig. 8b). At this point the
fluid precipitates omphacite relatively poor in Al-Na (point
10). Note that jadeite is not formed at this stage. However,
this new fluid would not be in equilibrium with previously
formed blocky jadeite of jadeitite (e.g., point 7), promoting
reaction and change in composition. Fluid-jadeite reaction
drives the composition of fluid along the fluid saturation
surface towards Al-Na richer compositions until the fluid
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+ omphacite

fluid + jadeite
+ omphacite

fluid-wall rock  fluid-jadeitite
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cooling

phase region of fluid
H,0

attains point 11, where it reaches a composition in equilib-
rium with both omphacite (point 12) and jadeite (point 13).
At this stage all three phases are in equilibrium, and pre-
cipitation of Ca—Mg rich jadeite together with Na—Al rich
omphacite is promoted, as in the voids of jadeitite. However,
the reaction path drives the extensive replacement of previ-
ously formed Al-Na rich jadeite by omphacite, as is
observed in the fine-grained jadeite—omphacite band. In this
band relict jadeite with oscillatory zoning is still present,
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omphacite is dominant, and new jadeite bears Al-Na poorer
compositions, as predicted in the model. The fluid left after
reaction precipitated omphacite and jadeite in the voids.
Subsequent readjustments formed patchy zoning in
omphacite.

Similar views of changing composition of infiltrating
fluids were presented by Sorensen et al. (2006). The sam-
ples studied by these authors show a systematic trend in
terms of jadeite zoning, with early jadeite being richer in
Na-Al and late jadeite rich in Ca and Mg. The sample
studied here records this trend in the late overgrowths rich
in Ca and Mg, but it also records an earlier trend of
decreasing Ca and Mg that apparently contradicts the
general patterns of jadeitite formation inferred by Sorensen
et al. (2006). In our view, this is simply the result of the
complex dynamics of fluid flux in subduction environ-
ments, which are characterized by discrete pulses as clearly
demonstrated by the sample studied here and the hetero-
geneous elemental and isotopic composition of fluids that
formed jadeitite documented by Sorensen et al. (2006).

Origin of jadeitite-forming fluids in the Sierra
del Convento mélange

The Sierra del Convento mélange provides ample evidence
for fluid movement in the subduction environment. Here,
we discuss the P-T-t history of the amphibolite blocks and
associated trondhjemitic-pegmatitic rocks, as deduced by
Garcia-Casco et al. (2006), Garcia-Casco (2007), Garcia-
Casco et al. (2008), Lazaro and Garcia-Casco (2008) and
Lazaro et al. (2008) to place constraints for the origin of
jadeitite forming fluids.

Upon onset of subduction of young oceanic lithosphere
during Aptian times (ca. 120 Ma), epidote + garnet
amphibolite formed from subducted MORB at ca. 700—
750°C and 14-16 kbar. Shortly after onset of subduction,
blocks of amphibolite were accreted to the upper plate
mantle. At these conditions, eclogite is not formed (e.g.,
Vielzeuf and Schmidt 2001). Shortly after accretion, fluid
infiltration occurred in the upper plate ultramafic material
and accreted tectonic blocks of amphibolite at high tem-
perature, promoting wet (fluxed) melting of amphibolite
and the formation of peraluminous tonalitic—trondhjemitic
melts. Melts formed were rich in H,O-fluid, as indicated by
crystallization of magmatic paragonite and other hydrous
minerals. Continued subduction refrigerated the upper plate
material and, as a consequence, the blocks followed iso-
baric cooling P-T paths and the associated tonalitic—
trondhjemitic melts crossed their solidi and crystallized at
depth. Garcia-Casco (2007) calculated solidus conditions
of ca. 680°C, 14 kbar. At these conditions residual melts
saturated in H,O and fluids formed pegmatitic/hydrother-
mal segregations made of quartz, albitic plagioclase,

paragonite, and epidote. The composition of residual fluids
should be saturated in SiO,, Al,O3, Na,O, and CaO. Fol-
lowing the P-T data of Lazaro et al. (2008), the residual
fluids would have been released at ca. 15 kbar and 600-
650°C. This temperature is similar to the high-T stage of
formation of oscillatory zoning in blocky jadeite from the
studied sample (Fig. 8a).

As discussed above, aluminous quartz-feldspathic fluid
extracted out of the mother trondhjemitic—pegmatitic rocks
may have produced jadeitite after infiltration within, and
reaction with, the surrounding ultramafic material of the
upper plate. This is in agreement with experiments at
600°C and 22 kbar by Schneider and Eggler (1986)
showing that fluids in equilibrium with jadeite—peridotite
assemblages have solutes dominated by quartz—feldspathic
components, with high Si and Na contents and substantial
Al, though are peralkaline rather than peraluminous in
composition (Manning 2004). Metasomatic rocks (amphi-
bolitite, zoisitite, talc-bearing rocks) indicating significant
pervasive fluid-rock interaction are abundant in the mél-
ange. However, the fluid may have also escaped along
fractures, perhaps favored by some sort of seismic pumping
effect responsible for episodic fluid infiltration, as indicated
by the studied rock sample. Fluid channeling in a cooling
medium allowed the fluids to cold down progressively,
reaching conditions of ca. 550°C for the formation of
omphacite—jadeite in voids and the replacement of early
blocky jadeite by omphacite in the studied sample. Fol-
lowing the P-T data of Lazaro et al. (2008), this
temperature condition would have been reached during the
isobaric cooling stage at ca. 15 kbar. To be noted is that
these conditions are consistent (within error) with the
presence of quartz—jadeite samples in the Sierra del Con-
vento mélange, for the reaction Jd + Qtz = Ab is located
at ca. 15 kbar at 550°C (Holland 1979).

There is no age available for the formation of jadeitite in
the Sierra del Convento mélange. Lazaro et al. (2008)
document zircons from a trondhjemite with a mean
206pp/238 SHRIMP age of 112.8 £ 1.1 Ma, interpreted as
the onset of isobaric cooling of the trondhjemitic liquids at
ca. 15 kbar. These authors calculated ca. 106.8 Ma for the
end of the isobaric cooling stage at 550°C 15 kbar. Thus,
an early Cretaceous age (100-110 Ma) is expected for
jadeitite if the original fluids evolved from the tonalitic—
trondhjemitic rocks of the mélange.

After the isobaric cooling stage, the rocks experienced
exhumation within the subduction channel in a syn-sub-
duction scenario (Lazaro et al. 2008). This event took place
mostly within the blueschist facies during several tens of
My (107-70 Ma). Formation of retrograde blueschist
assemblages in jadeitite samples (including albite in jadeite +
quartz samples) indicates that jadeitite jade rocks were
already formed by this time.
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Thus, taking all the lines of evidence together, we
consider that jadeite-forming fluids in the Sierra del Con-
vento mélange originally evolved from partial melts in the
subduction environment at high temperature. The inferred
>550°C conditions of formation of the studied jadeitite
sample, higher than those normally recorded in other
jadeitite localities (Harlow and Sorensen 2005; Oberhénsli
et al. 2007), strengthen this view.

Sorensen et al. (2006) suggested that devolatilization of
spilitized mafic rocks metamorphosed to high pressure
conditions (blueschists) might yield fluids that could
crystallize jadeitite, but indicated that fluid in equilibrium
with an “igneous” or “mantle” source also formed jadei-
tite. Isotopic data of jadeitite from the Sierra del Convento
are not available, but the amphibolites and associated
tonalitic—trondhjemitic rocks have Sm/Nd and Rb/Sr iso-
topic signatures consistent with the mantle array (Lazaro
and Garcia-Casco 2008). If jadeitite-forming fluids are
related to these rocks, a fluid in equilibrium with an
“igneous” or “mantle” source can be anticipated. To our
knowledge, other world wide occurrences of jadeite do not
show association with partial melting of the subducted
oceanic crust. But, certainly, fluids evolved upon cooling of
hydrated melts at great depth are potential parental sources
of jadeitite-forming fluids.

Archeological implications

Pre-Columbian artifacts of jade or “probable” jade have
been documented in the Antilles (Fig. 1a), including Cuba
(Calvache 1944; Soto Gonzalez 1981, citing René Herrera
Fritot), Bahamas (Johnson 1980; Aarons 1990; M. J.
Berman, personal communication 2008), Puerto Rico
(Rodriguez 1991; Garcia Padilla et al. 2006; Wilson
2007), Antigua (Harlow et al. 2006), and Grenada (Kee-
gan 1991). Until recently, the Motagua Valley of
Guatemala was the only known source region of jadeitite
for these artifacts in Mesoamerica and the Caribbean
(e.g., Harlow 1994; Harlow and Sorensen 2005; Harlow
et al. 2006). However, old (but bibliographically “hid-
den”) discoveries of jadeitite in the Escambray complex
of Cuba (Millan and Somin 1981), and recent discoveries
in the Rio San Juan mélange, Dominican Republic
(Schertl et al. 2007a, b; Baese et al. 2007) and the Sierra
del Convento mélange, Cuba (this paper) open new
perspectives for archeological and historical studies con-
cerning trade in the ancient Antilles.

Jadeitite and related source rocks of archeological jade
are quite varied, as demonstrated in the Motagua Valley
of Guatemala (Harlow 1994; Harlow et al. 2003), making
the recognition of source regions in terms of mineralogy
and mineral assemblages uncertain. For example, Harlow
et al. (2006) indicated mineralogical similarities among
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Antiguan jade artifacts and Guatemalan jadeitites and
implied possible extended trade between Mesoamerica
and the Antilles. These authors, however, acknowledge
other possibilities related to unknown or uncertain sources
of Antillean jade. In fact, the rare occurrence of quartz in
Antiguan jade and some Guatemalan samples (in addition
to phengite, lawsonite and glaucophane) indicated by
Harlow et al. (2006) cannot be taken as diagnostic
because similar quartz-bearing jadeitite are present in the
Rio San Juan and Sierra del Convento mélanges. Thus, if
Dominican and Cuban jadeitite are demonstrated to be
similar to Antillean pre-Columbian jade artifacts, a local
(Caribbean) rather than an exotic (Guatemalan) source is
more probable, and the statement of existence of extended
trade between Mesoamerica and the Antilles (e.g.,
Saladoid, La Hueca and Taino cultures, c. V B.c.—IX
A.D., III B.c.—XV a.p., and XII-XVI A.D., respectively)
based on jade artifacts should be questioned.

Conclusions

Jadeite jade has been discovered for the first time in
eastern Cuba. It occurs as loose blocks within the Sierra
del Convento mélange. The mélange contains a variety
of high-pressure blocks formed during the Cretaceous in
the subduction environment of the Proto-Caribbean
(Atlantic) lithosphere. Fluids evolved in this environ-
ment, likely upon crystallization of trondhjemitic liquids
formed upon partial melting of subducted oceanic crust,
percolated ultramafic material of the upper plate and
deposited jadeitite in veins. The diversity in the chemical
composition of jadeite, including distinctive oscillatory
zoning, indicates crystallization from chemically diver-
sified fluids during recurrent episodes of infiltration.
Fluid-ultramafic rock interaction is the main cause of
diversification of fluids. However, fluid-jadeite interac-
tion within the vein is an important process in the
development of oscillatory zoning in jadeite and the
formation of late jadeite and omphacite. This new jade
locality suggests a local (Caribbean) rather than an
exotic (Guatemalan) source for Antillean pre-Columbian
jade artifacts.
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